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ABSTRACT 
Analysis of nucleotide  sequences  that  regulate the expression of self-incompatibility  in  flowering  plants 

affords a direct means of examining  classical  hypotheses for the  origin  and  evolution of  this  major feature 
of mating systems. Departing  from  the classical view of monophyly of all forms of self-incompatibility,  the 
current  paradigm  for the origin of  self-incompatibility postulates multiple  episodes of recruitment  and 
modification of preexisting  genes. In Brassica, the S locus, which regulates  sporophytic  self-incompatibil- 
ity, shows  homology to a multigene  family  present  both in self-compatible  congeners  and  in  groups  for 
which this form  of  self-incompatibility is atypical. A phylogenetic  analysis of Sallele  sequences  together 
with homologous  sequences  that  do  not  cosegregate  with  self-incompatibility  permits  dating  the  change 
of function that marked  the  origin  of  self-incompatibility. A generalized  least-squares  method is intro- 
duced  that  provides  closed-form  expressions  for  estimates  and  standard errors  for  function-specific 
divergence  rates  and  times of divergence  among  sequences.  This  analysis  suggests  that  the  age of the 
sporophytic  self-incompatibility system expressed  in  Brassica  exceeds  species  divergence  within the  genus 
by four- to fivefold.  The  extraordinarily  high  levels of sequence  diversity  exhibited by S alleles  appears 
to reflect  their ancient derivation, with the  alternative  hypothesis of hypermutability  rejected by the 
analysis. 

S ELF-incompatibility, a major feature of angiosperm 
evolution and an  important  determinant of the 

mating systems  of  many agricultural crops, has been 
the focus of a  long and distinguished classical genetic 
tradition. Whereas self-incompatibility may derive from 
a variety  of genetic mechanisms for  the regulation of 
fertilization in hermaphroditic plants, the molecular 
genetic basis and physiological mechanism of the  phe- 
nomenon is best known in homomorphic systems:  spo- 
rophytic self-incompatibility ( SSI ) in the Brassicaceae 
and gametophytic self-incompatibility (GSI) in the So- 
lanaceae (reviewed by CLARKE and NEWBIGIN 1993; HI- 
NATA et al. 1993; SIMS 1993).  The recent advent of  mo- 
lecular-level information  constitutes  a major conceptual 
as  well  as empirical breakthrough which warrants a  fun- 
damental re-examination of theories  for  the origin of 
self-incompatibility. I present  a phylogenetic analysis  of 
the  multigene family associated with the brassicaceous 
form of sporophytic self-incompatibility. This study pro- 
vides generalized least-squares estimates for  the time of 
origin of this SSI system and  the  rate of evolution of S 
alleles. 

Classical views of the origin of self-incompatibility: In 
a very influential  paper, WHITEHOUSE ( 1951 ) proposed 
that  the origin of homomorphic systems of self-incom- 
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patibility is inseparable  from the origin of flowering - - 
plants, even suggesting that  the avoidance of  self-fertil- 
ization constituted the key evolutionary innovation that 
permitted  the explosive  rise  of the angiosperms during 
the Cretaceous. Although recognizing that self-fertiliza- 
tion can be avoided through  other mechanisms, includ- 
ing spatial or temporal  separation of male and female 
expression, WHITEHOUSE argued  that  homomorphic 
self-incompatibility with large numbers of  specificity- 
determining alleles entails the least restriction of  cross- 
fertilization through  pollen. Self-compatibility  is re- 
garded  under this hypothesis as a loss  of function  that 
appeared  during  the  period of relaxed selection that 
purportedly followed the  domination of the angio- 
sperms over the gymnosperms. Other mechanisms for 
the avoidance of inbreeding,  including  heteromorphic 
self-incompatibility and dioecy, then  arose in second- 
arily self-compatible species in response to pressures 
favoring outbreeding. 

PANDEY (1960)  proposed  that SSI evolved directly 
from GSI. Both systems prevent  fertilization by pol- 
len  that  express specificities held in common with 
the  seed  parent.  Pollen specificity is determined  dur- 
ing  the  gametophyte stage (by  genes  held by individ- 
ual pollen  grains)  under GSI and  during  the  sporo- 
phyte  stage (by  genes  held by the  pollen  parent) 
under SSI. This  transition  could have occurred 
through a minor  modification of the  timing of deter- 
mination of pollen specificity (before cytokinesis in 
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the  pollen  mother cell rather  than  after) . Under 
PANDEY'S  scenario, SSI evolved directly from GSI and 
not,  in  particular, as an  independent derivation 
from self-compatibility. Pandey interpreted  the evo- 
lution of SSI from GSI as one aspect  of  a  general 
evolutionary trend  promoting  accelerated develop- 
ment of microgametophytes. 

DE NETTANCOURT ( 1977, pp.  22-23)  further  elabo- 
rated this theme, hypothesizing the origin of GSI in 
the  ancestor of all angiosperms, followed by the evo- 
lution of SSI directly from GSI, heteromorphic SI 
from  homomorphic SI, and dioecy from  heteromor- 
phic SI. These  developments were characterized as a 
continuous  orthogenetic progression toward out- 
breeding. 

The  molecular  basis of self-incompatibfiw At the 
nucleotide level, loci controlling SSI in  Brassica (NAS 
RALLAH et al. 1985) bear no resemblance to loci control- 
ling GSI in the Solanaceae (ANDERSON et al. 1986). 
This lack of homology challenges the hypothesis of mo- 
nophyly of the two major forms of homomorphic self- 
incompatibility. In  both  the brassicaceous and solana- 
ceous systems, the S locus belongs to an apparently 
ancient multigene family.  Loci  showing homology to 
the Slocus of the Brassica  system appear in self-compati- 
ble as well  as self-incompatible species within the family 
( NMRALLAH et al. 1988)  and also  in  maize (WALKER 
and ZHANC 1990; ZHANG and WALKER 1993), carrot 
(VAN ENGELEN et al. 1993) , tomato (MARTIN et al. 1993) 
and petunia (MU et al. 1994). MCCLURE et al. (1989) 
discovered that  the S locus of the solanaceous GSI  sys- 
tem shows  homology  to a family of ribonuclease 
(RNase) genes expressed in fungi. This family  also in- 
cludes a glycoprotein that serves  as both  a coat protein 
and  a secretory product of an RNA virus ( SCHNEIDER 
et al. 1993). Solanaceous S glycoproteins ( SRNases) 
exhibit in vitro RNase  activity and cause in vivo degrada- 
tion of ribosomal RNA (rRNA) in incompatible but  not 
compatible pollen tubes ( MCCLURE et al. 1989, 1990) . 
GSI in the Japanese pear  (Rosaceae) also appears to 
derive from .%RNase  activity (SASsA et al. 1992, 1993). 
Homologous RNases that do  not cosegregate with the 
physiological expression of  self-incompatibility occur in 
the Solanaceae (JOST et al. 1991; LEE et al. 1992; LOFF- 
LER et al. 1993), the Brassicaceae  (TAYLOR and GREEN 
1991;  TAYLOR et al. 1993; WALKER 1993)  and  the Cucur- 
bitaceae (IDE et al. 1991). 

While the  original  functions of the two multigene 
families are  unknown, Dickinson and colleagues 
(HODGKIN et al. 1988; DICKINSON 1994) have drawn 
analogies  between  plant-pathogen  interactions and 
pollen-stigma interactions  in  the Brassica SSI system, 
and LEE et al. (1992) have speculated  that  SRNases 
may have been  derived  from  proteins  that  func- 
tioned in defense  against pathogens.  Indeed, a gene 
( P t o )  in tomato  that has been shown to confer resis- 

tance  to Pseudomonas  syringae, the cause of bacterial 
speck  disease, shows homology to  the catalytic kinase 
domain of the Brassica SRK gene (MARTIN et al. 
1993). 

The most parsimonious interpretation of the pres- 
ence in fungi of homologues to the solanaceous S locus 
and  the presence in plant families for which SSI is atypi- 
cal of homologues to the Brassica S locus is that  both 
multigene families predate  the function of self-incom- 
patibility. Rather than  representing vestiges of a once- 
functional Slocus, homologues that do not cosegregate 
with  self-incompatibility may  well descend from lineages 
that have no history of expression of self-incompat- 
ibility. 

Balancing  selection: Loci  of the major  histocompati- 
bility complex (MHC) in vertebrates and S loci  in  flow- 
ering plants provide  some of the best  examples of balanc- 
ing selection.  Effective  cell-mediated immune responses 
against highly  diverse foreign antigens require highly 
diverse MHC loci.  Self-incompatibility restricts outcross- 
ing as  well  as self-fertilization, with the consequence 
that less frequent S alleles hold a selective advantage in 
mating opportunities. Balancing selection is expected 
to promote  the long-term maintenance of polymor- 
phisms at S loci as  well  as within the MHC. 

Trans-specific evolution (ARDEN and KLEIN 1982) de- 
scribes greater genetic similarity  in interspecific than 
intraspecific comparisons, suggesting divergence of 
genes before divergence of species. Observations of this 
pattern for both MHC loci (FIGUEROA et al. 1988; 
LAWLOK et al. 1988) and S loci ( IOERCER et al. 1990; 
DWYER et al. 1991 ) support  the hypothesis of balancing 
selection. Lineages of extant MHC alleles appear to 
have diverged on  the  order of 30-40 mya (SATTA et 
al. 1991). Lineages of extant SRNases diverged before 
diversification  within the Solanaceae (27-30 mya; 
IOERGER et al. 1990),  and extant brassicaceous Salleles 
before the separation of Brassica oleracea and B. c a m p  
estris ( DWYER et al. 1991 ) . 

Does hypermutability  contribute  significantly  to di- 
versity? A question raised soon after the observation of 
extraordinarily high levels of genetic diversity at  the 
MHC concerns  the  extent to which hypermutation con- 
tributes to this  diversity.  Molecular  clock calibrations 
based on comparisons that minimize the effect of trans- 
specific evolution indicate that  the rate of synonymous 
substitution at MHC loci does not in fact differ from 
other protein-encoding loci ( SATTA et al. 1993) . 

Relatively little work has addressed whether new S 
allele specificities  arise at accelerated rates. Extensive 
studies of spontaneous and radiation-induced muta- 
tions succeeded in identifying an array of loss-of-func- 
tion variants, but failed to produce  a single  fully func- 
tional S allele that expressed a novel  specificity 
(reviewed by LEWIS and  CROW 1954). Although the 
minimum rate such studies could have detected ( l opH)  



Origin of Self-Incompatibility 977 

is rather high on  an evolutionary scale, FISHER (1961) 
argued  that the  extreme  genetic diversity  typical  of S 
loci  suggests an even higher  rate of origin. FISHER pro- 
posed a  model under which  new S alleles may arise 
without causing self-compatibility, thereby escaping de- 
tection in laboratory experiments. DE NETTANCOURT et 
al. ( 1971 ) reported  the  repeated  generation of a partic- 
ular new S allele through  inbreeding,  but  the  structural 
and functional  relationship of the novel allele to ex- 
isting S alleles has not  been  determined. 

To  date,  the only study (TRICK  and HEIZMANN  1992) 
that  addressed the rate of evolution of Salleles imposed 
the assumption that diversity  within the SLG/SRK sys- 
tem of sporophytic self-incompatibility arose wholly 
within the Brassicaceae. Under this assumption,  the  rate 
of nonsynonymous substitution for brassicaceous S al- 
leles was found to exceed even the  rate  for  pseudogenes 
by  two- to  threefold, with even higher rates indicated  for 
the solanaceous system. Although SLG/ SRK-mediated 
sporophytic self-incompatibility has not  been  reported 
outside the Brassicaceae, the possibility that this system 
of SSI predates divergence within the family has not 
been  explored. A rate of substitution typical  of non-S 
sequences  might be assigned to the S locus and  the 
time of origin of self-incompatibility estimated under 
molecular clock assumptions; however, such an  ap- 
proach  could  not  address  whether S alleles do in fact 
evolve at  a distinct rate. The present analysis addresses 
the problem of distinguishing between ancient origin 
and hypermutability as factors contributing to the ex- 
traordinarily high levels  of  diversity  typical  of S loci. 

Phylogenetic analysis of the SLG/SRK/SLR multi- 
gene family: This phylogenetic study of brassicaceous 
S alleles and their  homologues is designed to address 
the  age of this system  of SSI and  the rate of amino 
acid substitution at  the S locus while imposing minimal 
assumptions regarding  either aspect. Information on 
the  functional roles of various genes  permits the assign- 
ment of functiondependent divergence rates. Rate  esti- 
mates obtained  here provide no evidence that S alleles 
undergo nonsynonymous substitution at  higher rates 
than other members of the  multigene family. 

Estimates for divergence rates and  node ages were 
obtained relative to the time of separation of B. oleraceu 
and B. campestris. Variation at a locus ( S L R , )  that  does 
not cosegregate with self-incompatibility does not ex- 
hibit  the trans-specific pattern,  an observation consis- 
tent with the  absence of balancing selection. By equat- 
ing  the times of coalescence of species and sequences 
at this locus, I estimated that  the time since the  change 
of function which signaled the  origin of SSI exceeds 
the species divergence time by a  factor of four  or five. 
This estimate of the age of sporophytic self-incompati- 
bility ( -50 million years) indicates a  much  more  recent 
origin  than  expected under  the classical  view. 

LEAST-SQUARES ESTIMATION 

RAo (1973, Chapter 4) has provided a lucid exposi- 
tion of the least-squares method. My objective here is 
to describe the application of this approach to the esti- 
mation of evolutionary divergence times and rates and 
the testing of phylogenetic hypotheses. 

Statistical basis 

Given a set of observations (Y ) with  Gaussian distri- 
bution,  a set of parameter estimates ( b )  is sought such 
that  the observations correspond  in  expectation  to lin- 
ear  combinations of the estimates: 

E[Y] = Mb. (1) 

In  the  present  context, Y represents  the (;)dimen- 
sional vector of  all  pairwise distances among n se- 
quences,  b  the ( 2n - 3)  dimensional vector of lengths 
of branches  in  an  unrooted, bifurcating tree  and  M  the 
incidence matrix in which 1 indicates the  presence and 
0 the absence of a given branch in the  path  connecting 
a given pair of sequences. Matrix M fully  specifies the 

Ordinary  least-squares  estimation: Under  the ordi- 
nary least-squares (OLS) approach,  the dispersion 
(variance-covariance) matrix of Y is assumed to be diag- 
onal with equal variances: 

topology. 

Var[Y] = a'1. ( 2 )  

This assignment assumes identical variances ( a 2 )  for all 
observations and  no correlations  among observations. 
Neither assumption holds for phylogenetic distances, 
for which the variances of  pairwise distances depend 
on  the magnitudes of the distances and covariances 
reflect common ancestry. 

The best choice for b under  the least-squares crite- 
rion is the vector that minimizes the residual sum of 
squares ( R; ) : 

Ri = ( Y  - M b ) T ( Y  - M b ) ,  ( 3 )  

in which T  denotes  the transpose. Under  the OLS a p  
proach, the vector of parameter estimates, 

b = ( MTM) "MTY, (4) 

has a Gaussian distribution with dispersion matrix 

Var[b] = (MTM)"MTVar[Y] [ (MTM)"MT]* 

= ( M ~ M )  -IO' (5)  

[using ( 2 )  1.  The residual sum of squares R: has a chi- 
square  distribution and is proportional to c', the  un- 
known common variance of the observations: 

R; - O ' X ? ~ , ,  ( 6 )  

in which r is the rank of the matrix M.  In  the  context 
of phylogenetic analysis, rcorresponds  to  the difference 
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between the  number of  pairwise distances observed and 
the  number of branch lengths estimated [ r = (2")  - 
(2n - 3)  = ( n  - 2 ) ( n  - 3 ) / 2 ] .  Because a', the 
common variance of the observations, is unknown, ( 6 )  
does not directly provide a test of  overall fit. However, 
CAVALLI-SFORZA and EDWARDS (1967) suggested that 
the relative magnitudes of the residual sums of squares 
associated  with alternative topologies can be used as a 
basis for comparing fit. Tests of other hypotheses re- 
quire elimination of (T *, through division of test  statis- 
tics  by Ri. 

Generalized  least-squares  estimation: The general- 
ized  least-squares (GLS)  approach accommodates gen- 
eral dispersion matrices: 

Var[Y] = X. ( 7 )  

An upper triangular, square-root matrix R exists for all 
nonsingular X: 

R ~ R  = x. 
Under  the change of  variables 

Z = (RT)- 'Y,  (8) 

the GLS reduces to the OLS framework: 

E[Z] = (RT)"Mb (9)  

Var[Z] = (RT)"Var[Y] [ (RT)- ' IT = I (10) 

[ cJ ( 1 ) and ( 2 )  1 .  The GLS estimate b and its disper- 
sion matrix Var[ b]  follow directly from (4 )  and ( 5 ) 
with M replaced by ( RT ) "M and Var [ Y ] by X = RTR 

b = ( MTE"M) "MTE"Y (11) 

Var [ b ]  = ( MTE"M) -'. (12 )  

As under  the OLS approach,  the GLS estimate b mini- 
mizes the residual sum of squares 

Ri = [Z - (RT)"MbIT[Z - (RT)-'Mb], 

which corresponds in the original scale to 

Ri = (Y  - M b ) T X "  (Y  - M b ) .  (13) 

This expression indicates that in the original scale the 
residual sum of squares is weighted by the inverse of 
the dispersion matrix of the observations. FITCH and 
~~ARGOLIASH'S (1967) "standard deviation" corre- 
sponds to weighting by the reciprocal of the  squared 
estimates, or replacement of E in (13) by a diagonal 
matrix with nonzero elements given by the squared val- 
uesofb  (Diag[bOb]).  

In the context of phylogenetic analysis, errors in the 
estimation of smaller distances (which have smaller 
variances) receive more weight than those of larger 
distances. Correlations among distances cause correla- 
tions among  error estimates. Accordingly, the off-diago- 
nal elements of -', representing covariances among 

distances, also  affect the residual sum of squares, reduc- 
ing  the  contribution of positively correlated  errors  and 
increasing the  contribution of negatively correlated er- 
rors. 
As the GLS estimate b ( 11 ) and its dispersion matrix 

(12)  do not involve the unknown common variance 
(T* of the OLS estimate, they can be used directly for 
hypothesis testing and parameter estimation. In particu- 
lar,  the residual sum of squares Ri ( 13) provides a test 
of  overall  fit [see (6)  with c* set to unity]. 

Application  to  phylogenetic analysis 

Distance  estimation: Pairwise distances, together 
with their variances and covariances, may be obtained 
directly from sequence information. Let p ,  correspond 
to the  proportion  among sites shared by sequences i 
and j that differ between members of the  pair. The 
estimated number of substitutions per site, estimated 
from P, by correcting for multiple substitutions at a 
site (see NEI 1987, Chapter 4 ) ,  provides a measure of 
distance between pairs of sequences. The  proportion 
of differences per site has a binomal variance: 

n, 

in  which  no represents  the  number of  sites shared by 
sequences i and j ( KIMURA and OHTA 1972). Covari- 
ances between distances reflect common ancestry ( NEI 
et al. 1985 ) . For two sequence pairs considered simulta- 
neously ( { i, j )  and { k ,  1 ) )  , let p,, represent  the  propor- 
tion among sites shared by all four sequences that differ 
between members of both pairs. The covariance  be- 
tween the  proportions of differences for the two pairs 
is 

in which  nVkl denotes  the  number of  sites shared by all 
four sequences, with p i  the  proportion of those sites 
that differ between i and j and p l l  the  corresponding 
proportion for k and 1 ( BULMER 1991 ) . 

In  the  present study, amino acid sequences were 
aligned painvise, by comparison to one sequence using 
the Wilbur-Lipman algorithm, and simultaneously, us- 
ing CLUSTAL  (DNASTAR 1992). Discrepancies were 
resolved  individually, using available nucleotide se- 
quences. A listing  of the final alignment will be pro- 
vided on request. Distances,  variances and covariances 
were computed, and a Poisson correction applied  (see 
BULMER 1991 ) . 

Technical difficulties  associated  with inversion of the 
dispersion matrix (X) may restrict the implementation 
of the GLS approach (see RZHETSKY and NEI 1992). If 
two pairs of sequences ( 1  i, j ]  and 1 k ,  1 ) )  show agree- 
ments and differences in identical positions, then the 
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corresponding variances and covariances will also be 
identical, resulting in a singular dispersion matrix. Such 
a situation may occur if, for example, sequences i and 
k ,  although  not identical, are sufficiently similar so that 
they differ from a  third  sequence j = 1 at  the same 
sites. Recognition of more kinds of differences (e.g., 
transitions and transversions) reduces  the chances of 
singularity. 

For sequence pairs associated with identical or very 
similar arrays of agreements  and differences, elimina- 
tion of any sequence in the set removes the correspond- 
ing linearly dependent rows  of X. The loss of informa- 
tion this procedure entails is expected to be minimal, as 
the discarded sequences show  close  similarity to other 
members of the set. In  the  present analysis, a Gram- 
Schmidt orthogonalization procedure (see HFALY 1986, 
Chapter 6 )  was applied to the dispersion matrices to 
identify linearly dependent rows, and  the  correspond- 
ing sequences eliminated. 

Estimation of times and rates of divergence: In esti- 
mating lineage ages and rates of amino acid substitu- 
tion, I first applied  a multivariate relative rates test to 
examine homogeneity of evolutionary rates within  lin- 
eages. A functiondependent molecular clock was then 
imposed, with divergence along  branches associated 
both with similar functions and with rate homogeneity 
constrained to proceed  at identical rates. Finally, the 
entire array of rates and times was estimated relative to 
the age of a particular node,  a  rough estimate for which 
is available from external  information. 

Relative  rates  test: Lineages within multigene families 
may  well  evolve at  different rates, reflecting the diversity 
of constraints imposed by the diversity  of functions per- 
formed. Whereas the existence of a global molecular 
clock seems unlikely on a  priwigrounds, sequences may 
evolve according to afunction-dependent molecular clock. 

Tests of relative rates in  wide  usage ( e.g., Wu and LI 
1985; MUSE and WEIR 1992) entail comparing lengths 
of branches linking two sequences to their first  com- 
mon  node. Examination of relative rates among several 
sequences requires multiple comparisons, with appro- 
priate adjustments of significance level (see LI and 
BOUSQUET 1992). Within the least-squares framework, 
all comparisons can be made in a single test. Any  hy- 
pothesis concerning  linear combinations of branch 
lengths can be  represented by 

(Pb - V )  = 0 ,  (16) 

in which b  denotes  the vector of branch  length esti- 
mates, P a matrix the rows of which describe linear 
combinations of branch lengths and v the vector of 
values to which the combinations of branch  lengths  are 
to be compared. The hypothesis in (16) ,  involving 1 
linearly independent combinations of branch lengths, 
may be tested using 

(Pb - ~ ) ~ V a r [ P b ] " ( P b  - v )  - x : L l ,  (17) 

for Var[Pb] = PVar[b]PT  (see RAo 1973, p. 238). 
To test the equality of evolutionary rates within a 

subset of I + 1 sequences, the sum of the lengths of 
branches  joining each sequence  to  the first common 
ancestor of the subset may be compared with the mean 
over the subset. A row  of matrix P describes the differ- 
ence between these two quantities and all elements of 
v in (16) are set to 0. Because the mean branch  length 
to the  common  node is computed from the  branch 
lengths joining all  of the sequences to this node, this 
test involves 2 independent comparisons. 

Log  approximation of rates and times: Biological hypoth- 
eses concerning  function and rate associate products 
of divergence rate and time with branch lengths: 

b = Br, (18) 

in which r denotes  a vector of products of rates ( a )  
and times ( T )  , and B describes the assignment of rate- 
time products to the branches. Equation 18 describes 
only a change in naming convention, and replacement 
of M in ( 11 ) and ( 12) by MB provides GLS estimates 
of r and its dispersion matrix V,. A log transformation, 

1 = logr, (19) 

provides estimates of the form loga + logT, with an 
approximate dispersion matrix (obtained by &approxi- 
mation) , 

VI = Diag [ :]  V,Diag [ k ]  , (20) 

in  which  Diag [ l /r]  denotes  a diagonal matrix with 
nonzero  elements given by the reciprocals of the ele- 
ments of r.  

External information on any  of the rates and times 
may be incorporated  and  the estimates of  logs  of the 
remaining  parameters  obtained by the usual GLS proce- 
dure by treating  the elements of 1 as observations. For 
c the vector of externally determined values, 1 corre- 
sponds to 

1 = Nq + c, (21) 

with q the vector of logs of rates and logs of times. 
Replacement of Y by 1 - c, M by N and C by  VI in ( 11 ) 
and ( 12 ) provides GLS estimates of q and its dispersion 
matrix V,,. Returning to base 10 produces estimates of 
the  parameters ( p )  and  an approximate dispersion ma- 
trix (Vb) : 

p = eq (22) 

V- = D iag[eqlVqDiag[eq].  (23) 

Iterative  least-squares  minimization: Whereas the log 
transformation approach provides closed form expres- 
sions for  the  parameter and  error estimates [ ( 22)  and 
(23)  1 ,  the approximations involved introduce inaccu- 
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racies of unknown magnitude. HASEGAWA et al. (1985) 
applied  a numerical least-squares procedure to estimate 
divergence times and rates of transition and transver- 
sion substitutions among hominoid mitochondrial 
DNA sequences. This approach permits assignment of 
arbitrary functions of parameters to branch lengths. 
The residual sum  of squares is determined as 

RZ == ( Y  - E)TC" ( Y  - E ) ,  (24)  

in  which E denotes  a vector of expected painvise  dis- 
tances, general functions of parameters  determined by 
a given  biological hypothesis. A starting value for RZ is 
computed for an initial guess for p, the vector of param- 
eters to be estimated, and the least-squares estimate p 
obtained  through progressive reduction of Ri by a  nu- 
merical multivariate minimization procedure (see 
PRESS et al. 1986). HASEGAWA et al. (1985) provided 
expressions for the dispersion matrix of p :  

v. - B - I A ~ T B - ~  
P -  9 (25) 

in  which 

A=-l d 2  Ri 
dEdYT p 

In  the  present analysis, the log transformation ap- 
proach provided the initial guess for the  parameter val- 
ues (22)  ; in every case, no further minimization of the 
residual sum of squares was necessary, indicating that 
the approximations underlying the closed form solu- 
tion did not  introduce large errors. The standard  errors 
presented  here derive from the expressions (25) given 
by HASEGAWA et al. (1985). 

PHYLOGENETIC ANALYSIS 

Members of the SLG/ S R K / S L R  family: Soluble S 
locus glycoproteins (designated SLGs by LALONDE et al. 
1989)  appear abundantly in  stigma extracts in parallel 
with the  onset of the expression of  self-incompatibility 
and cosegregate with pollen specificity (see SIMS 1993). 
Correspondence between these glycoproteins and the 
SLG gene has been confirmed by direct  protein se- 
quencing (TAKAYAMA et al. 1987). NASRALLAH et al. 
( 1991 ) distinguished between class I and class I1 SLGs 
on the basis of amino acid sequence. Class I includes 
high activity proteins  that express strong self-incompati- 
bility reactions and codominance in determination of 
pollen specificity and class 11, weaker, recessive forms. 

Recognition of pollen specificity appears to be trans- 
duced  through  an association  between extracellular 
SLGs and  a  membrane-bound  Sreceptor kinase ( SRK) . 
SRK genes encode putative serine / threonine  protein 

s-locus 
related 

- 

Class I 

I , 1 SRK-like 

I ;$Kl j SRK-like 

FIGURE 1.-Neighbor-joining  phylogeny  for 27 SLG and 
related sequences  with  the  maize  sequence (ZmPK, ) as the 
outgroup.  Bootstrap  values  for  1000  resamplings  appear next 
to the corresponding nodes. 

kinases comprising three domains: an extracellular re- 
ceptor closely resembling the  corresponding SLG, a 
short, hydrophobic transmembrane region and  an in- 
tracellular catalytic domain ( STEIN et al. 1991 ) . The 
tightly linked SLG and SRK genes, possibly together 
with other elements, constitute the classical S locus. 
NASRALLAH and NASRALLAH (1993) suggest that Sal- 
leles are  more properly designated S haplotypes. 

Slocus-related ( S L R )  genes show high sequence hc- 
mology to SLG genes but  do  not cosegregate with  self- 
incompatibility. Two groups of sequences, apparently 
derived from distinct genetic loci, have been character- 
ized: SLR, and SL& ( LALONDE et al. 1989; BOYES et al. 
1991 ) or SRA and SRB ( HINATA et al. 1993).  The loci 
show tight linkage, with SLR, closely resembling the 
pollen-recessive  class I1 SLG genes ( BOYES et al. 1991 ) . 

My estimates of divergence rates and times derive 
from a phylogenetic analysis of  29 amino acid  se- 
quences, including homologues in Arabidopsis  thalzana, 
Lycqbersicon esculentum and Zea mays (Table 1 ) . Within 
Brassica, the sequences were derived from B. o k a c e a  
and B. campestn's and also from B. napus, an amphidip- 
loid derived from hybridization between B. oleracea and 
B. campestris. To address whether ARKl from self-com- 
patible Arabidopsis may  have descended from an SRK 
gene  that expressed self-incompatibility, I also exam- 
ined  the kinase domains of the SRKand SRK-like genes. 

Topology and tests of relative  rates: Figure 1 pre- 
sents the topology, determined by the neighbor-joining 
(NJ) algorithm ( SAITOU and NEI 1987) with  Poisson 
correction for multiple hits as implemented in the 
MEGA package ( KUMAR et al. 1993), for 27 sequences, 
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TABLE 1 

SLG/SRK family and homologues 

98 1 

Source 
~ 

SLG SRK  SLR SRK-like 

CHEN and NASRALLAH 1990, 'SCUTT and CROY 1992, NASRALLAH et al. 1987, LALONDE et al. 1989, TRICK 
and FLAVELL 1989, DWR et al. 1991, TRICK 1990, BOWS et al. 1991, GAUDE et al. 1993, lo  Scum et al. 
1990, TAKAYAMA et al. 1987, GORING et al. 1992, I 3  ISOGAI et al. 1991, l4 WATANABE et al. 1992, l5 ROBERT et 
al. 1994, l6 DWR et al. 1992, TOBIAS et al. 1992, WALKER 1993, l9 CHANG et al. 1992, 2o MARTIN et al. 1993, 

WALKER and Z W G  1990.' 

including SLGgenes, SLGlike genes, the SLGlike extra- 
cellular domain of SRKand SRK-like genes and the S 
locus-related genes SLR, and S m .  The extracellular 
domain of TMK, from Arabidopsis  shows no homology 
to SLG and is unknown for Pto from tomato. The indi- 
cated  bootstrap values  suggest four major groups: the 
outgroup sequences from Zea ( ZmPKl) and Arabi- 
dopsis (RL&), Slocus-related sequences ( SLR, and 
ARK, ) , pollen-recessive (class 11) Salleles and SLR, and 
pollendominant (class I )  S alleles. The relationship of 
ARKl to the S allele and  non-S clusters is equivocal. 

The clustering of the pollen-recessive S alleles  with 
sequences from SLR,, which does  not cosegregate with 
SI, suggests that  the S a  locus was derived secondarily 
by a process such as gene conversion from pollen-reces- 
sive Sallele sequences or the converse. Both  possibilities 
were considered in the assignment of evolutionary 
rates. 

To permit inversion of the dispersion matrix as  re- 
quired  under  the GLS approach, seven sequences were 
removed from consideration: three SLR, sequences 
( h3, and NS,) , three SL& sequences ( CG,,, &S5 
and &S,) and  one  pollendominant Sallele (BS ,  from 
B. campestris, which differs from  the B. oleracea S, gene 
by four  amino acid substitutions among 405 residues). 

Figure 2 presents the NJ topology and bootstrap val- 
ues for  the  remaining 20 sequences. Asterisks indicate 
branches for which GLS estimates of length did not 
differ significantly from 0. Both the close relationship 
between the SLR, gene  and  the class I1 S alleles and 
the unresolved status of ARKl were confirmed. Figure 3 
presents  the same phylogenywith branch lengths drawn 
proportional to their GLS estimates and non-significant 
branches eliminated. 

To explore  whether A R K ,  may have diverged before 
the At&/ SLRl cluster, I determined GLS branch 
lengths  for  that topology, obtaining  a negative  value for 

the  length of the  branch separating the S alleles and 
the SLR, cluster from the remaining sequences. Al- 
though this result suggests error in the topology, it can- 
not be unequivocally rejected as the  branch  length esti- 
mate does not differ significantly from 0 and  the 
residual sum of squares indicates an acceptable fit 
(x:153] = 170). 

, loo@ 

I I 

I 

1 ' :2Kl ] SRK-like 

FIGURE 2.-Neighbor-joining phylogeny for the 20  SLGand 
related sequences remaining after reduction to ensure inverti- 
bility of the dispersion matrix of the pairwise distances. GLS 
branch lengths and bootstrap  values  for  1000  resamplings are 
shown. Asterisks indicate the four branch lengths that do not 
differ  significantly  from zero. From the 190 painvise  distances 
among the 20 sequences, 37  branch lengths were estimated, 
leaving 153 degrees of freedom. The value obtained for the 
residual  sum of squares ( 168 ) did not  exceed the  approxi- 
mate 5% significance bound { [1.645 + d m ]  '/ 2 = 
1831, indicating an acceptable fit. 
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I d-? 1 I Class I 

1- ARK, ] SRK-like 

I s-locus 
related 

ZmPK, I SRK-like 

I ' I ' I ' I ' I  
0.1 0.2 0.3 0.4 0.5 

Amino acid SUbStitUtiondSita 

FIGURE 3.-Neighbor-joining  phylogeny with branch 
lengths  drawn  proportional to the  numbers of substitutions 
per  site.  The  four  branches  with  estimated  lengths not signifi- 
cantly  different  from 0 (asterisks  in  Figure 2 )  were  eliminated 
and  their  lengths  added to the  lengths of the  immediate  de- 
scendant  branches. 

Evolutionary divergence  rates may  vary according 
to  function. To test whether  a  molecular clock holds 
among  the class I (pollen  dominant) S alleles, I ap- 
plied the GLS relative rates test described in ( 17) , 
obtaining  a very highly significant value ( X:9l = 
30.3) .  Inspection of the  branch  lengths suggested that 
two sequences (S, and S13) have  evolved more slowly, 
and comparison among  the  remaining pollen-domi- 
nant S alleles reduced  the significance to  the 0.025 
level (X!,] = 16.4) . Similarly, a  rate  homogeneity test 
among  the  genes  that  do  not cosegregate with  self- 
incompatibility ( SLRl , SLR,, At&,  ARK, and RL&) 
was significant (X:5l = 13.9) ,  but  returned a nonsig- 
nificant value ( = 2.9) after the slowly evolving 
AtS, sequence was removed  from  the  comparison. The 
class I1 (pollen recessive) S alleles showed nonsignifi- 
cant rate  heterogeneity ( X : , ,  = 0.3) . 

Biological hypotheses: Function-specific divergence 
rates were assigned to branches in accordance with  bio- 
logical hypotheses concerning  the  functional  role of 
ancestral lineages. 

Assignments of divergence  rates and times: The relative 
rate comparisons support  the assignment of a  common 
rate  for  the non-S SLR, and S& sequences ( a) , a 
pollen-recessive Sallele  rate ( b )  and a  pollen-dominant 
Sallele  rate ( c )  , with  possibly different rates for AtSl 
( d )  , S, ( e )  and SI3 ( f )  . In  addition, A R K ,  from self- 
compatible Arabidopsis was assigned a  separate  rate ( g )  
because ambiguity in its position in the topology does 
not  permit exclusion of the possibility that it is derived 

TABLE 2 

Function-specific  divergence  rates 

Parameter  Sequence 

a SLRl and SL& (non-S) 
b Class I1 S alleles 
C Class I S alleles 
d AtS, (Arabidopsis Slocus related) 
e S, (Brassica oleraceu Class I S allele) 
f S13 (B .  ohacea Class I S allele) 
g ARK, (Arabidopsis  SRK-like) 
X Ancestral  non-S (=a, d, or g) 
Y Class II/SLR, progenitor ( = a  or b) 
2 Ancestral S allele (= b or c) 

from  a  functional SRK sequence. Table 2 summarizes 
the assignments of divergence rates. 

Figure 4 shows the divergence times and rates as- 
signed to  nodes and branches under this biological hy- 
pothesis. ZmPK,, RL& and  the SLR, sequences are as- 
sumed to represent  the ancestral multigene family, 
having no history of self-incompatibility function. Rate 
x, corresponding to the ancestral rate  prior to the ori- 
gin of self-incompatibility, was set equal to one of the 
non-S rates ( a ,  d or 9)  in the scenarios considered. 
Rate y ,  corresponding to the lineage immediately ances- 
tral to SLR, and  the class I1 S alleles, was assigned as a 
(implying  the derivation of the pollen-recessive Salleles 
from SL&) or as b (implying  the  converse) . The origi- 
nal Sallele lineage was assumed to have  evolved at rate 
z, assigned as either  the pollen-recessive ( 6) or  the pol- 
len-dominant ( c )  rate. The possible combinations of 
assignments of ancestral rates (see Table 2: 3 for x, 2 
for y and 2 for z)  determine  a maximum of  twelve 
scenarios. Because the hypothesis that  the pollen-reces- 
sive lineage represents  the original S alleles ( z  = b )  
conflicts with the hypothesis that  the pollen-recessive 
alleles derive from SLR, ( y  = a ) ,  the  latter assignment 
was considered only under  the assignment of the pol- 
lendominant rate to the original Sallele lineage ( z  = 
6 ) .  This restriction reduces  the  number of plausible 
scenarios to nine. 

origzn of self-incompatibility: Two placements of the or- 
igin of self-incompatibility were considered  (origins 1 
and 2 in Figure 4) . Under origin 1, the time since the 
origin of self-incompatibility ( Ty) lies between T2 and 
T5,  with some period of expression of self-incompatibil- 
ity in  the lineage leading to ARKl. Because the overall 
rate of divergence of ARKl would then reflect S as  well 
as non-S function, the assignment of the ARK, rate as 
the ancestral non-S  rate ( x  = g) was not considered 
under origin 1. Under origin 2, T5 falls between T s  and 
T6,  with the divergence of ARK, predating  the expres- 
sion of self-incompatibility. All nine possible scenarios, 
corresponding to assignments to the ancestral non-S 
lineages (x), the immediate  common ancestor of SLR, 
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FIGURE 4.-Functiondependent  rates of substitution. Rate 
x is associated  with the  ancestral  non-S  sequences  and y,  the 
lineage from which SL& and the pollen-recessive S alleles 
descend. Under each placement of the  origin of self-incom- 
patibility (origin 1 and  origin 2 ) ,  substitutions  along  the 
branch  segment  preceding  the  point of origin  occur  at  rate 
x and after rate z. 

and  the pollen-recessive lineages ( y )  , and  the original 
S alleles ( z )  , were considered under origin 2. 

Under  both origin hypotheses, the time  since the 
origin of self-incompatibility ( Ts) depends  on  the  joint 
assignments of x, y and z. Because the  branch con- 
taining the origin of self-incompatibility has an ex- 
pected  length of xT, - (x - z) Ts - zT, (for T U  and 
TI. the ages of the  nodes  flanking  the origin), estima- 
tion of T y  requires  that  the ancestral  divergence  rate 
before  the  expression of self-incompatibility differ sig- 
nificantly from  the ancestral  Sallele  rate ( x f z)  . Tests 
using the full  dispersion  matrix for  the array of esti- 
mates  indicated  that x and z differed significantly in 
only two  of the scenarios  considered (x = a ,  y = a or 
b, z = e ) ;  in  these cases, an extremely  large error 
variance was associated with the estimate of T,, which 
in one case lay outside  the interval bounded by the 
ages of the flanking  nodes. Because the  data  do  not 
permit  direct  estimation of Ts and because the esti- 
mates  for Tu and TL did not differ significantly, the 
time since  the  origin of self-incompatibility was esti- 
mated as the average of the ages of the flanking  nodes 

Anchoring the  phylogeny: Branch lengths  correspond 
to products of divergence rates and times, with the sepa- 
rate estimation of rates and times entailing  anchoring 
the phylogeny on  at least one externally specified pa- 
rameter value. All rates and times were estimated rela- 
tive to the coalescence of the SLR, sequences  at time 
T4 (Figure 4 )  . 

[ ( T " +   T d / 2 1 .  

TABLE 3 

Origin- and  scenario-independent  divergence 
rates  and  times 

Substitution  rates" 
S L R , / S ~ Z  (4 3.5 +- 0.5 
Class I1 S alleles (6) 3.1 t 0.9 
At& ( 4  2.2 ? 0.5 

SLR,/At& ( T;I) 39.4 +- 6.5 
SL&/S, (T7) 10.0 t 2.5 

sm2/ s5 ( T9) 4.3 t 1.6 

Divergence  timesb 

&/sf% ( T8) 6.4 ? 2.0 

Values are means ? SE. 
lo-' substitutions/site/year. 
IO6 years. 

Inspection of the SIXl sequences indicated  that most 
of the variation occurs between B. oleracea and B. cam- 
pestris rather  than within species. Of the 27 sequences 
analyzed, five ( Rl &, Ggl, h3,, NSl and NS, ) have been 
designated SLR, on the basis of sequence similarity and 
the  presence of characteristic insertion / deletion re- 
gions relative to S alleles (see Dickinson 1990) . Among 
the 438  sites aligned across the five sequences, variation 
occurred  at 53. Of the 29 sites that were informative in 
the sense used in parsimony analysis,  only 4 suggested 
a  grouping  incongruent with the species designation. 
This highly significant value supports  the view that varia- 
tion at this locus has arisen since the divergence of the 
two species. The time since the species divergence was 
assigned to T4. 

An accurate estimate of the age of the B. oleracea/ B. 
campestris divergence appears to be unavailable. The 
earliest occurrence of brassicaceous pollen in the fossil 
record  appears to date to about five million years before 
the  present (MULLER 1981). Because the origin of 
plant taxa may considerably predate  their  appearance 
in the fossil record (see BRANDL et al. 1992), a  rough 
figure of 10 million years was assigned to T4, the  coales 
cence time of the SLR, sequences. Underestimation of 
T4 would generate lower divergence times and higher 
substitution rates, indicating a  more  recent origin of 
self-incompatibility. 

Estimates of rates and times: Given T4, the estimates of 
rates a ,  b and d ,  and times T3 and T7 through T9 are 
virtually independent of the position of the origin of 
self-incompatibility and  the scenarios considered. Table 
3  presents these estimates and their  standard  errors, 
under  the assignment of T4 as  10 million years. The 
similarity between T4 and  the estimate for T7 suggests 
that  the event that  marked  the divergence between class 
I1 Salleles and  the SLG locus occurred close to the 
speciation event between B. oleracea and B. campestris. 

Under  both origin 1 and origin 2, the divergence 
rate ( y )  corresponding to the lineage immediately an- 
cestral to the class I1 S alleles and  the SLR, sequences 
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TABLE 4 

Origin-independent  divergence  rates  and  times 

y =  a y =  b 

Substitution  rates 
Class I S alleles (c) 2.2 5 0.4 2.0 t 0.6 
s, ( 4  1.0 t 0.4 1.0 t 0.4 
SI, 0 1.1 t 0.4 1.0 t 0.4 

Divergence times 
Class 1/11 S alleles ( T6) 37.9 2 7.2 41.1 t 12.7 
Class I S alleles ( Tl0)  23.5 t 5.0 25.5 t 8.1 
&lo/smlo (T /d  17.2 t 4.2 18.7 t 6.5 
SL&/&9, ( TfZ) 20.1 t 4.1 21.8 2 6.8 
&/SI, (TI31 19.7 t 3.9 21.3 t 6.6 
Sw'SLGwsl (T/4) 15.0 t 3.2 16.3 t 5.1 
S 3 / &  (Tu)  13.8 +- 3.0 15.0 +- 4.8 
s/ SI, ( T16) 18.1 t 3.9 19.6 t 6.3 
SI*/&, (Tf7) 16.7 5 3.9 18.1 t 5.9 
s , / sm (T/d 12.2 t 2.9 13.3 2 4.4 

Values are  means t SE. Rates and times as in  Table 3. 

affects rates c, e and f and times T6 and TI,  through 
TI,  (Table 4 ) .  These estimates indicate  that  the age of 
extant S allele lineages ( T6) significantly exceeds the 
divergence of B. oleracea and B. campestris ( T 4 )  . Because 
the  change of function  that led to expression of SSI 
necessarily occurred  before  the coalescence of  all  ex- 
tant Salleles, T6 provides a lower bound for  the time 
since the origin of SSI. 

Table 5 presents estimates for  the  remaining  parame- 

ters, which depend  upon  the position of the origin of 
self-incompatibility expression as  well  as the rates as- 
signed to the  internal  branches. Estimates for the age 
of sporophytic self-incompatibility function  (Table 6 )  
represent averages of the ages of the nodes flanking 
the  point of origin ( T2 and T5 for origin 1; T5 and T6 
for origin 2 )  . 

Rate comparisons: A series of  pairwise comparisons 
were made among  the divergence rate estimates. Under 
all scenarios and both origin hypotheses considered, 
the  Sallele rates lie below the  non-S SLR, / SLR, rate, 
with the  pollendominant Sallele  rate significantly 
lower ( c < a ) .  This result contradicts TRICK and HEIZ- 
MANN'S (1992) conclusion that  Salleles evolve at  much 
higher rates, a result that follows directly from the exter- 
nally imposed assumption that  the SLG/ SRKsystem  of 
sporophytic self-incompatibility arose within the Brassi- 
caceae. 

At&, the  homologue of SLG in self-compatible Arabi- 
dopsis, appears to have  evolved  significantly  slower than 
SLR, and SLR2 sequences ( a  > d )  , and pollen-domi- 
nant Salleles S, and SI, significantly  slower than all 
other sequences ( a ,  b, c ,  d ,  g > e,  f )  . Although not 
corrected for multiple comparisons, these trends consis- 
tently appeared in all scenarios considered. 

Because AtS, is the only extant  sequence associated 
with rate d and because this rate differs significantly 
from other  non-S  sequences, scenarios that assign d as 
the ancestral non-S  rate (x = d )  may be unrealistic. 

TABLE 5 

Origin-  and scenariodependent divergence  rates  and  times 

x =  a x =  d 

118.4 t 18.4 179.7 ? 38.9 
50.6 t 8.7 59.1 ? 12.0 

y = a  y =  b 
~~~~~~~ ~ ~ ~ 

ARK, (83 
z =  b nc' 3.7 t 1.1 
z =  c 3.8 I+_ 0.8 3.5 t 1.1 

z =  b nc 45.7 t 13.7 
z =  c 44.4 t 8.6 48.2 t 14.6 

A R K / &  (T?) 

x = g  x =  a x =  d 

Origin 2: ARKl predates SRK 
ARK, ($) 3.6 t 0.9 4.0 t 0.9 3.6 t 1 . 1  
RL%/SWI,  (T /b )  115.7 t 28.5 118.4 t 18.4 179.7 t 38.9 
SLR, / ( Tz'? 52.1 5 10.2 50.6 t 8.7 59.1 2 12.0 
MI/& (Tsb) 46.2 ? 10.8 43.0 2 9.8 47.4 t 13.9 

Values are means t SE. 
a IO6 years. 
' lo-' substitutions/site/year. 
Not  considered. 
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TABLE 6 

Origin of sporophytic self-incompatibility 

y =  a y =  b 

Origin 1: SRKpredates ARK," 
x =  a , z =  b ncb 48.1 t 9.4 
x =  a , z =  c 47.5 ? 7.8 49.4 t 9.8 
x =  d , z =  b nc 52.0 t 10.3 
x =  d , z =  c 51.6 ? 9.0 53.3 ? 10.7 

x =  a 40.4 t 7.3 42.1 -C 9.0 
x =  d 42.5 +- 9.0 43.9 ? 10.2 

Origin 2: ARK, predates SRK' 

x = g  41.9 t 7.7 43.2 t 9.2 

Values are means i- SE. 
a (T? + T,)/z, IO6 years. 
'Not considered. 

( T ~  + T 6 ) / 2 ,  IO6 years. 

Similarly, rate g, uniquely associated with ARKl among 
extant  sequences, is  also an unlikely candidate  for  the 
ancestral non-S rate. Finally, the derivation of the pol- 
len-recessive Sallele class from non-S SL& sequences 
( y  = a )  seems less  likely than  the reverse ( y  = b )  . 
Elimination of these possibilities suggests that  the most 
plausible scenario would set the ancestral non-Srate  to 
the SLR, / SLR, rate ( x = a )  and assume that SL& arose 
from pollen-recessive Sallele  sequences ( y = b )  . Under 
these assignments, the  origin of self-incompatibility 
would exceed  the age of the B. oleracea/ B. campestris 
divergence by a  factor of 4.8 or 4.9 under origin 1 and 
4.2 under origin 2 (Table 6 ) .  

Examination of the status of ARKl: In  an effort to 
resolve whether  the expression of self-incompatibility 
arose at origin 1 or origin 2 ,  I conducted  a phylogenetic 
analysis  of the putative catalytic kinase domains of SRK- 
like receptor kinase proteins. The kinase domains of 
S M 2  and S& from B. oleracea, S m l 0  from B. napus, 
ARK, and TMKl from A.  thalzana and Pto from L. esculen- 
tumwere aligned,  both simultaneously, using CLUSTAL 
as described for  the  SLGlike  domain, and pairwise, 
against Sm1(, . Whereas alignments within the ARK, / 
SRKgroup were relatively unambiguous ( 72-88% simi- 
larity),  the  number  and positions of gaps in some re- 
gions of the  alignments between members of  this group 
and  the non-SRK proteins ( -35% similarity) appeared 
equivocal. 

Figure 5 shows the NJ topology constructed  from 
Poisson-corrected distances, using the tomato  sequence 
Pto to root  the  tree. A GLS relative rates test indicated 
rate  homogeneity  throughout  the  tree. 

ARK1 appears within the SRKcluster, suggesting the 
origin of self-incompatibility before its divergence. Still, 
this conclusion is not unequivocal, as the  length of the 
branch  supporting this node is not significantly positive. 
To examine further  the  order of divergence, I obtained 
GLS estimates for  the  three possible alternative trees 

ARK, 
0.023' 

50 
0.1 17 SRK 

0.380 
100 
- 

0.071 SRKs 
0.082 

- 100 
0'057 SRKBl0 

0.460 TMK, 

0.473 Pi0 

FIGURE 5.-Neighborjoining phylogeny for  the catalytic 
kinase  domain of SRKsequences and their  homologues. GLS 
branch  lengths  and  bootstrap values for 1000 resamplings are 
shown. An asterisk  indicates  the  single  branch  length  that 
does  not  differ  significantly  from 0. The  residual sum of 
squares ( 5 ,  with 6 degrees of freedom)  indicated an  accept- 
able fit. 

that preserve the positions of the non-SRK sequences 
but place the divergence of ARKl before  the SRKgenes. 
Two returned very highly significant values for  the resid- 
ual sum of squares ( X : 5 l  = 30 and 31 ) ,  whereas the 
remaining topology ( 1 A R K , ,  [ SRK,, ( Sm, Sm10  1 1 I ) 
contained  a  branch with  significantly  negative length. 
This analysis appears to support origin 1, which hypoth- 
esizes that ARKl descended from an SRKlineage rather 
than  a  non- S lineage. 

DISCUSSION 

Polyphyletic origins of  self-incompatibility 

Multiple  recruitments  from preexisting  multigene 
families: Under  the classical  view, gametophytic self- 
incompatibility represents  the ancestral condition of  all 
flowering plants, with sporophytic systems having 
evolved directly from gametophytic systems (see Intro- 
duction). Both gametophytic and sporophytic elements 
are  reportedly involved in  the expression of  self-incom- 
patibility in a  member of the Brassicaceae (LEWIS et al. 
1988; ZUBERI and LEWIS 1988), although such factors 
have not  been characterized at  either  the physiological 
or genetic levels. Homologues to the SRNases that me- 
diate GSI in  the Solanaceae have been  detected  in self- 
compatible Arabidopsis ( TAYLOR and GREEN 1991; TAY- 
LOR et al. 1993), a  member of the Brassicaceae for 
which SSI is  typical.  Conversely, SRK-like genes  occur in 
maize (WALKER and ZHANG 1990; ZHANG and WALKER 
1993), a  member of the Poaceae for which GSI  is  typi- 
cal, and in Petunia  inflata (MU et al. 1994), which  ex- 
presses the SRNase-mediated form of  GSI. Preservation 
of the hypothesis of monophyly of the two systems of 
self-incompatibility would appear to require  regarding 
the SRNase homologues in Arabidopsis as  vestiges  of 
the ancestral gametophytic system;  however, the pres- 
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ence of SRK-like genes  in maize and Petunia would 
indicate  the reverse: that GSI descended  from SSI. This 
contradiction suggests that  the original assumption of 
monophyly is  false. 

More plausible is the  interpretation  that some lin- 
eages within these multigene families have in fact had 
no history of expression of self-incompatibility, particu- 
larly in cases in which the  genetic  control of self-incom- 
patibility associated with the  multigene family departs 
from that of the  plant family. Under this view,  GSI ex- 
pressed in the Solanaceae and SSI in  the Brassicaceae 
represent  independent recruitments  of  the  Slocus from 
different pre-existing multigene families. 

How many times has self-incompatibility evolved? 
Recent information on  the genetic basis and physiologi- 
cal mechanism of self-incompatibility supports the 
abandonment of the canonical assumption of mono- 
phyly  of  all homomorphic systems and favors a new 
paradigm hypothesizing multiple, independent origins 
of SI through  recruitment of pre-existing genes. 
Whereas a definitive test of independence awaits fur- 
ther  genetic  information,  the  minimum  number of  dis- 
tinct origins may be  inferred  from  the number of  dis- 
tinct multigene families from which the various forms 
of self-incompatibility were derived. In the absence of 
sequence-level information, similarity in physiological 
mechanism or  the  nature of genetic regulation serves 
to indicate homology. 

Solanaceae: That rRNA in incompatible but  not com- 
patible pollen tubes is degraded  during  the rejection 
response ( MCCLURE et al. 1990) suggests that  the RNase 
activity exhibited by solanaceous S alleles is fundamen- 
tal to this system  of  GSI.  Yet, the possibility remains 
that rRNA degradation followed rather  than caused cell 
death ( NEWBIGIN et al. 1993). 

Self-compatibility appears to correlate with low or ab- 
sent RNase  activity. Expression of an Sallele  transgene 
associated with self-incompatibility in Nicotiana  alata 
failed to confer self-incompatibility in N. tabacum ( MUR- 
FETT et al. 1992). Whereas the  transgene  directed  the 
proper processing and secretion of the  expected glyco- 
protein, which expressed RNase  activity, the  pattern of 
tissue expression differed and the  concentration of the 
glycoprotein in styles was two orders of magnitude be- 
low that of self-incompatible N. data .  K O W M  et al. 
(1994) demonstrated  the cosegregation of self-compat- 
ibility  with an allele ( S,) of the  Slocus  in  a  line derived 
from a  natural  population of L. peruuianum. The pro- 
tein product of S, exhibited  much  reduced RNase  activ- 
ity compared with S alleles that  function  in self-incom- 
patibility. ANDERSON et al. (1993) have determined 
from cDNA sequences that  the S, allele carries a base- 
pair change  that would direct  the  replacement of a 
histidine in a region designated as conserved by 
IOERCER et al. (1991). This histidine may be necessary 
for SRNase activity,  as it lies in  the  region  determined 

to be the active  site of homologous fungal RNases (Ku- 

Irrespective of whether RNase  activity is the  direct 
agent of the cytotoxic aspect of self-incompatibility, it 
is clearly not suficient. CLARK et al. ( 1990)  found compa- 
rable levels  of Slocus mRNA and RNase  activity in self- 
incompatible and pseudoself-compatible varieties of Pe- 
tunia hybn'da. AI et al. (1992) demonstrated  that self- 
compatibility in a P. hybn'da line derives from two genes, 
S, and S,, which had  been shown  to be alleles of the S 
locus by means of segregation experiments involving 
crosses  with self-incompatible P. inJlata ( A I  et al. 1991 ) . 
The  protein products of both  genes showed  RNase  ac- 
tivity. Whereas self-compatibility associated with S, ap- 
pears to derive from lesions in S, itself, self-compatibility 
associated with S, appears to require  additional, nonal- 
lelic factors ( A I  et al. 1991). 

The most convincing demonstration  that SRNase 
proteins and RNase  activity are necessary for  the expres- 
sion of self-incompatibility comes from recent transfor- 
mation  experiments in Petunia ( HUANC et al. 1994; LEE 
et al. 1994)  and Nicotiana ( MURFETT et al. 1994). These 
studies are  the first to demonstrate  that transformation 
can confer incompatibility directed specifically against 
the  introduced  Sallele. 

LEE et al. ( 1994)  transformed self-incompatible SI S2 
P. in$ata individuals with a construct  containing  the S 4  

gene  together with 2 KB of  its upstream region. 
Whereas some of the transgenic plants appeared to 
show cosuppression (self-compatibility owing to the re- 
duced expression of endogenous S alleles), four  both 
expressed all three glycoproteins and rejected pollen 
that expressed any  of those specificities. Low levels  of 
expression of the S, glycoprotein correlated with partial 
self-compatibility.  Loss-of-function experiments, involv- 
ing transformation with antisense sequences, caused S 
allele-specific suppression of incompatibility. 

HUANC et al. (1994) modified the & sequence,  intro- 
ducing single base-pair changes that  directed  the re- 
placement of a conserved histidine with either aspara- 
gine or arginine.  In  homologous fungal RNases, the 
corresponding histidine lies in the active  site ( KURI- 
HARA et al. 1992). Transformation of self-incompatible 
SI S, individuals using these modified S, sequences was 
accomplished using procedures described by LEE et al. 
(1994). Two out of 162 transgenic plants expressed the 
modified & protein  at levels comparable with those 
expressed by plants that  had  acquired  the ability to 
reject & pollen after transformation using the native & 
sequence. Whereas the two transformants remained 
self-incompatible, rejecting self-pollen as  well as S I  and 
S, pollen produced by tester lines, seed set with S, pol- 
len was comparable with that of compatible pollina- 
tions. Accordingly, the modified Ss protein showed no 
detectable RNase  activity. 

MURFETT et al. (1994) introduced  into self-compati- 

RIHARA et al. 1992). 
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ble N. a h a /  N. langsdo$ hybrids a  construct  containing 
the N. alata S allele SA, and its 3 ‘ flanking region under 
the  control of a  promoter which directs high expression 
in pollen and pistil.  Specific rejection of pollen bearing 
SA, correlated with the expression of the SAz-RNase pro- 
tein and with  RNase  activity. 

These transformation experiments  together provide 
the best evidence that SRNase proteins and RNase  ac- 
tivity per se mediate self-incompatibility. 

Papaveraceae: FOOTE et al. ( 1994)  reported  the clon- 
ing and characterization of a  gene  that cosegregates 
with gametophytic self-incompatibility  in the field 
poppy ( Papaver rhoeas) . They established that this gene 
is a  component of the  Slocus by demonstrating  that 
its protein  product specifically inhibits germination of 
pollen that  bear  the same allele. Nucleotide sequence 
analysis indicated homology neither to the solanaceous 
SRNases nor to the brassicaceous SLG/SRK  family. 
This observation, together with the previously demon- 
strated absence of  RNase  activity ( FRANKLIN-TONG et al. 
1991)  and  the mediation of self-incompatibility 
through distinct physiological mechanisms (FRANKLIN- 
TONG et al. 1993) , supports  the view that GSI in poppies 
and in the Solanaceae represent  independent recruit- 
ments from distinct families  of genes ( FRANKLIN-TONG 
and FRANKLIN 1993) . 

GSI in other families: Other gametophytic systems of 
self-incompatibility that  appear to be distinct from the 
SRNase system operate in lilies and grasses.  Self-incom- 
patibility in Lilium long$orum derives from arrest of pol- 
len tube growth within the hollow lily style, and shows 
sensitivity to cyclic AMP concentration  (TEZUKA et al. 
1993). Self-incompatibility  in L. martagon differs with 
respect to genetic control, with four loci  possibly in- 
volved ( LUNDQVIST  1991 ) .  Two unlinked loci ( S and 
2 )  regulate self-incompatibility  in those members of 
the Poaceae for which genetical control has been ana- 
lyzed  in detail (reviewed by LEACH  1983;  HAYMAN and 
RICHTER 1992).  HAW  (1956) argued against the 
derivation of the multilocus GSI  systems  of monocotyle- 
dons by duplication of the single-locus  systems  typical 
of dicotyledons. First, the  independence of expression 
of the S and 2 genes in determining pollen specificity 
in monocots contrasts with the epistasis  typically  ex- 
pressed in polyploid dicots. Further, self-incompatibility 
systems that  appear to resemble the system in the 
grasses  with respect to both multilocus control  and ex- 
pression have been described in dicot taxa, which  show 
relatively  close relationships to monocots (Ranunculus 
am’s, C~TERBYE 1975; Beta vulgaris, -SEN 1977). 
LUNDQVIST (1975) has suggested that  the multilocus 
system  of the grasses may in fact have been derived 
by a reduction in the  number of controlling loci.  Self- 
incompatibility in rye (Secale cereale) may be mediated, 
not  through expression of ribonuclease function,  but 
rather  through transduction of  signals  involving protein 

phosphorylation ( WEHLING et al. 1994). These observa- 
tions are consistent with the view that GSI  may derive 
from at least three  independent origins (solanaceous 
SRNase system, non-SRNase system  in poppies, 
multilocus system  in the  grasses), with a possible fourth 
origin in the lilies. 

Sporophytic  systems: SSI  may also  have arisen multiple 
times.  Self-incompatibility  in  Brassica results from the 
failure of incompatible pollen grains to hydrate at  the 
stigmatic surface ( SARKER et al. 1988). Although SSI 
also occurs in the Compositae, the morphological and 
physiological  processes  involved in both compatible 
and incompatible pollination appear  quite distinct in 
sunflowers ( Helzanthus annuus, ELLEMAN et al. 1992) . 

Ipomoea tnjida (Convolvulaceae) exhibits classical SSI 
( KOWAMA et al. 1980). Whereas homologues to the 
SLG/ SRK family  have been detected in this species, 
those elements do  not cosegregate with the physiologi- 
cal expression of  self-incompatibility ( KOWM et al. 
1993) , suggesting a derivation of  SSI independent from 
the system  in  Brassica.  Alternatively, if the S locus in 
Ipomoea is in fact a  member of the SLG/SRKfamily, 
this system  of SSI would appear to have originated be- 
fore  the divergence of superorders Dillenianae and 
Laminanae. 

Statistical  approach 

Function-specific  molecular  clocks: Whereas a vari- 
ety  of methods for phylogenetic reconstruction provide 
estimates and standard  errors for branch lengths, the 
quantities of  biological interest in many  cases are rates 
of genetic divergence and node ages.  Using estimates 
of branch lengths, interpreted as products of  diver- 
gence rates and times, to estimate rates and times sepa- 
rately requires  external  information. For example, dat- 
ings  of  fossils or biogeographical events are  often used 
to determine  node ages, with divergence rates inferred 
under  the assumption of a molecular clock. Whereas 
local, or lineage-specijic, molecular clocks may operate 
within  closely related groups ( O’HUIGIN  and Lr 1992), 
variation in evolutionary rate among lineages (particu- 
larly the hominoids, GU and LI 1992) precludes imposi- 
tion of  universal molecular clocks. 

The generalized least-squares method  introduced in 
the  present analysis  provides approximate closed-form 
expressions for estimates and standard  errors of func- 
tion-specijic divergence rates and node ages, incorporat- 
ing externally determined values for any number  of 
parameters  [see (22)  and  (23)l. HASEGAWA et al. 
(1985) estimated rates of transition and transversion 
substitutions in regions subject to rapid evolution 
(third codon positions) and moderate evolution (first 
and second codon  positions).  To confirm and refine 
the  approximate closed-form solutions, I adapted  the 
HASECAWA et al. approach to estimate substitution rates 
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that vary according to  function  rather  than region. In 
all  cases studied,  the closed-form expressions for the 
parameter estimates required no  further improvement, 
indicating that  the approximations involved introduced 
negligible error.  The  procedure used in the  present 
analysis  provides a  general means of determining  node 
ages and divergence rates for phylogenies in  which rate 
inhomogeneity precludes imposition of a global molec- 
ular clock. 

Calibration  under  trans-specific  evolution: Trans- 
specific sharing of genetic variation presents difficulties 
for the estimation of divergence rates and times. The 
conventional practice of equating  the divergence time 
of species with the divergence time of genes is clearly 
inappropriate if the age of the genes greatly exceeds 
the age of the taxa that carry them. Divergence among 
genes reflects substitutions accumulated both before 
and after the divergence of  species. To minimize the 
fraction of substitutions that  occurred before the spe- 
cies divergence, the minimum-minimum method of 
SATTA et al. ( 1991, 1993) bases the calibration on  the 
interspecific sequence comparison that shows the least 
divergence. They cautioned  that this method can over- 
estimate the genetic divergence after speciation if all 
available sequences predate  that event, and selecting 
the lowest observed divergence to represent  the ex- 
pected divergence can result in underestimation. 

By analyzing Sallele sequences together with homol- 
ogous sequences that do  not cosegregate with the physi- 
ological expression of  self-incompatibility, the  method 
introduced  here calibrates the  entire phylogeny on the 
basis of lineages that  are  not subject to trans-specific 
sharing. Maintenance of trans-specific polymorphisms 
due to the  strong balancing selection characteristic of 
the expression of self-incompatibility is not expected 
for the  non-S members of the multigene family. This 
expectation was verified for the SLR, sequences by com- 
paring  the  number of informative sites that  supported 
gene phylogenies congruent  and  incongruent with the 
species  phylogeny. Identification of the divergence time 
of species B. okracea and B. campestris with the diver- 
gence time among SLRl sequences ( T4 in Figure 4 )  
permitted estimation of all divergence rates and  node 
ages. 

Tempo  and  mode of  evolution  at  the S locus 

Estimation of the origin of  sporophytic  self-incom- 
patibility: This analysis indicates that  the coalescence 
time of all extant S alleles, both pollen dominant  and 
recessive, exceeds the species divergence time by four- 
fold ( T6, Table 4 ) .  Results obtained  here confirm the 
origin of Sallele lineages before the B. oleracea/ B. camp- 
estris divergence ( DWYER et al. 1991 ) and considerably 
increase the lower bound  on  the age of the SLG/ SRK 
system of sporophytic self-incompatibility. 

Inferring  an  upper  bound for the origin of SSI de- 
pends on whether ARK,, the SRK-like sequence from 
self-compatible Arabidopsis, descends from a functional 
SRK gene  (origin 1 ) or a lineage having no history of 
self-incompatibility (origin 2 )  . Analysis  of the putative 
catalytic  kinase domain of SRKand  its homologues (Fig- 
ure 5)  suggests that  the lineage ancestral to ARK, may 
in fact have functioned in  self-incompatibility. This in- 
terpretation would increase the age  of the SLG/SRK 
system  of sporophytic self-incompatibility to five times 
the age of the B. oleracea/ B. campestris divergence. 

Ambiguity  in the NJ topology (Figures  3 and 4) leaves 
open  the possibility of an even more  ancient origin. 
Because the placement of the divergence of ARKl after 
the SLRl cluster is not well supported (65% NJ boot- 
strap probability and nonsignificant GLS branch 
length; see Figure 2 )  , the origin of SSI prior to the 
divergence of the S L R ,  cluster cannot be excluded. This 
topology was not considered in detail because it in- 
cludes a  branch of (nonsignificantly) negative length. 
Placing the origin of  SSI before ARK, and ARK, in turn 
before SLR, would increase the  upper  bound  on  the 
origin of  SSI to TI (Figure 5)  . Whereas parameter esti- 
mates were not  obtained for this origin hypothesis, the 
present analysis provides a value of - 120  million  years 
for T,, adopting  the very rough estimate of  10 million 
years for the separation of the species (see Table 5)  . 
This more  ancient  upper  bound nevertheless postdates 
the monocot/dicot divergence, which is now believed 
to have occurred upwards of  200  mya (MARTIN et al. 
1989;  WOLFE et al. 1989; BRANDL et al. 1992 ) . 

Rates of divergence: TRICK and HEIZMANN ( 1992) 
reported  that  at  the  amino acid sequence level  Brassica 
S alleles evolve an order of magnitude faster than non- 
S members of the SLG/ SLR/   SRK multigene family. 
This extraordinarily high divergence rate likely repre- 
sents an artifact of the assumption that this system  of 
SSI arose since the B. okracea/ B. campestris speciation. 
Nevertheless, balancing selection can in fact accelerate 
divergence rates at sites that  determine selectively  dis- 
tinct allelic  classes ( MARUYAMA and NEI 1981;  TAKA- 
HATA 1990; SASAKI 1992) . Compared with neutral muta- 
tions, mutations that create overdominant alleles are 
more likely to become common and so are less prone 
to loss. Selection induced by expression of self-incom- 
patibility is similar  in  many respects to overdominant 
selection ( YOKOYAMA and NEI 1979) . Under both selec- 
tive regimes, the magnitude of the rate acceleration 
may be small  in very highly polymorphic populations 
in  which  any  given  allele is rare. 

Because the region that  determines Sallele specificity 
has yet to be identified, no estimates of the rates of 
divergence within such regions are available. The values 
obtained  here,  corresponding to nonsynonymous diver- 
gence over the  entire coding region, provide no evi- 
dence of an acceleration of substitution rate upon  the 
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acquisition of  self-incompatibility function.  In fact, the 
analysis indicates that pollendominant Sallele se- 
quences have  evolved  significantly slower than  non- S se- 
quences ( c  < a; Tables 3 and 4 ) .  The extraordinarily 
high sequence diversity observed among S alleles ap- 
pears to reflect not hypermutability of the S locus but 
rather  the  maintenance of Sallele lineages over  very 
long periods. 

Although such relative comparisons of substitution 
rates or  node ages are robust to error in the externally 
determined value assigned as the species divergence 
time, the absolute estimates given are  proportional to 
this value. The substitution rates presented in Tables 
3-5, obtained under the assignment of the species di- 
vergence time as  10 million years, appear somewhat 
high in comparison to other protein-coding genes in 
plants ( WOLFE et al. 1987). Assignment  of a species 
divergence time below the  true value  would cause over- 
estimation of the substitution rates and underestima- 
tion of node ages. 

Rate of origin of new S alleles: A key result due to 
TAKAHATA (1990) established that  the drift process un- 
der overdominance closely resembles the process under 
pure neutrality but for a rescaling of time. CLARK 
(1993) applied this theory for overdominant selection 
to gametophytic self-incompatibility loci, and VEKEMANS 
and SLATKIN (1994) modified Takahata’s derivation to 
obtain  the scaling factor ( x )  appropriate  for GSI. The 
expected time for coalescence of i to i - 1 Sallele 
classes ( ti) is 

for Ne the effective population size. The scaling factor 
fs depends  on various factors, including the  rate of mu- 
tation to new Sallele specificities, the effective number 
of specificities present in the  population and the effec- 
tive population size. The expected ratio of intervals  be- 
tween coalescence events (which are independent) 
does not involve this unknown quantity. Assuming that 
the expectation of the inverse of ti-1 approximates the 
inverse of the expectation ( E  [1/ t ,-] ] = 1 / E [  ti-] ] ) , 
the  expected ratio of the coalescence times from i to i 
- 1 and from i - 1 to i - 2 Sallele classes is 

with variance given by the square of (29) .  This expres- 
sion reflects that  the total rate of appearance of  new S 
alleles increases with the  number of existing S alleles. 

The estimates of node ages obtained in the  present 
analysis (Tables 3-5) provide some empirical informa- 
tion on the  generation of  new Sallele specificities. In 
contrast to expectation,  the time between bifurcations 
shows no indication of declining as the  number of S 

allele lineages increases. The pnma facie indication is 
that many Sallele specificities  were established near  the 
origin of the self-incompatibility  system and have been 
continuously maintained, with  relatively few extant 
specificities  having arisen subsequently. VEKEMANS and 
SLATKIN (1994) described a similar trend in their analy- 
sis  of solanaceous SRNase sequences associated  with 
GSI. It should be recognized that  node ages correspond 
to coalescence times of Sallele lineages rather  than speci- 
$cities, as the specificity  of a lineage may change without 
altering the balancing selection that maintains the lin- 
eage. This distinction could account for the  apparent 
slowdown  only if the establishment of a new  specificity 
has resulted in the  replacement of the immediately an- 
cestral specificity more often than  other specificities. 
Alternatively, the slowdown in appearance of  new S al- 
leles, if not artifactual, may reflect constraints on the 
nature of changes that can both preserve self-incompati- 
bility function  and  generate new  specificities. 
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