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Inbreeding in homosporous plants, unlike angiosperms, can consist of two potential components: (1) fusion of gametes
from the same gametophyte (intragametophytic selfing) and (2) matings between different gametophyte of the same
parent (intergametophytic selfing). Although some workers maintain that intragametophytic selfing predominates in
these populations, no attempt has been made to evaluate these two components of inbreeding in natural populations of
homosporous ferns or lycopods. This paper gives a method for joint estimation of these two selfing rates, which uses
data from two unlinked loci and makes the assumption of inbreeding equilibrium. The procedure was used to estimate
selfing rates in six populations of two fern species. Weakly significant levels of intergametophytic selfing were found in
one population of each species. The validity of the assumption of inbreeding equilibrium is discussed, and the
requirement for several polymorphic marker loci is emphasized.

I NTRODUCTIO N

Homosporous cryptograms offer a unique oppor-
tunity to study the genetics and evolution of
inbreeding (Klekowski, 1979; Hedrick, 1987; D.
Soltis and P. Soltis, 1987 a). Unlike higher plants,
the gametophytes of homosporous pteridophytes
are free-living and potentially bisexual, so that
sperm and eggs derived from the same
gametophyte can fuse, resulting in
"intragametophytic" selfing (Klekowski, 1969).
This type of selfing produces a completely
homozygous diploid sporophyte in a single
generation.

Since either allele at a heterozygous locus has
an equal chance of becoming homozygous by this
process, this type of inbreeding immediately
exposes half of the deleterious recessive alleles in
the genome. Despite this potential selective dis-
advantage of intragametophytic selfing, electro-
phoretic studies have indicated high levels of
such selfing in Botrychium (McCauley, Whittier
and Reilly, 1985; D. Soltis and P. Soltis, 1987a;
Soltis et a!., 1988) and Asplenium (Werth, Guttman
and Eshbaugh, 1985), and moderate levels in Dry-
opteris expansa (D. Soltis and P. Soltis, 1987b).
Outbreeding seems to occur in most fern species
that have been examined (D. Soltis and P. Soltis,

1987a; Soltis et a!., 1988), as well as lycopod
species (P. Soltis and D. Soltis, 1988b) and
Equisetum arvense (D. Soltis et a!., 1988).

A second type of inbreeding may also occur in
vascular cryptogrms. If different gametophytes
derived from the same parent mate with each other,
then "intergametophytic" selfing will occur, which
is the mode of selfing observed in higher plants.
Thus, in homosporous cryptogram populations,
the potential exists for three types of matings: (1)
intragametophytic selfing, (2) intergametophytic
selfing, and (3) random outcrossing (Klekowski,
1969).

It has been argued that intergametophytic
selfing is likely to be uncommon in homosporous
pteridophytes for two reasons. First, it requires
that spore dispersal be limited, such that
gametophytes of the same parent establish them-
selves in sufficiently close proximity for mating to
occur. Although no studies have directly estimated
local spore dispersal, at least in some habitats it
appears to be substantial, based upon indirect
evidence such as lack of genetic structure within
populations and high gene flow estimates (using
the method of Slatkin, 1985) both within and
among populations (P. Soltis and D. Soltis, 1987).
Second, even if intergametophytic selfing were to
be present, it has been assumed that the close
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proximity of male and female gametangia would
cause intragametophytic selfing to predominate
(Klekowski and Baker, 1966; Klekowski, 1979).
However, the presence of intergametophytic
selfing in homosporous pteridophytes cannot be
ruled out until specific statistical models are desig-
ned which can reject its presence.

Workers have inferred the presence of
intragametophytic selfing by comparing the
frequencies of homozygous vs. heterozygous
genotypes at polymorphic marker-gene loci. More
precisely, the proportion of intragametophytic
selfing is simply estimated as the inbreeding
coefficient (the proportion of individuals with
alleles "identical-by-descent" at a single locus).
This is because the percentage of intragameto-
phytic selfing practised in the previous generation
equals the inbreeding coefficient of the current
generation (McCauley, Whittier and Reilly, 1985).
Many procedures exist for estimating the single-
locus inbreeding coefficient (Nei, 1986; see Holsin-
ger 1987 for an application to intragametophytic
selfing).

This inbreeding coefficient is also influenced
by any intergametophytic selfing practiced in the
population. Unfortunately, the two types of selfing
are confounded such that their relative proportions
cannot be determined from this single-locus
inbreeding coefficient alone. In the absence of
other types of information, workers have assumed
that intragametophytic selfing is absent. Clearly,
other categories of data are needed. One such
category consists of the arrays of single-locus pro-
geny genotypes descended from common parents,
which was shown by Hedrick (1987) to provide
sufficient information to estimate both selfing rates.
However, progeny arrays are difficult to collect for
homosporous cryptograms, and such data remain
unavailable.

This paper considers another category of data
for the joint estimation of both types of selfing:
genotypic frequencies at two unlinked loci. These
frequencies are functions of two-locus inbreeding
coefficients, which can detect intergametophytic
selfing because one of these coefficients is non-zero
only if such selfing is present. Estimation of the
relative amounts of both types of selfing requires
an assumption of inbreeding equilibrium, i.e., con-
stancy of genotypic frequencies among gener-
ations. Analysis of data from Polystichum munitum
and Botrychium virginianum illustrate the use of,
and the potential problems with, this estimation
procedure. At the minimum, multilocus analyses
will allow us to accept or reject the presence of
intergametophytic selfing.

ESTIMATION OF RATES OF
INTERGAMETOPHYTIC AND
INTRAGAMETOPHYTIC SELFING FROM
GENOTYPIC FREQUENCIES

(I) Estimators based upon two-locus
inbreeding coefficients

Inbreeding coefficients, as compared to genotypic
frequencies, provide the most direct means of
studying selfing. These coefficients measure the
probability that a set of alleles is identical-by-
descent (ibd), i.e., copies of the same allele present
in some ancestor. This "set" consists of two or
more alleles, present in one or more individuals.
The simplest inbreeding coefficient is Wright's F
(Wright, 1969), defined as the probability that the
pair of alleles possessed by a diploid individual at
a single locus are ibd.

In a population where a fraction r of adults
practice intragametophytic selfing, a fraction s of
adults practise intergametophytic selfing, and a
remaining fraction t of adults practise random
outcrossing (t = 1 — r — s), simple Mendelian argu-
ments predict that Wright's F of progeny (denoted
with a prime) is related to F of adults as

F'= r+s(+F). (1)
Note that intragametophytic selfing produces pro-
geny whose alleles are all ibd, while
intragametophytic selfing produces progeny with
a fraction (1 + F)/2 of alleles ibd.

Previous studies of intragametophytic selfing
have assumed that intergametophytic selfing is not
present, i.e., s = 0. Indeed, even if intergametophy-
tic selfing were present, it would be impossible to
estimate its amount, for inspection of equation (1)
reveals that either r or s, but not both, can be
estimated. All we can do is to note that if s is
positive, the estimate of r is biased upwards.

To separate intragametophytic selfing from
intergametophytic selfing, the approach adopted
here is to consider two unlinked loci and their
"two-locus inbreeding coefficients", as originally
introduced by Weir (1968). To define these
coefficients, consider two diploid loci, wherein four
alleles reside. Between these four alleles, four
configurations of identity-by-descent exist, as
depicted in fig. 1. When we realize that inbreeding
has the same expected effect upon all loci, then
the two configurations involving identity at just
one of two loci occur wth equal frequency, and
just three configurations of identity-by-descent are
sufficient to describe inbreeding at two loci.

Thus, at two loci, there are three modes of
gene-identity: (1) alleles at both loci not-ibd, (2)
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Figure 1 The four possible modes of identity-by-descent
between homologous genes at two loci (identical genes are
linked by lines).

alleles at one locus ibd and alleles at the other
locus not-ibd, and (3) alleles at both loci ibd. The
three inbreeding coefficients, which are the
frequencies of these configurations, are defined as

F1 =prob(two loci have i genes in common)

(F0+F1+F2=1,O F,1)
(fig. 1). These coefficients are a subset of the "des-
cent measures" developed by Weir and Cockerham
(Cockerham and Weir, 1973), whose more com-
plex set of measures includes allelic associations
between loci. The single-locus F is related to the
two-locus coefficients as F =F1 + F2.

With fractions of intragametophytic selfing r,
intergametophytic selfing s, and random outcross-
ing t, the inbreeding coefficients of progeny are
related to those of adults as

F=(1—r—s)+sUiFo)
F = s(1Fo+Fi)

F= r+s(Fo+F1+F2).
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Figure 2 The relationship between two-locus inbreeding coefficients (F1 and F2) and selfing rates (r and s) at inbreeding equilibrium.
The two-locus inbreeding coefficients have certain "unattainable" spaces: the region above the dotted line is never attainable,
and the region outside the curved lines defining the selfing rates is not attainable at inbreeding equilibrium.

We can solve for both r and s in equation (2)
as

( 2F=
F + F1

r=F—( 2F \1(F0+2F1+4F2'\ (3)4 /
Equation (3) can be used to estimate the joint rates
of intragametophytic and intergametophytic
selfing, using the estimates of inbreeding
coefficients as discussed in section (iii) below.

(ii) Inbreeding equilibrium and the "space" of
inbreeding coefficients

Equation (3) allows inbreeding coefficients to vary
over generations. However, for practical purposes
we will assume inbreeding equilibrium, or F =F,,
which allows us to use genotypic frequencies in
the progeny population to represent genotypic
frequencies in the adult population.

In a population at inbreeding equilibrium,
there is a considerable restriction placed upon the
allowable values of the two-locus inbreeding
coefficients. One way to study this restriction is to
show how the two-dimensional "space" of selfing
maps to the two-dimensional "space" of two-locus
inbreeding coefficients. Using equation (3), this
mapping is shown in fig. 2. Interestingly, many
values of inbreeding coefficients are not attainable.

(2) This implies that if our estimates of inbreeding

0.0
0.0 0.1 0.2 0.3 0.4

p(alleles at one of two loci ibd) = F1
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coefficients lie outside this region, then a violation
of model assumptions must have occured. The
potential violations include (1) other sources of
inbreeding, such as population substructure and
biparental inbreeding, and (2) non-equilibrium of
inbreeding coefficients.

For populations not at inbreeding equilibrium,
the allowable space of inbreeding coefficients is
considerably enlarged. Fig. 3 shows the attainable
space of non-equilibrium populations, wherein the
trajectories traversed towards inbreeding equili-
brium is shown, assuming initially outbred popula-

tions and constant rates of selfing. In fig. 3(a),
where all selfing is intergametophytic, points well
outside the allowable equilibrium space (of fig. 2)
are reached. In fig. 3(b), where 30 per cent
intragametophytic selfing is assumed, a reduction
in the attainable space occurs, and a faster
approach to equilibrium is evident. With no inter-
gametophytic selfing, equilibrium is reached in the
first generation (figure not shown). In general, fig.
3 shows that non-equilibrium populations have a
larger allowable space of inbreeding coefficiehts.
However, the total "attainable" space is still less

generation 3
-: - generation 2
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Figure 3 The approach to inbreeding equilibrium of an initially outbred population. (a) For various mixtures of intergametophytic
selfing and random outcrossing (no intragametophytic selfing). (b) For mixtures of intergametophytic selfing, random outcrossing
and 30 per cent intragametophytic selfing. In general, the attainable space of inbreeding coefficients is greater (but a population
with only intragametophytic selfing and random outcrossing will reach equilibrium in one generation, which severely restricts
this space.)
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than the total space, and any estimated values of
inbreeding coefficients which lie outside the attain-
able space would indicate other sources of inbreed-
ing, most likely population substructure.

(iii) Estimators for the two-locus
inbreeding coefficients

How can these inbreeding coefficients, and hence
the selfing rates, be estimated from genotypic
frequencies? Herein, we derive the simplest
estimators for inbreeding coefficients, which are
functions of two-locus heterozygosities. First note
that for alleles i and j at the first locus, and alleles
k and I at a second locus, the inbreeding
coefficients specify the genotypic frequencies fJk1
at the two unlinked loci as

F0pp+ Flp1pk( p +pk)/2

+F2p,pk (i=j,k=l)

fkl— 2FOpIpJp+FlppJpk
(i =j, k
(i k 1).

From equation (4), two-locus heterozygosities can
be obtained. For example, to specify the fraction
of a population heterozygous at neither locus, the
above frequencies fJk/ are summed over all i, j,k, 1

all for i =j and k = I. Doing similar operations
gives the frequencies of individuals heterozygous
at 0, 1, and 2 loci, denoted H0, H1, and H2 respec-
tively, as

H0= FOJAJB + F1 (JA + J3) + F2

H1 = Fo(JA+JB —2JAJB)+2'l(2 JA —.I)

H2= FO(1—JA--Ja+JAJB),

where J4 and JB are the expected homozygosities
at locus A and B, respectively (these are obtained
by summing the squared gene frequencies).

From equation (5), the two-locus inbreeding
coefficients are related to the two-locus observed
heterozygosities and single-locus expected
homozygosities as

/ H2
F0 = I

\(1 —JA)(1 —JB)

Once one has these estimates of the 13, one can
obtain estimates of the selfing rates r and s with
equation (3).

The above are "method-of-moments"
estimators. It is possible to formulate a more
efficient, maximum likelihood estimation pro-
cedure for r and s, but this involves much more
algebra, as well numerical methods to solve the
likelihood function (see Ritland, 1986).

(iv) Selfirig rates in two fern species

A wide variety of selfing rates has been found in
homosporous ferns (reviewed in D. Soltis and P.
Soltis, 1987a). The most statistical power to make
inferences about selfing rates occurs at intermedi-
ate selfing levels; unfortunately, few populations
show intermediate selfing rates, and those are
either small populations or have few polymorphic
loci. The one species that has clear mixed-mating,
Dryopteris expansa (D. Soltis and P. Soltis, 1987b),
was polymorphic for just one locus, precluding
application of our procedure.

(4) To illustrate how the estimators developed in
this paper can be used, we draw upon data used
in two earlier studies: (1) Botrychium virginianum,
an inbreeder (D. Soltis and P. Soltis, 1986) and
(2) Polystichum munitunl, an outbreeder (P. Soltis
and D. Soltis, 1987), to which the reader is referred
for details not given here. Both studies are based
upon three populations, and the populations, the
number of individuals sampled, and the number
of loci that were polymorphic (95 per cent
criterion), are given in table 1.

A computer program was written to implement
the estimation procedure (it is available from K.R.
upon receipt of a DOS formatted floppy diskette).
If more than two polymorphic loci were present,
observed and expected heterozygosities were
obtained as averages over all possible pairs of loci.
The statistical distribution of estimates was
obtained by performing 100 bootstraps (boot-
strapping is the procedure whereby replicate data-
set are created by sampling observations from the
original dataset with replacement; the distribution
of estimates among replicate datasets represents
the estimation variance).

The estimates of two-locus F values and
selfing rates obtained from these F values are given
in table 1. Although estimates of one-locus F (=
F1 + F2) matched those of earlier studies, most
joint estimates of selfing rates were at the extreme
values of —10 or 20. These are possible if statis-
tical error is great, and indeed, the estimates fluctu-
ated widely among bootstraps, indicative of the
error of these estimates. All the estimates of F
values were outside the allowable space for equili-
brium populations (fig. 2), but their 95 per cent

(5)

F1 — 2(Hl_Fo(JA+JB—2JAJB)\—
(2—JA—JB) )

F2 =1— F0 — F1.
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Table 1 Estimates of two-locus inbreeding coefficients and mating system parameters for three populations of an inbreeding fern
and for three populations of an outbreeding fern. The number of individuals (md.) assayed and the number of polymorphic
loci (Loci) are also given, as is the estimate of the one-locus inbreeding coefficient, F

Species! No.
Population md.

No.
Loci F

Two-locus F values Mating system rates

F0 F, F2 t

Botrychium virginianum
BREID 50 2 0.96* 000 009 0.91* 000 200 —100
BIGROCK-R 73 3 093" 000 0.152 0.85* 000 200 —1.00
BIGROCK-T 50 3 0.95* 000 010 0.91* 000 200 —100

Polystichum rnunitum
GORGE-i 140 8 —002 100 —016 006 i19 —0.33 015
GORGE-2 81 7 0.00 107 —014 0•07 116 —031 016
NFCW 60 8 009 0.793 025' —003 069 0•48' —017

* Less than 10 at 95 per cent confidence level.
'p086 for true value>00.

092 for true value>0•0.
3p090 for true value<i0.

confidence intervals did reach within this space.
Loci with greater polymorphism, or greater sample
sizes, are needed to reduce the statistical error of
these estimates.

If one assumes that no intergametophytic
selfing is taking place in these populations, then
the one-locus F is sufficient to estimate the
intragametophytic selfing rate. This one-locus F is
much more likely to show statistical significance,
and indeed, the one-locus F for the Botrychium
populations all differed significantly from one
(table 1). By contrast, joint estimates of s and r
were non-significant (table 1). This illustrates the
tradeoff between model complexity and statistical
information.

Interestingly, in one population of each
species, the estimates of the two-locus coefficient
F1 were marginally significantly greater than zero.
F1 can be non-zero only if intergametophytic
selfing is occurring, thus its non-zero value is the
major clue indicating intragametophytic selfing in
these populations.

DISCUSSION AND CONCLUSIONS

Although the estimation procedure presented in
this paper is a relatively straightforward method
for studying an important problem, there are three
problems that limit its practical use. First, natural
populations for some fern species are often very
small, consisting of a few genets. Second, the
assumption of inbreeding equilibrium is of
unknown validity. Third, a low level of genetic
variation at the marker loci can severely limited
the power to detect intergametophytic selfing.

Although the number of genets or individuals
can be quite large in some populations of ferns
(e.g., Polystichum munitum and Blechnum spicant),
populations of other species (e.g., Cheilanthes
gracillima and some populations of Botrychium
virginianum and Dryopteris expansa) have only
50-100 individuals. Lycopods, in addition to small
population size, have the additional complication
of vegetative reproduction, which further limits the
effective number of individuals one can sample (P.
Soltis and D. Soltis, 1988b). However, unless the
population size is very small, this is not a problem
for if the number of sampled genets at least the
minimum for adequate estimation of gene
frequency (ca. 25), one can increase the effective
sample size by increasing the number of loci
assayed, rather than the number of individuals,
provided that additional polymorphic loci can be
found, as discussed below.

The assumption of inbreeding equilibrium does
limit the confidence one can place on any joint
estimates of the two selfing rates. We note that an
alternative and more powerful multilocus method
for detecting the presence of intergametophytic
selfing, which does not assume inbreeding equili-
brium, can be derived as follows. It was noted
earlier that if the two-locus coefficient F1 is posi-
tive, then intergametophytic selfing must be pres-
ent. Marginal evidence existed for a positive F5 in
two populations (table 1). We can extend this
reasoning to n independent loci. If a population
practises a mixture of intragametophytic selfing
and random mating (no intergametophytic selfing),
then genotypes are either ibd at all loci with proba-
bility F, or not-ibd (at Hardy-Weinberg expecta-
tions for each locus) with probability 1 —F. Under
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this null hypothesis, the expected frequency of
genotype 1, with alleles i and j at locus k(k =
1,...,n)is

= Ffl t5pk+(l — F)fl (2— &)pikpJk
k k

where 5, = 1 if i =j and 5 = 0 if i (and assum-
ing independent loci). If this expected frequency
does not match the observed frequency, as tested
by a goodness-of-fit test, then the alternative
hypothesis of intergametophytic selfing would be
accepted.

The most severe limitation encountered
however has been the level of genetic variation at
isozyme loci. The higher-order inbreeding
coefficients needed to detect intergametophytic
selfing require a correspondingly higher level of
genetic variation for good detection. Although the
level of variation currently detected by starch-gel
electrophoresis has been sufficient to demonstrate
intragametophitic selfing (assuming inter-
gametophytic selfing is not present), further resol-
ution of the fine-structure of mating systems and
genetic structure in homosporous cryptograms will
either require a search for additional polymorphic
isozyme loci or the development of restriction frag-
ment length polymorphism (RFLP) markers.

In conclusion, the presence of intergametophy-
tic selfing would indicate that populations of
homosporous pteridophytes are probably sub-
divided into neighbourhoods of related
individuals. This could be particularly true for
inbreeding populations, as it is expected that if
intragametophytic selfing is frequent, then spatial
family structure or spatial patchiness of genotypes
is more likely to occur (P. Soltis and D. Soltis,
1988a). In outbred populations where genotypic
frequencies are at Hardy—Weinberg (such as Poly-
stichum munitum or Blechnum spicant, P. Soltis and
D. Soltis, 1988a), one can make the clear, indirect
inference that patchiness is minimal, and probably
that intrapopulation spore dispersal is extensive.
In populations with significant levels of gene
fixation, such as Cheilanthes gracilima, the extent
of substructure needs more direct study. This can
involve studies of spore dispersal, which follow
the fate of individual spores, or studies of the
spatial autocorrelation of gene frequencies and the
local clustering of genotypes.

Because intergametophytic selfing is a milder
form of inbreeding than intragametophytic selfing,
progeny derived from intergametophytic selfing
should show less inbreeding depression (Hedrick,
1989). Indeed, in Gymnocarpium dryopteris ssp.
disjunctum, inbreeding depression is greater in iso-

lated gametophytes, which self intragametophyti-
cally, than in sib pairs of gametophytes, which self
intergametophytically (Kirkpatrick, 1988; P. Soltis
and D. Soltis, 1990). The differential strength of
these two forms of inbreeding would affect the
progress of selection against deleterious alleles,
and hence the evolution of inbreeding depression
in ferns.
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