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ABSTRACT

A new maximum-likelihood method is developed for estimating unidirectional pollen and seed flow in
mixed-mating plant populations from counts of joint nuclear-cytoplasmic genotypes. Data may include
multiple unlinked nuclear markers with a single maternally or paternally inherited cytoplasmic marker,
or with two cytoplasmic markers inherited through opposite parents, as in many conifer species. Migration
rate estimates are based on fitting the equilibrium genotype frequencies under continent-island models
of plant gene flow to the data. Detailed analysis of their equilibrium structures indicates when each of
the three nuclear-cytoplasmic systems allows gene flow estimation and shows that, in general, it is easier
to estimate seed than pollen migration. Three-locus nuclear-dicytoplasmic data only increase the conditions
allowing seed migration estimates; however, the additional dicytonuclear disequilibria allow more accurate
estimates of both forms of gene flow. Estimates and their confidence limits for simulated data sets confirm
that two-locus data with paternal cytoplasmic inheritance provide better estimates than those with maternal
inheritance, while three-locus dicytonuclear data with three modes of inheritance generally provide the
most reliable estimates for both types of gene flow. Similar results are obtained for hybrid zones receiving
pollen and seed flow from two source populations. An estimation program is available upon request.

HE juxtaposition of biparental and uniparental in-

heritance gives joint nuclear-cytoplasmic data spe-
cial utility in decomposing plant gene flow and estimat-
ing the rates of pollen and seed migration. Moreover,
plants offer two major cytoplasmic genomes, mitochon-
drial (mt) and chloroplast (cp) DNA, and three differ-
ent combinations of uniparental inheritance patterns
for this purpose. In most plant species, mtDNA and
cpDNA are both inherited maternally, but in some spe-
cies the two organelles are both inherited paternally or
through opposite parents (Kirk and Tilney-Bassett
1978; Birky 1988; Boblenz et al. 1990; Harrison and
Doyle 1990; Mogensen 1996). This gives us three main
types of joint nuclear-cytoplasmic data with varying de-
grees of power for estimating plant gene flow.

The first is two-locus cytonuclear data with a biparen-
tally inherited nuclear marker and a maternally inher-
ited cytoplasmic marker. This is the most common, but
may be the least powerful form of nuclear-cytoplasmic
data for estimating pollen flow, since pollen then only
carries the nuclear marker. The second is two-locus cyto-
nuclear data with a paternally inherited cytoplasmic
marker; although less common, this type of data can be
much more informative, since pollen flow will now be
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reflected in both the nuclear and cytoplasmic markers.
The third and final class is three-locus, nuclear-mito-
chondrial-chloroplast data combining biparental nu-
clear inheritance with both forms of uniparental cyto-
plasmic inheritance. Such dicytonuclear data with three
distinct modes of inheritance are currently available
from conifer species in the family Pinaceae, which in-
herit their mitochondria maternally and chloroplasts
paternally (Nealeetal. 1986; Wagner et al. 1987; Neale
and Sederoff 1989; Dong and Wagner 1994), and
should be the most informative system of all.

The theoretical foundation for using these three types
of data for the estimation of plant gene flow has been
laid out in a series of continent-island migration models
for mixed-mating populations. These have fully de-
limited the effects of unidirectional pollen and seed
flow upon both standard two-locus cytonuclear systems,
with a single maternally or paternally inherited cyto-
plasmic marker (Asmussen and Schnabel 1991;
Schnabel and Asmussen 1992), and three-locus dicyto-
nuclear systems with both modes of cytoplasmic inheri-
tance (Asmussen and Orive 2000). This extensive ana-
lytic framework now allows us to estimate rates of pollen
and seed migration from any of the three main types
of nuclear-cytoplasmic data in plants by fitting the ex-
pected equilibrium frequencies to the observed joint
genotypic counts.

Although cytonuclear disequilibria are not necessary
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for estimation per se, permanent nonrandom associa-
tions nonetheless increase the chances that the equilib-
rium state will depend on, and thus allow estimates of,
the rates of pollen and seed migration. In this regard,
Asmussen and Schnabel (1991) found that, with mater-
nal cytoplasmic inheritance, nonzero cytonuclear dis-
equilibria are maintained only if migrant seeds carry
nonrandom cytonuclear associations; pollen dispersal
has only a small effect on the disequilibria caused by
seed migration. However, with paternal cytoplasmic in-
heritance (Schnabel and Asmussen 1992), pollen mi-
gration significantly affects the equilibrium cytonuclear
structure of the resident population through nonran-
dom cytonuclear associations in the migrant pollen. In
addition, the presence of both types of gene flow can
then generate permanent cytonuclear disequilibria via
intermigrant admixture effects, such as differences in
nuclear and chloroplast allele frequencies in migrant
pollen and seeds.

For both two-locus systems, the factors necessary for
permanent cytonuclear associations can arise in many
biological situations. Disequilibria will be present in mi-
grant pollen or seeds, for example, when suitable selec-
tion or other nonrandomizing forces act on the source
population(s), as well as when gene flow is contributed
by multiple, genetically distinct sources, as might be
expected in hybrid zones and other areas of admixture.
Similarly, allele frequency differences between the two
forms of gene flow can be caused by the presence of
distinct sources for migrant pollen and seeds, by multi-
ple pollen and seed sources whose relative contributions
vary with the form of gene flow, or by selection or other
evolutionary forces acting during the life cycle of the
source population(s).

Finally, dicytonuclear systems with opposite uniparen-
tal inheritance of the two cytoplasmic markers (Asmussen
and Orive 2000) can produce permanent cytonuclear
associations via all of the pathways for the two-locus
systems, as well as cytoplasmic and three-locus associa-
tions through new interactions involving all three ge-
nomes. The latter require allelic cytonuclear disequi-
libria for both cytoplasmic markers in migrants, or
different allele frequencies in migrant pollen or seeds
for one of the three markers plus nonrandom associa-
tions in migrant seeds between the other two markers.
These results suggest that three-locus, nuclear-mtDNA-
cpDNA data juxtaposing both forms of uniparental in-
heritance should be especially powerful for estimating
pollen and seed migration rates, since they provide the
greatest number of avenues for the accumulation of
nonrandom associations.

Here we develop a formal maximum:-likelihood proce-
dure for estimating both types of plant gene flow based
on this three-part theoretical framework, using the gen-
eral, dicytonuclear migration model developed in a
companion article (Asmussen and Orive 2000). Unlike
previous methods (Petit et al. 1993; Ennos 1994; Hu

and Ennos 1999), this new approach allows separate
estimates of seed and pollen gene flow rates rather than
their ratio or the product of effective population size
and migration rate, Nm. The method developed here
utilizes joint genotype counts from either a two-locus
cytonuclear system (with either a maternally or pater-
nally inherited cytoplasmic marker) or a full three-locus
dicytonuclear system with both modes of uniparental
transmission. In each case, the maximum-likelihood es-
timates are the parameter values whose equilibrium ge-
notypic frequencies best fit the data. This method thus
requires that the cytonuclear or dicytonuclear structure
of the population under analysis be at equilibrium and
no longer changing.

We begin by deriving the general conditions under
which each system can be used in this way for estimation,
illustrating these through consideration of some impor-
tant special cases. In addition, we test the relative utility
of these three types of data for decomposing plant gene
flow into pollen and seed migration via simulated data.
Finally, since cytonuclear and dicytonuclear data also
offer a valuable tool for studying gene flow into a hybrid
zone and other areas of admixture (Asmussen et al.
1989; Avise et al. 1990; Paige et al. 1991; Sites et al.
1996; Goodisman and Asmussen 1997; Goodisman et
al. 1998), we extend our analysis to the case of a hybrid
plant population receiving pollen and seeds from two
source populations or species.

CONDITIONS FOR GENE FLOW ESTIMATION

We wish to determine the conditions under which the
cytonuclear and dicytonuclear models of unidirectional
pollen and seed migration developed previously (As-
mussen and Schnabel 1991; Schnabel and Asmussen
1992; Asmussen and Orive 2000) can be used to esti-
mate plant gene flow. As in Asmussen and Orive
(2000), mtDNA here represents a maternally inherited
and cpDNA a paternally inherited cytoplasmic marker.
The underlying models assume each locus is diallelic
with alleles A and a at the nuclear marker, alleles (cyto-
types) M and m at the mitochondrial marker, and C
and c at the chloroplast marker. There are thus 6 possi-
ble joint n-mtDNA and n-cpDNA genotypes (Table 1)
and 12 possible joint n-mtDNA-cpDNA genotypes (Ta-
ble 2). Definitions and notation for all variables (Table
3) follow those given in a companion article (Asmussen
and Orive 2000). Plain upper case letters denote vari-
ables in adults of the resident (study) population, with
a caret (®) indicating an equilibrium value; the corre-
sponding values in the two migrant pools are indicated
by overbars, with upper case letters denoting values in
migrant pollen and lower case letters denoting the val-
ues in migrant seeds. For instance, P represents the
nuclear allele frequency in the resident population, P
the equilibrium nuclear allele frequency in this popula-
tion, and P and p the nuclear allele frequencies in mi-
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TABLE 1

Joint n-mtDNA and n-cpDNA genotype frequencies and decomposition in terms of disequilibria

Nuclear genotype

Cytotype AA Aa aa Total
M U = UXy + Daarm Vim = VXu + Dawm Wiy = WXy + Daam Xu
m Uaw = UYy — Daam Vo = VYy — Daam Wan = WYy — Daam Y
Total u Vv W 1

C Uie = UXc + Daarc Vic = VX¢ + Daarc Wie = WX¢ + Daac Xe
c Uy = UYc — Dparc Voo = VYe — Daarc Waye = WYe — Daase Ye
Total u \Y W 1

grant pollen and seeds, respectively. The frequencies of
the diallelic cytonuclear combinations carried by mi-
grant pollen are denoted as in Table 4.

All three migration models apply to mixed-mating
populations with nonoverlapping generations (Clegg
1980) in which reproduction is a combination of selfing
(probability s) and of outcrossing (probability 1 — s),
where 0 <s <1, aswell as to populations that reproduce
solely by outcrossing (s = 0) or solely by selfing (s =
1). The study population is censused among adults, and
gene flow occurs each generation via pollen and seeds
following the generation cycle shown in Figure 1. Here,
the pollen migration rate M represents the fraction of
outcrossed pollen derived each generation from mi-
grants, with the remaining fraction, 1 — M, of local
origin, where 0 = M < 1, the overall fraction of migrant
pollen per generation is thus the product, M(1 — 5).
Similarly, each generation a fraction m of the total seed
pool is assumed to be derived from the source popula-
tion(s) and the remaining fraction 1 — m from the
resident population, where 0 = m < 1. The migration
rates and mating system, as well as the genetic composi-
tion of the source(s), are assumed constant over time;
this corresponds to a continent-island model of migra-
tion with unidirectional migration (Figure 2). In addi-
tion, we assume that the markers are unaffected by selec-
tion, mutation, or random genetic drift in the resident
population.

General considerations: A basic consideration for any

estimation procedure is that the number of parameters
to be estimated not exceed the degrees of freedom (i.e.,
number of independent classes) in the data. This means
that at most 5 parameters can be estimated from the 6
joint genotypes in two-locus cytonuclear data (Table 1),
and at most 11 from the 12 joint genotypes in three-
locus nuclear-mitochondrial-chloroplast (n-mtDNA-
cpDNA) data (Table 2). Tests for goodness-of-fit be-
tween observed and expected frequencies will require a
further degree of freedom, leaving at most 4 parameters
that may be estimated from each two-locus system and
10 from the full, three-locus system. In each system,
additional degrees of freedom and estimation power are
possible by assaying multiple, unlinked nuclear markers.

The estimation method developed here additionally
requires that the equilibrium state of the relevant cyto-
nuclear or dicytonuclear migration model depend on
the parameter(s) being estimated. This requires that
the parameter(s) independently affect the equilibrium
value of at least one variable out of the set of indepen-
dent variables used to describe the system. Sufficient
sets of equilibrium values for each of the three possible
types of data are provided by the theory developed in
Asmussen and Schnabel (1991), Schnabel and As-
mussen (1992), and Asmussen and Orive (2000). Us-
ing the definitions and notation in Table 3, a set of five
independent variables for the equilibrium of a two-locus
n-mtDNA system with maternal inheritance includes the
final frequencies of nuclear alleles (P) and nuclear het-

TABLE 2

Joint n-mtDNA-cpDNA genotype frequencies and decomposition in terms of disequilibria

Nuclear genotype

Joint

cytotype AA Aa aa

MC Ui = UXy; + Daasmc Vi = VXy + Daamc Wy = WXy + Daame

Mc U, = UXy; = Daamc + Daarm Vi, = VX1 — Daamc + Daam Wi, = WXy, = Daave + Daarm

mC Uz = UXy — Daame + Daarc Va1 = VXz1 = Daame + Daarc Wy = WX51 — Daame + Daarc

mc Uz, = UXy + Daame — Daarm — Daarc Vo = VX2 + Daawmc — Daam — Daarc Wz, = WX, + Daasme — Daarm — Daarc

To complete the decomposition, U =P — %V, W =1 — P — %V, Daa» = Dasx — ¥%Dpassy Daasx = —Dasx —%Daasx, Where * indicates
M, C, or MC, and X'l = XiMXjC + (_1)i+jDM/c fOI’ i, J = 1, 2, Where XlM = XM! XZM = YM! ch = Xc, and ch = Yc‘
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TABLE 3

Key frequency and disequilibrium variables in cytonuclear and dicytonuclear systems

Definition of variable?

Description

P = freq(A) = freq(AA) + /,freq(Aa)

V = freq(Aa)
Xu = freq(M)
Xc = freq(C)

Dy = freq(N/M) — freq(N)freq(M)

Nuclear allele frequency

Nuclear heterozygote frequency

Mitochondrial frequency

Chloroplast frequency

Allelic (N = A) or genotypic (N = AA, Aa, aa) cytonuclear disequilibrium

for the mitochondrial marker

Dy/c = freq(N/C) — freq(N)freq(C)

Allelic (N = A) or genotypic (N = AA, Aa, aa) cytonuclear disequilibrium

for the chloroplast marker

Dy/c = freq(MC) — freq(M)freq(C)
Dy/mec = freq(N/MC) — freq(N)freq(MC)

Cytoplasmic disequilibrium between the two cytoplasmic markers
Three-locus joint allelic (N = A) or joint genotype (N = AA, Aa, aa)

disequilibrium for the joint cytotype MC

Dwmre = freq(N/M/C) — fiyXuXc — fyDwrc
— XuDwe = XDnm

Three-way allelic (N = A) or three-way genotype (N = AA, Aa, aa)
disequilibrium for the cytotype M/C

2 freq denotes frequency and fy = freq(N).

erozygotes (V), the final mitochondrial frequency (Xy,),
and the final allelic and genotypic cytonuclear disequi-
libria giving associations between mtDNA cytotypes and
nuclear alleles (Da/) and heterozygotes (Daasm). The
corresponding set of variables for a two-locus n-cpDNA
system with paternal inheritance includes the final
frequencies of the nuclear alleles and nuclear heter-
ozygotes (P and V), the equilibrium chloroplast fre-
quency (Xc), and the final allelic (Dac) and heterozy-
gote (Dusc) cytonuclear disequilibria between the
nuclear and chloroplast markers. The formulas for these
are given in appendix a as (A1-A8).

Last, for a full three-locus nuclear-dicytoplasmic sys-
tem, a sufficient set of 11 variables includes the 8
variables listed above for the two cytonuclear systems,
together with the final cytoplasmic disequilibrium be-
tween the two cytoplasmic markers (Dy,c) and the joint
allelic and genotypic disequilibria for the three markers,
measuring associations between the joint mitochondrial-
chloroplast cytotypes and the nuclear alleles (Damc)
and heterozygotes (Dpmc) [(A9-A11) in appendix a].
An alternate parameterization of the three-locus system
replaces the joint disequilibria (Dame and Dpasmc) With
the final three-way allelic (I5A,M,C) and heterozygote
(Daamrc) disequilibria [(A12-A13) in appendix a], which
measure the associations among the three markers (nu-

clear, mitochondrial, and chloroplast) after taking into
account all of the possible two-way associations between
them (nuclear-mitochondrial, nuclear-chloroplast, and
mitochondrial-chloroplast).

General estimation conditions: Examination of these
equilibrium formulas readily gives the general condi-
tions under which each of the three systems can be
used to estimate the rate of seed (m) and pollen (M)
migration. These are given in Table 5 for the general
case of mixed-mating populations. The necessary condi-
tions include (i) nuclear polymorphism in migrant
seeds (0 < p < 1), (ii) unequal nuclear or chloroplast
allele frequencies in migrant pollen and seeds (P # p
or X # X¢), and (iii) the existence of two-locus disequi-
libria between chloroplast and nuclear alleles in migrant
pollen (Da/c # 0) or seeds (duc # 0), or between chloro-
plast and mitochondrial alleles in migrant seeds (dy,c # 0).
Allele frequency differences between the two types of
migrant pools (ii) could be caused by distinct sources
for migrant pollen and seeds, or by selection or other
evolutionary forces acting during the life cycle of the
source population. Such intermigrant differences could
also be caused by having unequal pollen and seed dis-
persal from multiple sources (e.g., source 1 may contrib-
ute a greater fraction of migrant pollen than migrant
seeds, while source 2 contributes a greater fraction of

TABLE 4

Joint cytonuclear frequencies in migrant pollen

Nuclear allele

Cytotype A a Total
C Em = Fixc + EA/C glc = Qc - EA/C Xc
Y Py = PYc — Dac Q¢ = QYc + Darc Ye
Total P Q 1
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pollen migration (M)
/" \( {1n+cpDNA)

germination and pollination and
growth fertilization

s = freq(selfing)
1-s = freq(random mating)
seed seeds

migration (m)
(2n+mtDNA+cpDNA)

Figure 1.—Adult census model showing the two types of
gene flow within a generation cycle. Pollen migration occurs
first, at rate M, followed by seed migration at rate m. Mating
is a mixture of selfing, which occurs at rate s, and outcrossing,
which occursat rate 1 — s. Here, mtDNA and cpDNA represent
a maternally inherited and a paternally inherited cytoplasmic
marker, respectively.

migrant seeds than pollen). Migrant pollen or seeds
would be expected to carry associations between chloro-
plast and nuclear or mitochondrial alleles (iii) when
selection or other evolutionary forces act on the source
population, as well as when the pollen or seeds are
contributed by multiple, genetically distinct sources, as
might be expected in hybrid zones and other areas of
admixture.

The results given in Table 5 show that it is harder to
estimate pollen flow than seed flow; whenever the data
allow estimation of pollen migration, the rate of seed
migration can also be estimated. This is not surprising,
given that only two of the three markers experience
movement via pollen migration, while all three move
during seed migration. Moreover, an inspection of the
conditions in Table 5 reveals that there are at least three
situations when only seed migration can be estimated.
Two of these arise when there are equal nuclear allele
frequencies in the two migrant pools (P = p). In such
cases, the rate of pollen flow cannot be estimated using
cytonuclear data with maternal cytoplasmic inheritance
(n-mtDNA), while estimation of the seed migration rate
requires only that the migrant seeds be polymorphic at
the nuclear marker (0 < p < 1). The latter condition
also allows estimates of the seed migration rate from
cytonuclear data with paternal cytoplasmic inheritance
(n-cpDNA) and n-mtDNA-cpDNA data with both forms
of cytoplasmic inheritance in cases where none of the
three systems allows estimation of the pollen migration
rate (i.e., no intermigrant allele frequency differences
in the nuclear or paternally inherited marker, or allelic
cytonuclear disequilibria for the paternally inherited
marker in migrant pollen and seeds). Finally, nonran-
dom associations between the two cytoplasmic markers
(dwe # 0) allow seed migration estimates from n-
mtDNA-cpDNA data in the absence of all four condi-
tions that allow pollen migration estimates.

Three-locus data allow estimation of the gene flow
parameters whenever data can be used from at least one

of the two-locus cytonuclear systems and also sometimes
when neither of these allows estimation. However, dicy-
tonuclear data with three modes of inheritance increase
only the conditions for estimating the seed migration
rate; their conditions for estimating the pollen migra-
tion rate (M) are the same as for two-locus data with
paternal inheritance (n-cpDNA). Three-locus data may
nevertheless increase the power to detect the two forms
of gene flow and/or give more accurate estimates be-
cause the rates of pollen and seed flow enter into more
of the terms that determine the final state of the dicyto-
nuclear system via cytonuclear and dicytonuclear dis-
equilibria in migrant seeds (appendix a). These migrant
associations are not listed explicitly in the estimation
conditions given in Table 5, since they require that
migrant seeds be polymorphic at the nuclear marker,
which is itself sufficient for estimation of the rate of
seed migration.

Estimation conditions for special cases: To further
explore the conditions under which the two gene flow
rates may be estimated, we consider the important spe-
cial cases of the general continent-island model of unidi-
rectional pollen and seed migration presented in a com-
panion article (Asmussen and Orive 2000). These
include (1) seed migration alone (0 <m < 1, M = 0),
(2) pollen migration alone (0 <M < 1, m = 0), (3)
complete random mating (s = 0), (4) complete self-
fertilization with seed migration (s = 1, 0 < m < 1),
(5) equal nuclear allele frequencies in the two migrant
pools (P = p), (6) equal frequencies of the paternally
inherited cytoplasmic marker in the two migrant pools
(Xc = %), (7) equivalent migrant pools (P = p, X; =
Xc, Dasc = dasc), and (8) no migrant disequilibria (D =
d = 0 for all migrant pollen and seed disequilibria).
The equilibrium structure in these eight simpler cases
provides valuable insight into the conditions under
which the equilibria for the dicytonuclear system and
the two two-locus cytonuclear systems lose their depen-
dence on, and their utility for estimating, either of the
two migration rates. The details for these are given in
Asmussen and Orive (2000).

1. Seed migration alone (0 < m < 1, M = 0): The
equilibria for all three systems (n-mtDNA, n-cpDNA,
and n-mtDNA-cpDNA) depend on, and allow the esti-
mation of, the seed migration rate when this is the sole
form of gene flow, as long as the migrant seeds are
polymorphic for the nuclear marker (0 < p < 1). Data
from the n-mtDNA-cpDNA system can be used in the addi-
tional case where migrant seeds carry nonrandom associ-
ations between the two cytoplasmic markers (dy,c # 0).

2. Pollen migration alone (0 < M < 1, m = 0): The
absence of seed migration places significant constraints
on the estimation of the pollen migration rate, M. The
equilibrium for cytonuclear systems with maternal in-
heritance (n-mtDNA) is independent of M and thus
cannot be used to estimate the rate of pollen migration
if this is the only form of gene flow. The n-cpDNA and
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M
(pollen)

m
(seeds)

Figure 2.—Continent-island migration model with unidi-
rectional pollen (M) and seed (m) migration.

n-mtDNA-cpDNA systems with a paternally inherited
cytoplasmic marker do allow estimation of the pollen
migration rate, provided that the migrant pollen carry
nonrandom cytonuclear allelic associations (Dasc # 0).

3. Complete random mating (s = 0): Complete random
mating places no additional constraints on estimation
for the rates of pollen and seed flow beyond those given
in Table 5 for the general case of mixed-mating popula-
tions.

4. Complete self-fertilization with seed migration (s = 1,
0 < m < 1): The opposite extreme of complete selfing
is distinctive since the lack of outcrossing means such
populations are also closed to pollen flow. Both types
of two-locus cytonuclear systems allow estimation of the
seed migration rate (m) in purely selfing populations
as long as the migrant seed pool includes either hetero-
zygous seeds (V # 0) or cytonuclear disequilibria for
that two-locus system (dy # 0 for N = A, AA, Aa, or
aa and * = M or C). Dicytonuclear data may also be
used in such cases, as well as when migrant seeds carry
joint or three-way disequilibria (dy,~ # 0 for N = A, AA,
Aa, or aa and * = MC or M/C).

5. Equal nuclear allele frequencies in migrant pollen and
seeds (P = p): Although we have noted a number of
situations that can produce unequal frequencies in the
two forms of gene flow, in other cases they will be the
same. When this holds for the nuclear marker, the resi-
dents’ nuclear allele frequency reaches the common
migrant value (P = P = p). As a result, the cytonu-
clear system with maternal cytoplasmic inheritance
(n-mtDNA) loses its dependence on the pollen migra-
tion rate and thus cannot be used to estimate this type
of gene flow (Asmussen and Schnabel 1991). The
n-cpDNA system with paternal cytoplasmic inheritance
and the full n-mtDNA-cpDNA system can still be used
to estimate both types of gene flow under all of the
other conditions given for the general case (Table 5),

although their estimation power may be reduced due
to the elimination of several intermigrant admixture
effects that contribute to permanent disequilibria.

6. Equal frequencies of the paternally inherited cytoplasmic
marker in the two migrant pools (X = Xc): If the paternally
inherited marker has equal frequencies in the two mi-
grant pools, its frequency in the resident population
approaches the common migrant value (X = X = Xo).
As with equal nuclear allele frequencies, this reduces
the power for estimating gene flow rates for both the
n-cpDNA and n-mtDNA-cpDNA systems with a pater-
nally inherited marker by eliminating many of the inter-
migrant factors that generate permanent disequilibria.

7. Equivalent migrant pools (P = p, X¢c = X¢, Dasc =
dasc): If the two migrant pools are equivalent, cyto-
nuclear data with maternal inheritance (n-mtDNA) are
restricted to estimating the rate of seed migration (and
then only if migrant seeds are polymorphic for the nu-
clear marker, as is true whenever P = p). The two- and
three-locus systems with a paternally inherited cyto-
plasmic marker (n-cpDNA and n-mtDNA-cpDNA) still
allow estimation of both types of gene flow as long as the
migrant pollen and seeds carry nonrandom associations
between nuclear and paternally transmitted cytoplasmic
alleles (Dasc, dasc # 0).

8. No migrant disequilibria (D = d = 0, for all migrant
pollen and seed disequilibria): With no migrant disequilib-
ria, it should be possible to estimate both types of gene
flow from any of the three systems as long as the two
migrant pools differ in their nuclear allele frequencies
(P # p, see special case 5 above). Further, the cyto-
nuclear system with paternal transmission (n-cpDNA)
and the full three-locus system (n-mtDNA-cpDNA) can
also provide both estimates if migrant pollen and seeds
have distinct frequencies of the paternally inherited
marker (X¢ # Xc ).

ESTIMATING GENE FLOW

Here we present a new method to estimate rates of
unidirectional pollen and seed migration using joint
cytonuclear or dicytonuclear frequencies. We focus spe-
cifically on the case of uniparentally inherited cyto-
plasmic markers where, in the dicytonuclear case, these
are inherited through opposite parents. This method
uses data in the form of counts in adults of joint
n-mtDNA, n-cpDNA, or n-mtDNA-cpDNA genotypes,
where mtDNA here represents a maternally inherited
marker and cpDNA a paternally inherited marker. We
first outline the general approach for the simplest cases
with a single diallelic marker from each genome and
then indicate two initial extensions to data involving
multiple unlinked nuclear markers and/or multiallelic
markers. The utility of this method is illustrated with
simulated data, which also allows us to compare esti-
mates from dicytonuclear data with opposite cytoplas-
mic inheritance with estimates obtained from two-locus
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TABLE 5

Conditions under which n-mtDNA, n-cpDNA, and n-mtDNA-cpDNA data can be used to estimate the
rate of seed (m) and pollen (M) migration for the general mixed-mating model

Cytonuclear system?

Migration parameter n-mtDNA n-coDNA n-mtDNA-cpDNA

m 0<p<l1 0<p<l1 0<p<1

orP#p orP#p orP#p

or X¢ # X¢ or X¢ # Xc

or Duyec #0 or Dae # 0

or dyc # 0

M P+#p P#D P#p

or X¢ # Xc or X¢ # Xc

or Dy # 0 or Dy # 0

or duyec # 0 or due # 0

Same as for Same as for Same as for
m and M M alone M alone M alone

2 mtDNA and cpDNA represent maternally and paternally inherited cytoplasmic markers, respectively.

cytonuclear data with a single maternally or paternally
inherited cytoplasmic marker. A program implementing
this estimation procedure is available from the authors
upon request.

Maximum-likelihood estimation: We use maximum like-
lihood (Edwards 1992) in conjunction with the general
continent-island model of pollen and seed dispersal (Fig-
ures 1 and 2) developed in Asmussen and Orive (2000)
to find the rates of seed and pollen migration whose
equilibrium cytonuclear or dicytonuclear genotype fre-
guencies best fit the observed genotypic counts. The equi-
librium frequencies of the two-locus cytonuclear genotypes
(n-mtDNA and n-cpDNA, Table 1) or the three-locus ge-
notypes (n-mtDNA-cpDNA, Table 2) are specified in terms
of the migration and selfing rates (M, m, s) and the known
migrant seed genotype frequencies (e.g., Uy, . . ., Wy) and
migrant pollen frequencies (.., Py, . . ., Qux, Table 4),
using the equilibrium formulas in (A1-A13) for the gen-
eral case in conjunction with the decompositions shown
in Tables 1 and 2. We then jointly estimate the three
parameters M, m, and s by finding their values that max-
imize the log-likelihood function for the observed joint
genotypic counts, using the “simulated annealing” minimi-
zation routine amebsa from Numerical Recipes in C, Ed. 2
(Press et al. 1992).

The full log-likelihood function for dicytonuclear data
is given by

In L(Nawmrc 5 - - - NawmelM, m, s) = NAA/M/CIn(Oll)

+ ...+ Naa/m/cm(wzz) (1)

(ignoring the constant multinomial coefficient), where,
for example, Naam/c gives the observed count of adults
with the AA/M/C joint genotype, and Us; gives the equi-
librium frequency of that joint genotype for the specified
parameter values under our model. If unknown, the pro-

gram may be modified so as to simultaneously estimate
the migrant frequencies from the source population. In
this case, the migrant frequencies become parameters for
the likelihood function, in addition to the migration and
selfing rate parameters M, m, and s. The 95% confidence
limits are found by bootstrapping the data set a user-
specified number of times and dropping the lowest 2.5%
and highest 2.5% of each estimate. The program gives
the lower and upper bounds on the confidence interval
aswell as the length of the interval, obtained by subtracting
the lower from the upper bound.

Multiple nuclear markers: An extension for estimat-
ing rates of seed and pollen migration from data with
multiple unlinked nuclear markers is straightforward.
In this case, the overall likelihood is calculated as a
product of the likelihoods for each of the nuclear mark-
ers considered separately (Asmussen et al. 1989); the
overall log likelihood is thus a sum of n factors like (1),
one for each of the n unlinked nuclear markers. For
example, if Njx gives the observed count for a particu-
lar joint genotype involving nuclear marker x (where the
nuclear alleles are now denoted by numerical indices
i,j, the mitochondrial cytotype by the index k, and the
chloroplast cytotype by the index I) and Ifij,k,kx gives the
expected frequency of that joint genotype under our
model, the log-likelihood function is given by

In L(Njy, for all i = j, k, I; xIM, m, s) = EEEENij‘k.I:xln(ﬁij,k.lzx)r
xi=jk |
@)

where the outer sum is over each nuclear marker, x =
1, ..., n. Estimates for the parameters are obtained by
maximizing this composite function via the optimiza-
tion routine described above.

Consideration of linked nuclear markers requires si-
multaneous consideration of the various recombination
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frequencies (Barton and Turelli 1991; Turelli and
Barton 1994) and is beyond the scope of this initial
treatment.

Multiallelic data: An extension to multiple alleles
greatly increases the number and complexity of associa-
tions considered by this model. As a first step to ad-
dressing multiallelic data, such data may be converted
to diallelic form by grouping one allele vs. all others at
a locus. This approach was chosen for the estimation
program developed here, because it is the simplest and
allows the user to specify the grouping for the locus,
rather than arbitrarily averaging over all possible group-
ings, which could be difficult to interpret. Further the-
ory must be developed to allow a more comprehensive
multiallelic analysis.

Results from simulated data: We tested this method
with simulated diallelic data sets containing a single
nuclear marker; counts of the 12 possible joint three-
locus genotypes (Naasmsc - - - » Naasmse) IN Table 2 were
generated as random samples from the equilibrium ge-
notypic distributions under specified migration and
selfing rates and specified migrant pollen and seed fre-
guencies. Due to the many possible combinations of
parameter values, the examples chosen are not meant
to be exhaustive, but instead illustrate some of the fac-
tors that affect gene flow estimation using this method.
To assess the relative utility of the three possible types
of data, we also extracted counts for the two-locus geno-
types in each two-locus cytonuclear system. For each
run, all three data sets were bootstrapped 200 times to
construct 95% confidence intervals for each of the three
estimated parameters (M, m, and s).

We consider two different populations (designated A
and B) whose migrant compositions differ in the condi-
tions that allow estimation of the two rates of gene
flow (Table 5). For population A, the nuclear allele
frequency is equal in migrant pollen and seeds (P =
p = 0.7), while the frequency of the paternally inherited
marker differs in the two migrant pools (X; = 1.0, X =
0.7), allowing us to examine the effect of having only
one type of intermigrant frequency difference on esti-
mating the two migration rates. The resident population
receives migrant seeds of two types, AA/M/C and aa/
m/c (U;; = 0.7, Wy, = 0.3), which produces cytoplasmic
as well as all possible allelic and homozygote disequilib-
ria in the migrant seeds (dy,c = dax = dpar = —Oaoyr =
0.21 and dp,/+ = daame = 0, where * indicates M, C, or
MC, aA/M/C = aAA/M/C = _aaa/M/c = _0084) The migrant
pollen are also of two types, A/C and a/C (P, = 0.7,
Qi = 0.3, Dac = 0), but carry no nonrandom associa-
tions. Population B receives the same types of migrant
seeds as population A and thus has the same disequilib-
ria in the migrant seed pool. The migrant pollen also
still carry no allelic cytonuclear disequilibrium, but are
now monomorphic for both the nuclear and paternally
transmitted cytoplasmic markers (Qc = 1.0). As a result,
population B has intermigrant frequency differences
for both these markers (P = 0, p = 0.7, Xc = 1.0, X¢ =

0.7), allowing more ways to generate permanent disequi-
libria and estimate gene flow than population A.

These two situations, with disequilibria in migrant
seeds but not in migrant pollen, could arise if a popula-
tion receives migrant seeds from multiple sources, but
migrant pollen from only one source, distinct from the
sources for migrant seeds. For instance, a central popu-
lation might receive animal-dispersed seeds from two
nearby populations but only receive wind-dispersed pol-
len in one prevailing direction from a more distant
population. The gene flow estimates in the numerical
examples below would then represent composite esti-
mates of the overall rates of pollen and seed flow from
all sources. The hybrid zone model in the subsequent
section outlines how to estimate the separate contribu-
tions from each source.

For each migrant composition, we examined various
combinations of the seed migration (m = 0, 0.05, 0.1),
pollen migration (M = 0, 0.05, 0.1, 0.2), and selfing (s =
0.1, 0.5, 0.9) rates. We estimated these parameters from
three simulated data sets with representative sample
sizes of N = 100, 300, and 500. The results for m and
M are given in appendix c, where the symbol (z) indi-
cates the estimated value for each parameter z. The
estimates are normalized relative to their deviation from
the true value,

A@) =

(7 —1
Z

When the parameter value is zero, the estimate itself is
given instead. Also presented in appendix c are the
lengths of the 95% confidence intervals for the estimates
of m (I,) and M (l), each of which has a maximum
possible length of 1.0.

When only the frequency of the paternally inherited
cytoplasmic marker differs between the two migrant
pools (population A, Table C1), the n-mtDNA data,
with a maternally inherited cytoplasmic marker, cannot
estimate the pollen migration rate (Table 5) because
the equilibrium state for this cytonuclear system is then
independent of the pollen migration rate (Asmussen
and Schnabel 1991). In such cases, however, the
n-cpDNA data set, with a paternally inherited cyto-
plasmic marker, and the n-mtDNA-cpDNA data set, with
both forms of cytoplasmic inheritance, generally give
good estimates of both seed and pollen migration rates,
considering accuracy together with the size of the con-
fidence interval (A(m) < 0.5 for 83.3% of estimates, I, <
0.23 for all estimates; A(M) < 0.5 for 75% of estimates,
Iy < 0.4 for 71% of estimates).

All three systems consistently give good estimates
when the allele frequencies of both the nuclear and the
paternally inherited cytoplasmic marker differ in the
migrant pools (population B, Table C2), so that perma-
nent disequilibria are generated by intermigrant admix-
ture effects. Such differences in allele frequencies would
be expected, for example, if multiple, genetically dis-
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tinct sources each contributed differentially to the mi-
grant pollen and seed pools. When there is no seed
migration (m = 0), none of the three systems can esti-
mate the pollen migration rate in our population B
examples because the absence of allelic cytonuclear dis-
equilibrium in migrant pollen (Dac = 0) makes the
equilibrium state independent of the pollen migration
rate (see the special case m = 0 above). In other cases
with no seed migration, where migrant pollen carry
cytonuclear allelic disequilibrium (D, # 0), estimation
of the pollen migration rate is possible from two- and
three-locus cytonuclear data containing a paternally in-
herited marker (n-cpDNA and n-mtDNA-cpDNA). This,
however, requires knowledge of the initial frequency
for the maternally inherited marker, X{, which is now
the marker’s expected frequency since its value is not
affected by pollen migration alone (appendix a); if
necessary, this may be treated as an unknown parameter
and jointly estimated along with M and s.

In general, increased sample sizes appear to improve
the accuracy of the estimates and decrease the size of
the confidence intervals for both migrant compositions
(A and B), although there is a great deal of variability
among different simulated data sets. High selfing rates
(s = 0.9) generally worsen estimates of pollen migration,
although again there is a great deal of variation across
runs. These poor estimates may be because high selfing
reduces the total fraction of migrant pollen, M(1 —
s), so that such pollen contribute less to the genetic
composition of the population at equilibrium. The equi-
librium genotype frequencies are thus less useful for
estimating the pollen migration rate under high selfing.

Figures 3 and 4 give results from two particular test
runs for these same migrant compositions (A and B).
In each case, the estimates of the seed migration rate
(m) and the pollen migration rate (M) for the three
systems (n-mtDNA, n-cpDNA, and n-mtDNA-cpDNA)
are given for the three sample sizes: N = 100, 300, and
500 (estimates of selfing rate not shown). The dashed
lines give the actual values of the migration rates, the
solid boxes give the estimates, and the open boxes indi-
cate the upper and lower bounds for the 95% confi-
dence limits.

Figure 3 gives an example from population A (P =
P, Xc # Xc) with a selfing rate of s = 0.1. Estimates of
seed migration rates are close to the true value and
confidence intervals are small for all three systems (I, =
0.154), with the exception of n-cpDNA for N = 100
(I, = 0.227). For this example, the n-mtDNA system
could not estimate the pollen migration rate because,
as noted in the special case P = p above, the equilibrium
state for cytonuclear systems with a maternally inherited
cytoplasmic marker does not depend on the pollen mi-
gration rate with equal nuclear frequencies in the mi-
grant pools. The n-mtDNA-cpDNA system gave smaller
confidence intervals for all of the estimates.

An example from population B (P # p, X¢ # Xc) Where
the selfing rate is s = 0.5 is given in Figure 4. All three

s=0.1 P=p, X¢c #X¢
0.8
0.6-
(m) 041
0.2+
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0 1 T T T T T T T T T 1
0.8
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n-mtDNA n-cpDNA n-mtDNA-cpDNA

Figure 3.—Estimates of seed migration rate (m) and pollen
migration rate (M), where P = p, X. # X, and s = 0.1. Values
for migrant pools were U;; = 0.7, Wy, = 0.3, P, = 0.7, and
Q¢ = 0.3. Disequilibria in the migrant pools were dy, =
doe = daapr = —Oaayr = 0.21, dpoyr = dpame = 0 (Where *
indicates M, C, or MC), aA/M/C = aAA/M/C = _aaa/M/c = _0084,
and D, = 0. Solid boxes give estimates while open boxes
give the 95% confidence limits. The cytonuclear system with
maternal inheritance (n-mtDNA) cannot estimate M for this
case; details are given in text.

systems give good estimates for the seed migration rate
(A(m) = 0.335), and both n-mtDNA and n-mtDNA-
cpDNA give consistently small confidence intervals for
this estimate (0.035 = |, = 0.125). For the pollen migra-
tion rate, only the n-mtDNA system with maternal cyto-
plasmic inheritance and the n-mtDNA-cpDNA system
with three forms of inheritance gave good results for
N = 100 and 500 (A(M) = 0.345), with the n-mtDNA-
cpDNA system giving slightly smaller confidence inter-
vals for all of the estimates. All three systems consistently
overestimated the pollen flow rate for the run at N = 300.

HYBRID ZONE MODEL

We next consider explicitly the estimation of unidirec-
tional migration rates from multiple sources, such as
would be found in a hybrid zone or other areas of
admixture. Here, we estimate the migration rates for
pollen and seed from each source separately, in contrast
to the previous framework that allowed only composite
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Figure 4.—Estimates of seed migration rate (m) and pollen
migration rate (M) where P # p, Xc # X, and s = 0.5. Values
for migrant pools were U;; = 0.7, Wy, = 0.3, and Q,c = 1.0.
Migrant disequilibria are as in Figure 3. Solid boxes give esti-
mates while open boxes give the 95% confidence limits.

estimates for the total amount of each form of gene flow.
The migration model for this application is depicted in
Figure 5. We assume that each generation a fixed frac-
tion M; of outcrossed pollen in the hybrid population
is derived from source population 1 (species 1), and a
fraction M, is derived from source population 2 (species

Population 1 Population 2

Hybrid Zone

Figure 5.—Migration model with pollen (M;, M,) and seed
(m;, m,) migration from two populations into a hybrid zone.

2), where both sources have constant genetic composi-
tions. Similarly, a fixed fraction m; of the seeds migrate
from source population 1 and a fixed fraction m, from
source population 2. The total pollen and seed migra-
tion rates are then M = M; + My, and m = m; + m,,
respectively, with the remaining fractions contributed
by the resident population. The general model de-
scribed in Asmussen and Orive (2000) applies here
with the migration rates (M, m) now given by these
decompositions.

Composition of total migrant pools: Frequencies in
each total migrant pool are now the weighted averages
of the corresponding frequencies in the two source pop-
ulations. For example, the nuclear allele frequency in
migrant pollen will be

MP® + M,PO
M

P= s
where P® is the nuclear allele frequency in migrant
pollen from source population i. The disequilibria in
the total migrant pools will be the result of admixture
between the contributions of the two sources and can
be calculated using (15-18) of the companion article
(Asmussen and Orive 2000). For instance, the cyto-
plasmic disequilibrium in the total migrant seed pool is

1 = 10)
mldWc + mzdr(vvc m1m2
m

due = 2O — X — 5,
where, once again, the superscript indicates the source
population. We can use this new model to jointly esti-
mate the four migration rates M;, My, m;, m,) in hybrid
zones in much the same way we used the original model
to estimate the two (composite) migration rates (M, m).

For our numerical test of the estimation procedure
for hybrid zones, we focus on the case where the two
source populations show fixed differences at all three
loci. This corresponds to having diagnostic nuclear, mi-
tochondrial, and chloroplast markers for the two source
populations, as might be found in a hybrid zone where
two genetically diverged taxa come into contact. Such
asituation is presumably the optimal case for estimation;
the utility in other cases can be determined via simula-
tions in the same way as we have done here. We assume
that source population 1 is fixed for AA/M/C and
source population 2 is fixed for aa/m/c. The migration
rates from the two sources then uniquely determine the
frequencies in migrant seeds,

o _m

o o m,
U11:p:XM:Xc:m and szzﬁy ©)

and in migrant pollen (Table 4),

e A M,
Pe=P=X.= " and =2 4
1C C I,,I QZC I"l ()

as well as their disequilibria,
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d d 3 — m;m
dM/C = dA/* = dAA/* = —daa/* = r;z 2 (5)
d q = mim,(m, — m
dA/M/C = dAA/M/c = _daa/M/C = % (6)
aAa/* = aAa/M/c =0 @)
= M;M
D = =gz ®

where * indicates M, C, or MC. Note that this shows
that the signs of the three-way disequilibria can serve
as useful indicators of asymmetry in seed migration from
two genetically distinct sources, since (6) will be posi-
tive if m, > m, negative if my > m,, and zero only when
m; = m,.

Results from simulated data: Several different combi-
nations of migration and selfing rates (M;, M,, m;, m,,
s) were tested, selected from the same range used in
the general case. The numerical results are given in
appendix d. As for the original model, due to the many
possible combinations of parameter values, the exam-
ples given in appendix d are not meant to be exhaustive
but are illustrative of some of the factors that impact
this estimation method. The cytonuclear system with
a maternally inherited cytoplasmic marker (n-mtDNA)
consistently had trouble estimating pollen migration
rates, generally giving the largest confidence intervals
for M; and M, and often having very poor estimates as
well. With equal rates of pollen and seed migration
(m; = m, = M; = M, = 0.1), the cytonuclear system
with a paternally inherited cytoplasmic marker (n-cpDNA)
was also often poor at estimating the pollen migration
rate, and, for low or intermediate selfing rates, had
larger confidence intervals for estimates of seed migra-
tion rates than either the n-mtDNA or n-mtDNA-cpDNA
systems. Note that, for this case, the migrant pools are
equivalent, with equal allele frequencies for the nuclear
and paternally inherited cytoplasmic markers (P = p =
0.5, X¢ = X = 0.5) so that there are no simple intermi-
grant effects.

In the examples where only one source population
contributes migrant pollen (M; = 0.0), the n-cpDNA
system with paternal cytoplasmic inheritance tended to
estimate the seed migration rate from the other source
population as zero instead of the true value of 0.01
({my) = 0.0, A(m,) = 1.0). This may be because, with
diagnostic markers and only one source of migrant pol-
len, the migrant pollen pool is fixed at both the nuclear
and paternally inherited loci (P = X = 0) and has no
allelic cytonuclear disequilibrium (Dac = 0). In contrast,
the three-locus system with both modes of cytoplasmic
inheritance was usually quite successful at estimating all
four migration parameters, and, in cases where one of
the two-locus systems failed to estimate migration rates
(A(2) > 0.5), the n-mtDNA-cpDNA system generally
succeeded.
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Figure 6.—Estimates of the two seed migration rates in a
hybrid zone when the two seed and two pollen migration rates
differ (m; = 0.05, m, = 0.01, M; = 0.1, M, = 0.2) and where
P # p, Xc # X, and s = 0.5. Each source population was fixed
for diagnostic markers, so the migration rates determined the
migrant composition; see Equations 3-8 in text. Solid boxes
give estimates while open boxes give the 95% confidence
limits.

With smaller sample sizes (N = 100), there were occa-
sionally runs where none of the three systems could
estimate a parameter. For example, for m; = 0, m, =
0.05,M; = 0.1, M, = 0,5 = 0.9, and N = 100, by chance
the simulated data set did not include any heterozygous
individuals (Naa/m/c = Naame = 0) although the equilib-
rium heterozygote frequency was V = 0.0388 for that
parameter set. All three systems estimated the seed mi-
gration rate to be zero in this case ({(my = 0.0, A(m,) =
1.0). This is indicative of the problem that all iterative
maximum-likelihood methods encounter when there
are missing observations, as can occur with small sample
sizes (Weir 1996). Paralleling the original model, there
was a tendency for high selfing rates to decrease the
accuracy of estimates for pollen migration rates.

Figures 6-9 give examples from two particular test
runs. As before, the estimates of the seed migration
rates (Figures 6 and 8, (my) and (m,)) and the pollen
migration rates (Figures 7 and 9, (M;) and (M,)) for
the three systems (n-mtDNA, n-cpDNA, and n-mtDNA-
cpDNA) are given for the three sample sizes: N = 100,
300, and 500. Again, the dashed lines give the actual
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Figure 7.—Estimates of the two pollen migration rates in
a hybrid zone when the two seed and two pollen migration
rates differ (m; = 0.05, m, = 0.01, M; = 0.1, M, = 0.2) and
where P # p, X # X, and s = 0.5, as in Figure 6. Each source
population was fixed for diagnostic markers, so the migration
rates determined the migrant composition; see Equations 3-8
in text. Solid boxes give estimates while open boxes give the
95% confidence limits. Note the difference in scale between
this figure and Figure 6, which gives estimates for the two
seed migration rates.

values for each of the migration rates, the solid boxes
give the estimates, and the open boxes indicate the
upper and lower bounds for the 95% confidence limits.

In the example given by Figures 6 and 7, all four
migration rates differed (m, = 0.05, m, = 0.01, M; =
0.1, M, = 0.2) and the selfing rate was s = 0.5. Increasing
sample size generally decreased the size of the confi-
dence intervals for all three systems, except for the pol-
len migration rates for N = 500. The three-locus system
(n-mtDNA-cpDNA) gave consistently smaller confi-
dence intervals for pollen migration rates than the other
two systems. The n-cpDNA system with paternal inheri-
tance gave very poor estimates for the smaller of the
seed migration rates (Figure 6, m,), while the n-mtDNA
system with maternal inheritance always performed
poorly in estimating pollen migration (Figure 7). In
contrast, the n-mtDNA-cpDNA system gives reasonable
estimates for all four migration rates.

For the example shown in Figures 8 and 9, all four
migration rates were the same (m; = m, = M; = M, =
0.1) and the selfing rate was s = 0.1. Again, increasing
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Figure 8.—Estimates of the two seed migration rates in a
hybrid zone when the two seed and two pollen migration rates
are the same (m; = 0.1, m, = 0.1, M; = 0.1, M, = 0.1) and
where P = p, X; = X, and s = 0.1. Each source population
was fixed for diagnostic markers, so the migration rates deter-
mined the migrant composition; see Equations 3-8 in text.
Solid boxes give estimates while open boxes give the 95%
confidence limits.

sample size decreased the confidence intervals for most
of the estimates, although the effect was not as great as
in the previous example. The cytonuclear system with
paternal inheritance (n-cpDNA) gave large confidence
intervals and often poor estimates for all four migration
rates. The cytonuclear system with maternal inheritance
(n-mtDNA) again gave very poor estimates for the pol-
len migration rates (Figure 9). All three systems under-
estimated the seed migration rates and overestimated
the pollen migration rates for the N = 300 run, indicat-
ing that a particular data set may poorly reflect the
“true” genotypic frequencies for a population, leading
to inaccurate estimates. Once again, the n-mtDNA-
cpDNA system performed best overall.

DISCUSSION

The juxtaposition of biparental and uniparental in-
heritance in the same individual makes joint cytonuclear
data particularly useful for decomposing plant gene flow
and estimating the pollen (haploid) and seed (diploid)
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Figure 9.—Estimates of the two pollen migration rates in
a hybrid zone when the two seed and two pollen migration
rates are the same (m; = 0.1, m, = 0.1, M; = 0.1, M, = 0.1)
and where P = p, X; = X, and s = 0.1, as in Figure 8. Each
source population was fixed for diagnostic markers, so the
migration rates determined the migrant composition; see
Equations 3-8 in text. Solid boxes give estimates while open
boxes give the 95% confidence limits. Note the difference in
scale between this figure and Figure 8, which gives estimates
for the two seed migration rates.

components. Here we have used previously developed
continent-island models of unidirectional migration
(Asmussen and Schnabel 1991; Schnabel and Asmus-
sen 1992; Asmussen and Orive 2000) to develop a new
method for estimating both forms of plant gene flow
in mixed-mating populations. A program implementing
this approach is available from the authors by request.
This procedure can utilize joint two-locus cytonuclear
data, with either maternal or paternal cytoplasmic inher-
itance, as well as joint nuclear-mitochondrial-chloro-
plast data with both forms of cytoplasmic inheritance,
for any number of unlinked nuclear markers. The un-
derlying theory is based on diallelic loci, with multiallelic
data accommodated in this initial implementation by
grouping one user-specified allele vs. all others. Three-
locus data from species where both organelles are trans-
mitted through the same parent have not been considered
since these are equivalent to a two-locus cytonuclear
system with a multiallelic cytoplasmic marker. Such
three-locus systems have estimation benefits over data
from either two-locus cytonuclear system, but presum-

ably only from the increased degrees of freedom in the
data. Biparental inheritance of cytoplasmic markers has
been reported for several species of plants (Metzlaff
et al. 1981; Medgyesy et al. 1986), but we have not
included it here since such data lack the special utility
of uniparentally inherited cytoplasmic markers.

We have focused here on censusing adults, both for
convenience and since, in general, assaying three mark-
ers from adult tissues will be easier than doing so from
seeds, especially for species whose seeds are small. How-
ever, seeds from conifers may be particularly easy to
assay, especially for nuclear allozymes (Conkle 1971).
The method presented here can be readily extended
to populations censused at the seed stage, by converting
the equilibrium genotype frequencies for adults (2) in
the log-likelihood equations (1) and (2) to those for
seeds (2). The corresponding seed equilibria are given
by

,_Z-mz
1-m’

where z is the corresponding frequency in migrant seeds
and m is the overall rate of seed migration. Note that
this conversion follows directly from the equilibrium
relationship

Z=mz+ (1 — mz,

which applies to all frequency variables in the two life
stages (see Equation 22, Asmussen and Orive 2000).
Researchers interested in a version of the estimation
program for seed-censused populations should contact
the authors.

The estimation procedure developed in this article
provides joint estimates of both pollen and seed migra-
tion rates, as well as selfing rates, from observed counts
of either joint cytonuclear or joint dicytonuclear geno-
types. In each case, estimation is based on fitting the
expected genotype frequencies under the appropriate
pollen and seed dispersal model (Asmussen and Orive
2000) to the data. This requires that the equilibrium
state for the system depend on the parameter(s) in
question and that the censused population be at equilib-
rium, with a constant dicytonuclear and/or cytonuclear
structure over successive generations. ldeally, the latter
condition would be verified by assaying the target popu-
lation in at least two time points separated by one or
more generations. Further, basic estimation constraints
may be added by the need for a sufficient number of
degrees of freedom in the data. In general, two-locus
cytonuclear data from a single nuclear marker allow
estimation of up to five parameters, or four if a degree
of freedom is desired to test for fit between observed
and expected genotypic frequencies; three-locus dicyto-
nuclear data can allow the estimation of six additional
parameters. The basic estimation power of both types
of systems can be substantially increased by assaying
multiple unlinked nuclear markers.
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Consideration of the equilibrium structure for the two
types of cytonuclear systems and the full dicytonuclear
system shows that it is harder to estimate pollen flow,
which carries only the nuclear and paternally transmit-
ted cytoplasmic marker, than seed flow, which carries,
and is therefore reflected by, all three types of markers.
Although all conditions allowing estimates of the pollen
migration rate also allow estimates of the seed migration
rate, the reverse is not true. For example, with cyto-
nuclear data for a maternally inherited cytoplasmic
marker, equal nuclear allele frequencies in migrant pol-
len and seeds (P = p) make it impossible to estimate
the pollen migration rate, while the rate of seed migra-
tion can still be estimated if there is nuclear polymor-
phism in the migrant seeds (0 < p < 1). Further evi-
dence of the greater constraints on estimating pollen
flow is found with three-locus data with both forms of
uniparental cytoplasmic inheritance; these increase the
conditions for estimating the seed migration over those
in the two-locus systems, but do not add to the condi-
tions under which pollen migration can be estimated.

When considering the range of conditions under
which both migration rates can be estimated, cyto-
nuclear data with a paternally inherited cytoplasmic
marker are better than those with a maternally inherited
marker, while the three-locus n-mtDNA-cpDNA system
with three modes of inheritance is the best of all. The
use of three-locus data increases the conditions for esti-
mating the seed migration rate over those for a cyto-
nuclear system with only paternal cytoplasmic inheri-
tance, but both systems have the same conditions for
estimating the pollen migration rate, and both systems
can estimate both migration rates under a wider set of
conditions than can a cytonuclear system with maternal
inheritance. Finally, examination of the final cyto-
nuclear structure for each of the three systems shows
that the rates of pollen and seed migration enter into
more terms that determine the dicytonuclear system,
indicating that the use of these types of three-locus data
should increase the power to detect these two forms of
plant gene flow and/or give more accurate estimates.

Comparisons of estimates from simulated data for
cytonuclear systems with single nuclear markers and
either maternal or paternal cytoplasmic inheritance to
estimates from simulated joint nuclear-mtDNA-cpDNA
data show that the three-locus system with three modes
of inheritance is generally the most useful for estimating
both seed and pollen migration rates. There are several
cases where one or the other of the two-locus cyto-
nuclear systems cannot be used to estimate a migration
rate while the three-locus, nuclear-dicytoplasmic system
succeeds, generally making it more reliable for estimat-
ing the two types of gene flow. For example, as indicated
above, a cytonuclear system with maternal inheritance
cannot be used to estimate pollen migration rates when
nuclear allele frequencies are equal in both migrant
pools (P = p) or when there is no seed migration (m =

0). The utility of cytonuclear systems with paternal in-
heritance and nuclear-mtDNA-cpDNA systems with
both maternal and paternal inheritance is also some-
what reduced in populations without seed migration
(m = 0), for these require allelic cytonuclear disequilib-
rium in migrant pollen (Da,c # 0) in order to estimate
pollen migration rates if this is the only form of gene
flow.

Similar results apply to the case where two popula-
tions, fixed for alternate alleles at all three markers,
contribute migrants to a hybrid population. Here there
can be up to four separate migration rates. Note that
this means that either of the two-locus cytonuclear sys-
tems can be used to estimate all four migration parame-
ters plus the selfing rate, but (with only one nuclear
marker) they could not be used to test the fit of these
estimates, since they would have at most five indepen-
dent data classes. Estimates for the two pollen migration
rates from cytonuclear data with maternal inheritance
were generally poor in our numerical examples, and
they also had large confidence intervals. Cytonuclear
data with paternal inheritance are better, since the cyto-
plasmic marker is then carried by pollen as well as seeds,
but such data estimated all four migration rates poorly
when all of the rates were equal. For the examples con-
sidered, only the full nuclear-mtDNA-cpDNA data set
consistently allowed accurate estimates of all four migra-
tion rates.

Comparing estimates of genetic subdivision for organ-
elle genes (Birky et al. 1983, 1989; Takahata and
Palumbi 1985) with estimates for nuclear genes gives
another approach for using differences in inheritance
patterns (uniparental vs. biparental) to infer types of
gene flow. Previous theoretical treatments either have
used measures such as Gsr solely to provide estimates
of the product of effective population size and migration
rate (effective migration rate, Nm) or have calculated
the relative rates of pollen and seed migration by com-
paring such estimates for markers with contrasting
modes of inheritance (Petit et al. 1993; Ennos 1994;
Hu and Ennos 1999). Such methods also depend on
the assumption of genetic equilibrium in the population
under consideration, in this case that between genetic
drift and migration. In addition, these calculations of
the relative rates of the two forms of plant gene flow
require the assumption of low pollen migration rates
when used with paternally inherited markers, such as
cpDNA in conifers (Ennos 1994); this assumption may
be commonly violated in such wind-pollinated species
(Hamrick et al. 1995; EI Mousadik and Petit 1996).
The increasing availability of joint cytonuclear data sets
for conifer species (Dong and Wagner 1994; Latta
and Mitton 1997) will allow further comparisons be-
tween these methods and the method developed here
for estimating pollen- and seed-mediated gene flow.

Other systems with separate maternal and paternal
uniparental inheritance may also provide opportunities
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for partitioning gene flow via female gametes vs. that
via male gametes, or gamete-level gene flow from zygote-
level gene flow. One intriguing possibility is found in
mussels of the genus Mytilus, where mitochondrial DNA
lineages appear to be gender-specific (Zouros et al.
1992, 1994). Although we have framed this current work
in the context of plant populations (with pollen and/
or seed migration and levels of selfing), the results pre-
sented here indicate that a system such as that found
in Mytilus may show gender-specific cytonuclear associa-
tions useful for studies of sexual asymmetries in gene
flow. Moreover, ongoing theoretical work indicates that
cytonuclear data with sex-linked nuclear markers have
great value for detecting and estimating gender-specific
dispersal in animals (Goodisman and Asmussen 1997;
Goodisman et al. 1998), another aspect of gene flow
that has been difficult to study by traditional means.

In conclusion, three-locus, nuclear-dicytoplasmic
data from plants such as conifers with both paternally
and maternally inherited organelles represent a unique
opportunity to more accurately estimate both the abso-
lute and relative rates of pollen- and seed-mediated gene
flow. Analyses of joint genotype frequencies and non-
random associations among three loci with three dis-
tinct modes of inheritance allow a better understanding
of the relative roles that the mating system and gene
flow play in shaping the genetic structure of such popu-
lations than has previously been possible. This informa-
tion can in turn be used to develop, as we have done
here, methods that allow the use of such three-locus
data in powerful new ways.
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APPENDIX A: EQUILIBRIA FOR FREQUENCIES
AND DISEQUILIBRIA

A set of five independent variables for the equilibrium
of the n-mtDNA system with maternal inheritance in-
cludes the three final nuclear and mitochondrial fre-
guencies,

2mp + (1 — mM(L — s)P

P s (L —mM@ =) (AL)
o _2mv + 201~ m( ~ 9)[MPQ + QP) + 21 ~ M)PY]
B 2—- (1 -m)s
(A2)
(% ifm>0
K (A3)

“IX© itm=o0

(where X(Q is the initial mitochondrial frequency in the
resident population), and the two final n-mtDNA cyto-
nuclear disequilibria,

a _ ZmEA,M
P =5 @ —my@ + 9) (A4)

5. _ 2mdwn + 201 = m)(A = 9[M@Q = P) + (1 = M)Q — P)[Bwn
Rt = 2— (1 - m)s '
(A5)

The corresponding set of variables for the n-cpDNA
system with paternal inheritance includes the nuclear
frequencies P and V in (A1) and (A2), the equilibrium
chloroplast frequency,

LU (1 - mM@A - )X
’ m+ (1 - mM@ - 5s)

, (A6)

and the two final n-cpDNA disequilibria,

A _2mdyc + (1 — mM(L — $)Dpue + Ki(P — p)(Xe — Xc)
Duve = 2- (@ -m[l+s-MQA-59)] (AT)

KDpare = 2Maye + 2(1 — m)(L — s)(Q — P)
X [MDpc + (1 — M)Dascl

2m(1 — m)M(1 - s)
m+ (1 - mM(@A —59)

PQ+ QP - (X — %), (A8)

where

2m(L — m)M(1 - 9)
2m + (L — m)M(1 - 9)

K1:

and K, =2 — (1 — m)s.

A sufficient set of 11 variables for the full, three-locus
system includes the 8 two-locus variables in (A1-A8)
and the final cytoplasmic disequilibrium,

Mdwc

1-(@—m)s (A9)

|5M/c =
together with either the two final, three-locus joint dis-
equilibria,
Dame = Ciame + Cam + Cadac + CDasc
+ Cs(E - ﬁ)aM/c + Ca(E - ﬁ)(XC - ic)

Dparmc = Colaarme + Colam + Cabasc + CaDasc + Csla/mbarc

(A10)

+ CamDac + Crlwre + Ca(Xe — Xo)

+ Cg(E - 5)(Xc = Xc) + C10(E - 5)(Xc - Xc)aA/M,
(A11)

or the two final three-way disequilibria,

Damre = Ciame + (P — P)dwe + ca(Xe — X)dann
(A12)

Daamrc = Cilaamre + Colwre + Colamac + CalamDarc
+ ¢s(Xe = X)dam + (P — PY(Xe — Xc)danm
+ ¢(Xe — Xc)aasm- (A13)
The ¢; coefficients for the three-locus disequilibria in
(A10-A13) are complicated functions of the migrant
values and the migration and mating system parameters,
whose values are given by (B1-B4) in appendix b. De-
tails for the derivation of (A1-A13) are given in Asmus-

sen and Schnabel (1991), Schnabel and Asmussen
(1992), and Asmussen and Orive (2000).

APPENDIX B: EQUILIBRIA FOR THE
THREE-LOCUS DISEQUILIBRIA

We give here the details of the full forms for the final
three-locus disequilibria used for the decomposition of
the three-locus system’s equilibrium state. These are
given in terms of the six constant factors,

kk=1—- (1 —m)s
k,=2—- (1 -m)( +59)
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ks=m+ (1 — m)M —5s)
kiy=2—-A-m[1+s— M1 - 9)]
ks =2m + (1 — m)M(1 — s)

ke =2 — (1 — m)s,

which are functions of the migration and mating system
parameters (m, M, and s). Using these, the constant
coefficients of the various terms for the three-locus joint
allelic disequilibrium, Dasme, in (A10) are

m
C1 = —
kg
- m(@ = m)(@ — s){m(L = M)Xc + M[1 — (1 — m)s]Xc}
‘o KikoKs
o = m(l — m)(1 — M)(1 — $)Xu
: Kiks
¢ = 1 — mM@A — )Xy
4 k4
o= m(1l — m)M(1 — s)
° kiks

o = 2m(1 — m)M(1 — )Xy
' kiks '

(B1)

For the heterozygote three-locus joint genotypic dis-
equilibrium, Dayve, the constants in (All) are

¢ = 2m
1 K
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where K = PQ + QP.

The constants multiplying the various terms for the
three-locus, three-way allelic disequilibrium, Dawse, iN
(A12) are

(B2)

C1o

o_m
1 K,
6= m(l — m)M(L — s)
? Kiks

m(l — m)M(L — s)
€= — . B3
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Finally, the constants for the three-locus, three-way
heterozygote disequilibrium, Daamsc, in (Al3) are

2m
Cl = —
ks
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2 Kok
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