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Abstract

Adaptation and reproductive isolation, the engines of biological diversity, are still elusive when discussing the
genetic bases of speciation. Namely, the number of genes and magnitude of selection acting positively or negatively
on genomic traits implicated in speciation is contentious. Here, we describe the first steps of an ongoing research
program aimed at understanding the genetic bases of population divergence and reproductive isolation in the lake
whitefish (Coregonus clupeaformis). A preliminary linkage map originating from a hybrid cross between dwarf
and normal ecotypes is presented, whereby some of the segregating AFLP markers were found to be conserved
among natural populations. Maximum-likelihood was used to estimate hybrid indices from non-diagnostic markers
at 998 AFLP loci. This allowed identification of the most likely candidate loci that have been under the influence
of selection during the natural hybridisation of whitefish originating from different glacial races. As some of these
loci could be identified on the linkage map, the possibility that selection of traits in natural populations may
eventually be correlated to specific chromosomal regions was demonstrated. The future prospects and potential of
these approaches to elucidate the genetic bases of adaptation and reproductive isolation among sympatric ecotypes
of lake whitefish is discussed.

Introduction

Ecological shifts, resulting in extremely rapid rates
of divergence, stem from the process of adaptive ra-
diation (Orr & Smith, 1998). The ecological theory
of adaptive radiation purports that resource-based di-
vergent natural selection is the underlying cause of
diversification (Huxley, 1942; Mayr, 1942; Schluter,
2000), and that reproductive isolation may evolve as
a byproduct of divergent selection. In such cases, lin-
eages may display rapid speciation under conditions
of high ecological opportunity, lending to the term
‘ecological speciation’ to describe the evolution of re-
productive isolation originating from ecological forces
(Schluter, 1996a, b, 1998).

Overall, very little is known of the genetic basis
of adaptation and reproductive isolation such that the
conflict over the number and magnitude of genetic
changes responsible for speciation continues today
(Barton, 1998; Orr, 1998; Schemske & Bradshaw,
1999). The existing paradigm implies that adaptation
and reproductive isolation are caused by an infinite
number of genes each with a small individual ef-
fect. While Darwin (1859) was the first to suggest the
‘accumulation of innumerable slight variation, each
good for the individual possessor, Fisher’s (1930)
geometric model of gradualism appeared to mathemat-
ically confirm this idea. However, conflicting evidence
now suggests that a small number of genes invok-
ing large adaptive phenotypic effects may be more
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descriptive of the genetic basis of adaptation (Kimura,
1983; Barton, 1998; Orr, 1998). The empirical evid-
ence is contradictory, with some studies implicating
a large number of loci each with a relatively small
effect, that is, infinitesimal (Kim & Rieseberg, 1999;
Sawamura, Davis & Wu, 2000). Other studies have
found evidence of small number of loci each with a
large phenotypic effect, that is, oligogenic (Tanksley,
1993; Bradshaw et al., 1995, 1998).

Linkage mapping techniques offer a promising
avenue to resolve this debate through mapping the
genetic architecture of reproductive barriers, that is,
the number, effects, interactions, and location of
genetic factors contributing to reproductive isolation
(Rieseberg, 1998a; Rieseberg, Whitton & Gardner,
1999). Moreover, utilisation of a hybrid cross between
evolutionary lineages where prezygotic reproductive
isolation is incomplete is highly amenable to the con-
struction of an informative linkage map (Rieseberg &
Linder, 1999). Controlled hybridisation experiments
between different species that exhibit almost com-
plete reproductive isolation are typically restricted to
only one or a few generations of recombination. In
contrast, hybrid crosses exhibiting incomplete repro-
ductive isolation essentially liberate a wide array of
genotypes historically resulting from many genera-
tions of recombination that would have otherwise been
‘hidden’ by natural selection in natural populations. In
such hybrid crosses all components of ‘interspecific’
gene flow barriers are represented (Rieseberg, 1998b).
Only two studies to date have successfully utilised hy-
brid zones (in Sunflower species, Helianthus spp.) to
investigate the genetic architecture of barriers to inter-
specific gene flow and correlate the results to available
linkage maps (Rieseberg, Whitton & Gardner, 1999;
Carney, Gardner & Rieseberg, 2000). The utility of
this approach has never been tested in natural animal
populations.

Because of their young age, northern temperate
fish populations provide an effective window within
which critical speciation issues can be addressed dir-
ectly (Bernatchez & Wilson, 1998). Numerous spe-
cies consisting of sympatric forms undergoing rapid
phenotypic divergence and reproductive isolation have
been discovered within this zone (reviewed in Taylor
& McPhail, 1999; Robinson & Schluter, 2000 and see
also Turgeon, Estoup & Bernatchez, 1999). One of
the best studied groups of such sympatric forms is the
whitefish complex composed of North American and
Eurasian populations (traditionally referred to Core-
gonus clupeaformis (lake whitefish) and C. lavaretus,

(European whitefish) respectively; but see Bernatchez
and Dodson (1994) for inconsistencies between no-
menclature and phylogenetic relationships). Phylo-
geographic studies have revealed the existence of
five glacial lineages that diverged during inhabita-
tion of isolated Pleistocene glacial refugia, 18,000 to
approximately 500,000 ya (reviewed in Bernatchez,
Chouinard & Lu, 1999). Secondary contact, accom-
panied by introgressive hybridisation has subsequently
occurred between glacial races, typically in lakes of
the Allagash basin (St. John river drainage) located
in south-eastern Québec (Canada) to northern Maine
(USA) (Fenderson 1964; Bernatchez & Dodson, 1990;
Lu, Basley & Bernatchez, 2001). Whitefish of this
area also constitute a species complex given the ex-
istence of several sympatric pairs, whereby dwarf and
normal ecotypes co-inhabit in at least 10 lakes (Fend-
erson, 1964; Scott & Crossman, 1973; Bernatchez,
Chouinard & Lu, 1999). These ecotypes display adapt-
ive trait phenotypic differences in life-history, beha-
vioural, and morphological characters associated with
the use of distinct trophic resources (Fenderson, 1964;
Bernatchez, Chouinard & Lu, 1999). Although not
firmly demonstrated by the experimental approach,
there is little doubt that ecological processes are con-
tributing to maintaining phenotypic divergence, and
possibly reproductive isolation between whitefish eco-
types (Bernatchez et al., 1996; Pigeon, Chouinard &
Bernatchez, 1997; Lu & Bernatchez, 1999). In addi-
tion, intrinsic genetic processes may also elicit the
formation of reproductive isolation between popula-
tions issued from different glacial races, following
evidence of hybrid inviability under experimental con-
ditions (Lu & Bernatchez, 1998).

Overall, whitefish offer many characteristics of an
ideal system within which critical issues of relevance
for understanding the genetic basis of population di-
vergence and reproductive isolation can be addressed.
Namely, the genomic regions identified by mapping
of whitefish hybrid forms are more likely to repres-
ent genes actually involved in speciation rather than
genes that have diverged following speciation. In this
paper, we present the first steps of an ongoing re-
search program on whitefish in order to illustrate the
potential of both linkage mapping and introgressive
hybridisation analyses to investigate the genetic ar-
chitecture of population divergence and reproductive
isolation. First, we tested the amenability of 250
AFLP markers towards creating a preliminary linkage
map using a hybrid dwarf/normal lake whitefish back-
cross. Second, we genotyped whitefish individuals



from a naturally introgressed and putative parental
populations at 1171 AFLP loci to illustrate the util-
ity of maximum-likelihood method in estimating hy-
brid indices from non-diagnostic, dominant markers.
We then show how this information can be used to
identify candidate loci for which introgression has
likely been constrained (or favoured) by selection in
the naturally introgressed population. In light of these
results, we discuss the potential of the combined use
of genomic/QTL mapping and comparative analysis of
hybrid indices for testing future hypotheses that can
detail the genetic bases of adaptation and reproduct-
ive isolation among sympatric ecotypes of lake white-
fish.

Materials and methods

Generation of hybrid mapping families

The parental generation of dwarf whitefish were col-
lected in the fall of 1996 from Témiscouata Lake
(47°36'N, 68°45'W), whereas the parental generation
of normal whitefish were collected from Aylmer Lake
(45°50'N, 71°26'W) (Figure 1). The F1 generation
consisted of reciprocal intraspecific pure dwarf (DD),
pure normal (NN), and hybrid dwarf/normal (ND)
crosses as described in Lu and Bernatchez (1998). The
pure dwarf F1 were generated with a complete diallel
cross using 20 males and 20 females. The notation H1
will be used to define a normal female crossed with a
dwarf male, that is, ND.

The backcross (BC1) generation was crossed on
November 1, 1999, using the same methodology as
Lu and Bernatchez (1998). Adipose fin tissue from
each parent was also collected for subsequent DNA
extractions. The mapping family was generated by
crossing an F1 hybrid female with a pure F1 dwarf
male (H1D). After hatching, 60 progeny were col-
lected and used for construction of the preliminary
linkage map. Other hybrid backcross families were
also generated for future comparative mapping studies
but are not discussed here.

Pure and introgressed glacial lineage samples

Lake whitefish were sampled from the secondary con-
tact zone of the St. John river basin of north-eastern
North America (Figure 1). Representatives of At-
lantic and Acadian glacial lineages were sampled from
three different lake populations, respectively. The
‘purity’ of lineage samples was assessed through a
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previous factorial correspondence analysis (FCA) that
described glacial lineage associations among popula-
tions based on six microsatellite loci (Lu, Basley &
Bernatchez, 2001). A total sample population of 18
fish originating from the three most representative At-
lantic lineage populations (Cliff Lake-normal ecotype
(n=06); Ross Lake (n =6); and Clear Lake (n =6))
and 17 fish from the three most representive Acadian
lineage populations (Cliff Lake-dwarf ecotype (n = 6);
East Lake-normal (n = 6); and Crescent Pond (n =5)
were sampled (see details in Lu et al., 2001). The in-
trogressed sample consisted of 36 individuals of the
Témiscouata Lake dwarf ecotype. The estimate of ad-
mixture proportion at six microsatellites obtained by
the weighted least squares method of Long (1991)
was 63% versus 37% for Acadian and Atlantic lin-
eages (Lu, Basley & Bernatchez, 2001). Tissues of
liver or muscle were collected from each specimen and
preserved in 95% ethanol for subsequent total DNA
extraction.

Characterization of AFLP markers for linkage
mapping and analysis of hybrid indices

The AFLP plant mapping kit (Applied Biosystems,
Inc.) was used according to the protocol of Vos et al.
(1995) to generate informative linkage markers from
the whitefish mapping family and for the quantifica-
tion of hybrid indices. We initially tested 64 selective
amplification primer possibilities to discern which se-
lective amplification primer pairs yielded the most
polymorphic bands for linkage map construction and
introgression analysis. For the linkage map, 12 primer
combinations that yielded the most consistent and re-
producible fragments were chosen while five primer
combinations were chosen for the quantification of
hybrid indices (Table 1).

Electrophoresis of selective amplification products
was performed using an ABI 377 automated sequencer
(Applied Biosystems, Inc.) on 5% long-ranger polyac-
rylamide gels for a migration period of 3.5 h. Analysis
of fragments was completed using Genescan software
(Applied Biosystems, Inc.) with a fluorescent signal
detection threshold set to 100 fluorescent units. The
scoring of loci was performed using the software Bin-
there, developed by N. Garnhart (University of New
Hampshire), and available on the website of T. Kocher
laboratory (http://www.tilapia.unh.edu). Binthere gen-
erates spreadsheets for AFLP data whereby all scored
amplified fragments are automatically placed within
1 bp size-specific bins ranging from 50.5 to 499.5bp
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Figure 1. Location map of sampled whitefish populations for this study. (see Lu, Basley & Bernatchez, 2001 for details).

permitting an objective scoring of presence/absence
from the bins.

Linkage map construction

All polymorphic AFLP fragments were tested for
Mendelian 1:1 segregation ratios with a log-likelihood
G-test using the software package LinkMFex (R.G.
Danzmann, www.uoguelph.ca/~rdanzman/software/
LINKMEFEX). The significance of distorted segreg-
ation ratios was corrected for multiple comparis-
ons using the sequential Bonferonni correction (Rice,
1989), while all markers with table-wide signific-
ant deviations were monitored throughout linkage
analysis in efforts to guard against the formation
of pseudolinkages (Cloutier, Cappadocia & Landry,
1997). As this study represents the first mapping ef-
fort of the Coregonus genome, linkage groups had
to be first designated in LINKGRP (R.G. Danz-
mann, www.uoguelph.ca/~rdanzmann/software/LIN-
KMFEX) and remaining markers were subsequently
linked on the basis of the ‘assign’ command output
in MAPMAKER 3.0 (LOD threshold of 3.0). Gen-
otypic data were entered in both linkage phases to
satisfy the requirements of the software (Lander et al.,
1987). For linkage groups with nine or fewer markers,
the exhaustive analysis using the ‘compare’ command
was performed. For linkage groups with more than 10
markers, a three-point analysis (LOD > 3.0) followed
by the ‘order’ command determined the sequence of
markers. Final map distances (cM) were calculated

using the Kosambi function (Ott, 1991). All link-
age groups were generated under the assumption that
sex-specific recombination, a phenomenon implicated
in numerous salmonid species, is likely occurring in
whitefish (Sakamoto et al., 2000).

Maximum likelihood estimates of hybrid indices using
non-diagnostic markers

Hybrid indices are used for both description of and
inference about hybrid populations. In the absence of
information about the exact nature of the crossing his-
tory which has produced a hybrid population, the hy-
brid indices of individuals from the population allow
us to visualise the relative contribution of source pop-
ulations, and the variation in that contribution among
individuals. When hybrid indices are calculated over
diagnostic alleles the components of the variance in
contributions can be dissected allowing rapid calcula-
tion of the pairwise association between alleles (Bar-
ton & Gale, 1993). When an allele is non-diagnostic
there is doubt about its source population. Therefore,
a hybrid index which includes information for any
non-diagnostic allele must be estimated rather than
calculated. This issue was first addressed by Riese-
berg, Baird and Desrochers (1998), and the estimation
procedure used in that study has also been used by
Rieseberg, Whitton and Gardner (1999). The hybrid
index estimates presented here were calculated using
the method laid out in the Appendix of Rieseberg,



Table 1. Summary of AFLP locus data for the HID mapping family and the analysis of hybrid indices

Selective AFLP primers Total
AGAC CAAG CTAG CATA AGTT CAAT ACTA ACTC CCTC CGTC CTTC GGTG

No. of markers characterized

In H1D mapping family 4 47 13 38 13 14 3 9 6 53 14 36 250

In natural populations 104 185 397 248 243 1177
No. of markers conserved between

H1D and natural populations 4 33 11 30 12 90
No. of markers successfully mapped 4 21 5 21 2 9 2 1 2 17 9 26 119
No. of mapped markers conserved

in natural populations 4 10 4 17 2 37
No. of mapped markers

deviating from 1:1 segregation ratio 3 7 0 6 0 3 0 0 1 5 1 2 28

AFLP primers are denoted by the EcoRI Axx & Msel Cxx selective nucleotide combinations, respectively.

6¢C
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Baird and Desrochers (1998). We briefly summarise
the formal principles of the approach below.

The approach is largely analogous to the analysis
of variance in hybrid index for diagnostic traits de-
scribed by Barton and Gale (1993). When considering
diagnostic traits, the variance in hybrid indices over all
individuals can be split into two components: that due
to the variance within each trait across all individuals,
and that due to the covariance between traits across
all individuals. If the traits are discrete Mendelian
markers, then the covariance among traits are due to
statistical associations between the markers, that is
linkage disequilibria. The variance of the hybrid index
over all individuals and the variance of marker states
at each locus are calculated, and their difference is
the variance due to linkage disequilibria. As we know
the number of pairs of loci involved, we can therefore
rapidly calculate the average pairwise linkage disequi-
librium that would explain this variance. We can then
make inferences about the various processes which
generate linkage disequilibrium: migration, epistatic
selection and drift, those which maintains linkage dis-
equilibrium, for example, selection against hybrids,
and those which degrade linkage disequilibrium, for
example, segregation and recombination.

Hybrid indices over non-diagnostic loci were es-
timated using the likelihood framework (Fisher, 1925;
Edwards, 1972; Hilborn & Mangel, 1997). Likelihood
estimation requires a model concerning observations.
The model for hybrid populations is based on inherit-
ance: we assume that two source populations that were
separated have both contributed to a mixed population.
This means that each allele in the mixed population
must trace its copy-by-copy ancestry either through
one source or the other. Likewise all the parent-by-
parent ancestral lineages of an individual must at some
point trace through one source or the other. We thus
define the hybrid index for a locus as the proportion
of alleles at that locus which trace their copy-by-copy
ancestry through one of the source populations. We
then define the hybrid index for an individual as the
proportion of its parent-by-parent ancestral lineages
that trace through one of the source populations, in
the generation before the first mixed mating in its
ancestry. These definitions are consistent with the cal-
culation of hybrid indices over diagnostic loci (Baird,
in preparation).

To estimate hybrid indices we assume to know
the frequencies of allele states in the source popu-
lations. In the present study the source populations
are the putative Acadian and Atlantic glacial lineages.

We calculated the likelihood of the source of an al-
lele using the comparative frequencies of alleles of the
same state in the two source populations. If the al-
lele’s copy-by-copy ancestry traces either through one
source or the other, then the more likely source is the
one in which alleles of the same state are more com-
mon. The likelihood of the hybrid index for a locus
is simply the product of the likelihoods of the alleles
at that locus. The likelihood of the hybrid index (HI)
of an individual is calculated in two stages. First, the
frequencies of allele states over all the individual’s an-
cestral lineages are calculated given that a proportion
HI are from one source and a proportion (1-HI) are
from the other. Second, the likelihood of each of the
individual’s alleles being observed is calculated, given
the allele state frequencies in its ancestral lineages.
The likelihood for the hybrid index of the individual
is the product of these likelihoods calculated for its
alleles.

We can then make inferences about the evolution-
ary process by comparing hybrid indices estimated
over loci and hybrid indices estimated over individu-
als in an approach analogous to the comparison of
the within-locus and across-individual variance com-
ponents of diagnostic hybrid indices (Barton & Gale,
1993). The nature of these inferences is clear, given
the definitions of per locus and per individual hybrid
indices: we are contrasting the modes of inheritance
of alleles and individuals. The joint estimate of the
hybrid index over all individuals is the best estimate
of the entire individual-based ancestral contribution
from one source. This will be a function of the pro-
portion of individuals which have entered the mixed
population from each source, and the relative fit-
nesses of the source populations in the context of
the mixed population (the tendency of one source to
give rise to more child-by-child descendants than the
other in the mixed population). This can be contras-
ted with the effect of fitness differences at the per
locus level. Although alleles from the two sources will
be mixed necessarily at the same ratio as individuals,
their subsequent fate need not follow that determined
by the population-level fitness of the sources. When
hybrid indices within loci are compared to the pre-
diction made across all individuals, we can identify
candidates for markers (or linked loci) under strong
selection in the context of the introgressed popula-
tion. Thus, loci with hybrid indices departing the most
from the joint estimate of the hybrid index over all
individuals are the most likely candidates for direc-
tional selection during the process of hybridisation.



The drop in likelihood when a number of estim-
ates are replaced by a single estimate over the same
data can be thought of an analogous to the variance
among those estimates. These likelihood drops can be
used in the same way that variance among individuals
and variance within loci can be used to calculate the
variance due to linkage disequilibrium. All compu-
tations for estimating linkage disequilibrium, hybrid
index indices and associated error (2 units of support)
were performed using Mathematica 4.0 (Wolfram,
1992).

Results

Characterization of AFLP markers

The selective amplification primer combinations used
revealed a high number of markers potentially amen-
able to linkage map construction and for the intro-
gression analysis. Overall, the 12 primer combinations
deemed useful for linkage mapping in the HID fam-
ily generated 250 potential polymorphic fragments
(Table 1). We also scored the presence/absence of
1177 AFLP loci in the Atlantic and Acadian reference
populations that could be used for the maximum like-
lihood estimates of hybrid indices in the introgressed
Témiscouta dwarf population. We found that 37 of
these loci were conserved within the mapping families
(31% of all mapped markers), suggesting that conser-
vation of AFLP markers between these samples may
be sufficient to eventually link traits from laboratory
crosses to natural populations, and vice versa (Table 1,
but see Discussion).

Linkage analysis and genomic map

The 250 potentially informative AFLP markers for
linkage mapping were scored in 60 progeny. Three
individuals were missing a substantial number of gen-
otypes and were rejected from the data set. We suc-
ceeded in mapping 119 markers to 29 sex-specific
linkage groups (Figure 2). The total map distance of
the Coregonus clupeaformis HID map was 1462 cM,
with an average distance of 16.2cM between mark-
ers. The size of the linkage groups ranged from
12.7cM to 200.9cM (average =50.4cM). The num-
ber of markers per linkage group ranged from 2 to
17.

Of the mapped markers, 28 loci exhibited sig-
nificant (tablewide o =0.05) deviations from 1:1
Mendelian segregation ratios, indicating that 24% of
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the total number of mapped markers had distorted se-
gregation ratios (Table 1, Figure 2). High levels of
segregation distortion in dominant loci are not uncom-
mon and may even be indicative of linked sequences
or loci under positive or negative selection (Rieseberg
et al., 1993). Given our main interest in assessing the
homology of potentially selected loci between mapped
families and natural populations, distorted loci were
retained for building the map. Of the distorted AFLP
loci, dominant markers were under and overrepresen-
ted at 19 and 9 loci, respectively. The distribution of
these did not appear randomly distributed, as several
linkage groups had no or very few such loci (e.g., Lgl,
Lg2,Lg3, Lgll), while others were mainly composed
of such loci (e.g., Lg7, Lg20, Lg29).

Several loci could not be mapped into the HID
family as we found 92 loci that were grossly under-
represented in the genotypes. Further investigations
revealed that these loci were very close in signal in-
tensity to the threshold of 100 fluorescent units. As
such, many of these genotypes went undetected during
scoring of the raw data. Because of their instability,
they were rejected from preliminary mapping efforts.
A remaining 39 of 250 loci were also rejected as they
resulted in either substantial linkage conflicts within
the preliminary map possibly due to tetraploidy ances-
try or sex-specific recombination (see Discussion), or
did not show any linkage. Loose linkage relationships
observed indicate that proposed linkage groups and
accompanying map distances should be considered as
‘best’ estimates until additional loci can be added.

Maximum likelihood estimates of per individual and
per locus hybrid indices.

Out of 1177 AFLP loci in the pure Atlantic and Aca-
dian reference populations, 998 (85%) were useful for
calculating estimates of per individual and per locus
hybrid indices in the Témiscouata dwarf population.
None of these were diagnostic, exhibiting dominant
marker frequency differentials between the parental
Atlantic and Acadian glacial lineages ranging from of
2 to 44%. Loci that were rejected from the data set in-
cluded markers that either displayed novel dominants
in the Témiscouata population or that did not contrib-
ute to inferences of introgressive hybridisation (equal
frequencies).

Our approach was designed to show not just the
best estimates for hybrid indices, but what the es-
timates would have been if our dataset was limited
to less than ~1000 loci, as is most often the case
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in such studies. We performed this analysis, first as
if we had observed only two of the loci, then as if
we had observed four, then six etc. This approach
served three purposes: as a form of power analysis
of our own dataset, as an indication of the power of
inference available to studies in general which use
non-diagnostic loci, and as a first stage in differen-
tiating the effects during hybridisation on loci which
have differentiated most during isolation of source
populations, versus loci which have differentiated
least.

The joint maximum-likelihood estimate of per in-
dividual hybrid index over all Témiscouata individuals
and when all 998 loci were considered was 0.56 (2
units of support: 0.54 — 0.59, Figure 3). This value
revealed that the Témiscouata dwarf population was
highly introgressed, whereby the genotypic composi-
tion of individuals were overall more likely to be of
Atlantic than Acadian lineage origin. Note however,
that the hybrid index estimate over individuals var-
ied substantially as a function of the number and type
(based on frequencies of dominant allele) over which
it was made (Figures 4).

The maximum-likelihood estimate of per locus hy-
brid index over all 998 loci was 0.79 (2 units of
support: 0.78 — 0.81), (extreme right, Figure 4). The
discrepancy (0.79— 0.56 =(.23) between both hybrid
indices estimates provided a first indication of the ef-
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Number of individuals

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Maximum-likelihood estimates of hybrid index

Figure 3. The distribution of per individual hybrid index among
individuals over 36 whitefish from the dwarf population of
Témiscouata Lake when all 998 loci are considered. The per in-
dividual estimates are categorised without reference to their support
bounds. The joint hybrid index estimate over all individuals is 0.56
(2 units of support: 0.54-0.59).

fects of linkage disequilibrium, and of the possible
role of selective effects in shaping the observed pattern
of introgression in the Témiscouata dwarf population.
Further indication of this was illustrated by compar-
ing the pattern of both hybrid indices as a function
of loci included in the analysis, as well as that of
the associated estimate of pairwise linkage disequi-
librium. When up to the 10 most divergent loci (5
most characteristic of each lineage) were included in
the analysis, both indices were relatively similar, al-
though characterized by large errors around estimates
and linkage disequilibrium was near zero (left of Fig-
ure 4). When the 10 following most divergent loci
were included (going from 10 to 20 loci), a strong dis-
crepancy developed between estimates of both indices,
characterized by a decrease of per individual hybrid in-
dex strongly biased towards the Acadian lineage. This
was also accompanied by a sharp negative increase of
the pairwise estimate of linkage disequilibrium. This
effect slowly eroded as the number of loci included
in the analysis was increased. When more than ap-
proximately 100 loci were included, both estimates
essentially behaved in the same manner (similar curve
shape), although the per individual hybrid index re-
mained approximately 20% lower than that of per
locus. In other words, the overall discrepancy between
both hybrid indices was caused by a relatively lim-
ited number of associated loci. This indicated that
these loci are either held in association in a part of
the genome with very low recombination relative to
other regions, or that their association is maintained
by selection.

Figure 5 which illustrates the deviation of observed
marker frequencies for the 998 individual AFLP loci
from their expected frequencies given the estimated
hybrid index over all individuals of 0.56. A majority
of loci (n = 585) did not significantly deviate from ex-
pectation (their frequency falling within the two units
of support of the estimate of expected frequency). On
the other hand, a total of 199 and 214 loci were more
likely characterized by an allelic composition of Aca-
dian lineage origin (left) or of Atlantic lineage origin
(right), respectively. The extremes of this distribu-
tion comprise the most likely candidate markers for
directional selection during hybridisation. If we set a
threshold of 10% deviation outside the two units of
support of HI expectation in order to pinpoint the loci
significantly most deviating from expectation, a total
of 14 loci with an overrepresentation of Atlantic lin-
eage and 12 loci with an overrepresentation of Acadian
lineage were retained.
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Figure 4. Change in estimates of hybrid index as increasing numbers of non-diagnostic loci are included in the analysis. Hybrid indices over loci
and individuals are defined in the text. The number of loci is shown on a log scale. Loci were ordered with the highest frequencies of dominant
markers in the Atlantic source population, relative to the Acadian source population, and also with the highest frequencies of dominant markers
in the Acadian source population, relative to the Atlantic source population. Loci were then introduced pairwise into the analysis. The first such
pair consists of the locus with the highest frequency of dominant markers in the Atlantic lineage relative to the Acadian lineage, together with
the locus with the highest frequency of dominant markers in the Acadian lineage, relative to the Atlantic source population.
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Figure 5. The deviation of observed locus marker frequencies for 998 individual AFLP loci from their expected frequencies given the estimated
hybrid index over all individuals (0.56 with two units of support given by horizontal dotted lines). The sigmoid curve shows that some loci are
more likely characterized by an allelic composition of Acadian lineage origin (left) or of Atlantic lineage origin (right). The extremes of this
graph therefore comprise the most likely candidate loci for directional selection. The histograms in black indicate the minimum deviation with
2 units of support from the expectation. Deviation from expectation is more certain for some loci (those with higher sharp black peaks in the
histogram) than others (those with white dents in the histograms).
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Table 2. Summary of AFLP loci mapped in the HID mapping family and genotyped

Témiscouata Lake dwarf whitefish population

in the introgressed

Locus number Locus ID Linkage  Locus deviation from  Locus differences
in hybrid index group average hybrid from zero signed
index (0.56)

Acadian 5 CAAGI108 14 —0.158 —0.046
17 CAAG 114 3 —0.119 —0.030
34 AGACI100 20 —0.100 —0.055
47 CAAG084 14 —0.084 —0.042
62 CAAGI126 14 —-0.079 —0.007
63 CAAG174 3 -0.079 —0.038
76 AGTTO61 27 —0.068 —0.047

155 CAAG140 3 —0.044 —0.025
389 CATA086 13 —0.011 —0.007
394 CAAGI143 3 -0.010 —0.004
415 CAAG145 3 —0.008 —0.003
443 CTAG116 9 —0.005 0
459 CTAGO065 27 —0.004 —0.003
529 CATA087 11 0 0
612 CAAG176 24 0.018 0.016
617 CATA135 11 0.020 0.011
618 CATA142 7 0.020 0.009
632 CAAGO069 14 0.022 0.011
776 CATA064 20 0.027 0.020
831 CATA062 11 0.046 0.026
845 CATA120 7 0.049 0.024
874 CATA084 13 0.053 0.038
879 CTAGO072 9 0.055 0
916 CATA170 4 0.075 0.020
929 CATA061 7 0.080 0.050
935 CTAGO073 15 0.084 0
947 AGACI152 12 0.092 0.045
951 AGACI175 12 0.095 0.027
955 CATA126 13 0.097 0.039
968 CATA119 4 0.106 0.067
969 CATA104 4 0.106 0.067
981 AGACI26 12 0.123 0.054
982 CATA108 4 0.124 0.089
995 CATAO058 20 0.179 0.114
996 CATA131 7 0.183 0.098
Atlantic 998 CATAO083 7 0.187 0.094

Loci are presented in ascending order concordant with the deviation from expected frequency (last column)

presented in Figure 5.

A total of 37 markers identified in the analysis of
hybrid indices were conserved in the mapping family
and segregated onto the linkage map (Table 2). Some
of the strongest candidate loci for directional selection,
(e.g., CAAG108, CATAO058, CATA083, CATA131)
were located on the map. In several instances, we
also observed a comparable level of deviation from ex-

pected frequency for several loci located on the same
linkage group, suggesting either very low recombina-
tion in the introgressed population or similar selective
effects on loci in the context of hybridisation. For
instance, high positive deviations were generally ob-
served for markers of linkage groups Lg4, Lg7 and
Lgl12, while high negative deviations were observed



for Lgl4 loci and small deviations from expecta-
tion were generally observed for Lg3 and Lgl1 loci.
These qualitative observations also provided evidence
of linkage group conservation between mapped and
natural population loci, and support the possibility that
traits elucidated with linkage mapping may be inferred
in natural populations. Further qualitative compar-
isons between the mapping family and the natural
population also supported possible selective effects on
several linkage groups. Namely, it was noteworthy
that several linkage groups, such as Lg7 and Lgl2,
that were characterized by a majority of loci that
significantly deviated from expected Mendelian pro-
portions in the mapping family also showed strong
deviations from expectation of neutral introgression
in the naturally introgressed population (Table 2,
Figure 5).

Discussion

The main objectives of this paper were to demon-
strate the amenability of linkage mapping and the
comparative analysis of likelihood estimates of hy-
brid indices using non-diagnostic markers for direct
studies into the genetic bases of population divergence
and reproductive isolation in the lake whitefish. The
generation of a first linkage map constructed from
AFLP markers genotyped from a reciprocal hybrid
dwarf/normal whitefish mapping family was the first
step in achieving this goal. It also represents the
first genomic mapping effort for Coregonus clupea-
formis. Furthermore, the differential behaviour of the
maximum-likelihood estimates of per locus and per
individual hybrid indices provided indication for the
possible role of selection in shaping the observed pat-
tern of introgressive hybridisation in the Témiscouata
Lake dwarf population. Notably, this allowed identi-
fication of likely candidate markers (or linked loci)
for which introgression has likely been constrained
(or favoured) by selection in a naturally introgressed
whitefish population. This study also revealed that
many loci and several linkage groups identified in the
mapping family were conserved in the natural popu-
lations. Finally, several linkage groups characterized
by a majority of loci that significantly deviated from
expected genotypic proportions in the mapping family
also showed strong deviations from the neutral ex-
pectation in the natural population. These first results
therefore illustrate the potential of the combined use
of genomic/QTL mapping and the comparative ana-
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lysis of per locus and per individual hybrid indices
derived from non-diagnostic markers for testing future
hypotheses that can detail the genetic basis of popu-
lation divergence and reproductive isolation in white-
fish.

Linkage mapping

Amplified fragment length polymorphisms (AFLP)
were first described by Vos et al. (1995) as a genetic
marker system capable of generating DNA fingerprints
for any organism regardless of the complexity of the
genome (Van der Lee et al., 1997). Since then, AFLPs
are emerging as the markers of choice for genetic map-
ping of organisms for which few codominant markers
(e.g., microsatellites) have been developed (Mueller &
Wolfenbarger, 1999). The utility of AFLP in generat-
ing high density linkage maps has been demonstrated
numerous times (Kocher et al., 1998; Young et al.,
1998; Kim & Rieseberg 1999). Overall, the choice of
genetic marker for mapping is correlated to the amen-
ability the marker has to not only generating a link-
age map, but to efficiency and cost of development.
With relatively little effort compared to similar de-
velopment of codominant markers, 250 polymorphic
AFLP markers were generated with only 12 selective
amplification primer combinations. Furthermore, the
multiplexing potential of AFLP allowed routine mi-
grations of all primer pairs for multiple individuals
within a single gel.

Past karyotypic investigations of lake whitefish
show that the genome is comprised of 40 linkage
groups (Allendorf & Thorgaard, 1984). We have
thus far successfully identified 29 sex-specific link-
age groups covering 1462 cM of the whitefish genome.
Some of the AFLP markers were found to devi-
ate significantly from Mendelian segregation ratios.
This may reflect a real departure caused by segreg-
ation distortion underlying certain genomic traits not
yet identified, a limitation of the sample size in the
preliminary map, or inherent genomic characteristics
of the whitefish genome. Although dominant mark-
ers are typically easier to generate for a pedigree,
they may have limited usefulness across families un-
less the marker is cloned and sequenced to establish
homology (Knapik et al., 1998). Yet, the apparent
conservation of many loci and several linkage groups
between the mapping family and the natural popula-
tions indicates that this problem can at least partly be
circumvented. Future mapping efforts of the whitefish
genome will necessarily imply a combined approach
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using dominant and co-dominant markers such that
the map efforts are amenable across different families
and increases the likelihood that overall marker dis-
tribution will be evenly spaced (Kocher et al., 1998).
Moreover, markers that exhibit Mendelian inheritance
by co-dominant segregation will have both parents
contributing to the allelic state in offspring, increasing
the flexibility of detecting marker segregation in the
progeny.

It was not possible to assess quadrivalent forma-
tions that appear to be prevalent in male salmonids
and that are likely responsible for the reduced re-
combination contributing to sex-specific differences
(Sakamoto et al., 2000). Mutivalent pairings are pre-
sumably higher in whitefish as a result of the inherent
tetraploid ancestry, but are also likely confined to
males (Allendorf & Thorgaard, 1984). Such struc-
tural constraints in males implicated in recombina-
tion within multivalent pairings may be possible to
visualise in future studies through comparative fam-
ily mapping techniques and gene-centromere map-
ping approaches. Future mapping efforts in white-
fish should therefore continue to incorporate the use
of female-based hybrid backcross families, decreas-
ing observable sex-specific segregational differences.
With reference to tetraploidy, in order to elucidate the
degree of tetraploid genomic regions that persist in the
Coregonus genome, co-dominant markers may reveal
duplicated genes, possibly allowing comparisons with
the signal intensity of AFLP loci that flank the duplic-
ated genes to identify duplicated AFLP loci. Further
investigations into the tetraploidy ancestry of this spe-
cies is required as polyploidy may have played an
important role in the evolution of whitefish (Allendorf
& Thorgaard, 1984).

Many AFLP markers identified in the whitefish
linkage map were also homologous to markers ori-
ginating from natural populations in the introgression
analysis. Altogether, when only considering primer
pairs used in the analysis of hybrid indices of the
Témiscouata Lake population, 90 of 115 markers
(78%) were conserved between the mapping family
and the wild populations. Reciprocally, 31% of all
mapped markers were conserved in the wild popula-
tions. These results therefore demonstrate the potential
to building comparative links between experimental
mapping families and wild populations. The potential
for finding even more loci of this nature will obvi-
ously grow as mapping efforts develop, and sample
sizes are increased in the screening of natural popu-
lations.

Comparative analysis of hybrid indices

The comparative analyses of per locus and per indi-
vidual hybrid indices estimated from non-diagnostic
markers using maximum-likelihood provided import-
ant insights into the nature of the pattern of intro-
gression observed in the Témiscouata Lake dwarf
population. This first showed that the overall genetic
composition of that population is the result of pro-
nounced introgression between the Acadian and At-
lantic glacial lineages. It also revealed, however, that
there was substantial variance in estimates among in-
dividuals, with the genetic composition of some being
more likely to be strongly influenced by the Acadian
lineage (e.g., those with HI of 0.25 on Figure 3), and
that of others being more likely to be of almost entirely
Atlantic lineage origin (e.g., those with HI of 0.95).
This result is in sharp contrast with previous interpret-
ations based on mitochondrial DNA which suggested
that the Témiscouata dwarf population was of pure
Acadian origin (Pigeon, Chouinard & Bernatchez,
1997). The results of our study were however more
comparable to those recently reported from the ana-
lysis of six microsatellite loci. Based on the admixture
proportions of different lineages computed by means
of the weighted least squares method (Long, 1991),
Lu, Basley and Bernatchez (2001) estimated that the
genetic composition of the Témiscouta Lake popula-
tion was 63% versus 37% of Acadian and Atlantic
lineage origin, respectively. While also indicating pro-
nounced introgression, this latter result is opposite
to the hybrid indices estimated in this study over all
998 loci. There are several possible explanations for
such discrepancies, the most obvious being the lim-
ited number of loci used in the previous analysis. This
study clearly showed that the extent of introgression
may vary substantially among specific loci (Figure 5)
and consequently, that the maximum-likelihood estim-
ate of hybrid index may vary depending on the actual
markers used, as well as their numbers. This was best
illustrated by the results of Figure 4. When only few
of the most divergent loci were used (up to 10), both
HI estimates were relatively similar and suggested a
more pronounced level of introgression towards the
Acadian lineage. Errors around estimates were how-
ever quite large for both estimates. When adding the
next 10 most divergent loci, a pronounced discrepancy
developed between both indices due to the contribu-
tion of an apparently limited number of loci to linkage
disequilibrium. Only when a very large number of loci
were included in the analysis did both estimates re-



spectively stabilise at a given value with narrow errors
around them. This clearly shows that any interpreta-
tion of overall level of introgression derived from a
limited number of markers (either diagnostic or not)
should be interpreted cautiously since patterns of in-
trogression are expected to vary substantially across
individual loci for deterministic causes, including se-
lection. As such, this study illustrates the benefits
of AFLP analysis for studying patterns of introgres-
sion. Clearly, the potential for analysing hundreds of
loci far outweighed the potential drawbacks associ-
ated with the use of dominant markers in estimating
hybrid index and inferring the possible causes of the
observed pattern of introgression. Admitedly, how-
ever, the small sample sizes used in this study, namely
for the source populations, also creates uncertainity
regarding the estimates we obtained. Clearly, future
efforts will necessarily imply increased sample sizes to
improve the representativity of the allelic composition
of the source populations.

The comparative analysis of the joint estimate of
the hybrid index over all individuals with the vari-
ance observed among individual loci also allowed us
to identify possible candidates for loci under strong
selection in the introgressed Témiscouta Lake popula-
tion. Thus, specific loci and even conserved linkage
groups deviated significantly from neutral expecta-
tions at the genomic level. In the lake whitefish sys-
tem, it may be hypothesised that the genetic bases
of adaptation and reproductive isolation will implic-
ate two main groups under selection. First, genetic
admixture at the loci implicated in existent genetic
incompatibility between the glacial lineages (Lu &
Bernatchez, 1998) may be counter selected while in
contrast, ecological divergence between ecotypes may
implicate a selection for certain loci towards the diver-
gence of adaptive niches. Indeed, in the lake whitefish
system under a selective hypothesis of neutral expect-
ations for introgressed markers, introgression of loci
(and linked markers) contributing to reproductive isol-
ation is expected to be retarded, whereas neutral or
positively selected chromosomal segments should in-
trogress at higher frequencies (Rieseberg, Whitton &
Gardner, 1999). If the markers have been genetic-
ally mapped, as was the case for some markers here,
the observed patterns of introgression should make
it possible to locate potential chromosomal segments
contributing to isolation. Indeed, some markers im-
plicated in the Témiscouata Lake dwarf population
that were contenders for selection were also segreg-
ated on the linkage map, and in some cases these
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loci showed pronounced distortion from the expected
segregation ratio in the mapping family.

Future directions

Schemske and Bradshaw (1999) proposed two exper-
iments for elucidating the genetic basis of adaptation.
First, the genetic basis of adaptive phenotypic traits
and intrinsic genomic incompatibilities contributing
to speciation must be determined. Second, the ‘re-
sponse’ of wild populations to these localised traits
must be determined. To date, there have been no stud-
ies of this nature on natural animal populations. We
have demonstrated that both experiments necessary for
determining the genetic basis of adaptation and re-
productive isolation can potentially be achieved using
a gene mapping approach coupled with comparative
analyses of hybrid indices in the lake whitefish system.

Future studies should, therefore, focus on the
two experimental domains proposed by Schemke and
Bradshaw (1999) in an attempt to determine the ge-
netic architecture of loci affecting these traits. The
overall hypothesis to be tested will be that the genetic
basis of reproductive isolation in diverging popula-
tions can be understood as the genetics of behavioural,
morphological, physiological traits directed at trophic
resources (Bush & Smith, 1998; Diekmann & Doebelli,
1999; Kondrashov & Kondrashov, 1999). The num-
ber and effect of quantitative trait loci examined will
reveal whether adaptations and genomic incompatibil-
ity are always based on a large number of mutations,
each with a small effect, or if small mutations have a
large phenotypic effect (Coyne, 1995). It is likely that
polygenic adaptations contributing to adaptive traits in
our hybrid dwarf/normal crosses will become disas-
sociated by recombination, thus revealing variability
in traits that may otherwise not be seen due to nat-
ural selection (Rieseberg, 1998b; Jiggens & Mallet,
2000). Therefore, in the hybrid crosses it is likely
that the number of genes and their magnitude of effect
on genomic regions implicated in intrinsic postzygotic
isolation or QTLs associated with selection can be
quantified.

The second major hypothesis that requires invest-
igation is if the patterns of introgression in a natural
whitefish hybrid zone are determined by the intensity
of natural selection acting on genomic traits respons-
ible for phenotypic differentiation and reproductive
isolation as measured under laboratory conditions. It
may be predicted that the levels of introgression at
genetic markers associated with implicated genomic
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regions will be lower than that of chromosomal re-
gions not assocciated to phenotypic traits and genetic
incompatibility between laboratory whitefish hybrid
Crosses.

Finally, once the patterns of introgression observed
between ecotypes have been measured in the labor-
atory it will be possible to compare these measures
with that among natural populations inhabiting differ-
ent lakes. A repeatability and correlation of patterns
among lakes would offer a very strong demonstration
of selection at the genomic level (Rieseberg, Whitton
& Gardner, 1999). By sampling individuals from lakes
where sympatric whitefish ecotypes coexist, the same
maximum likelihood estimates of hybrid indices de-
scribed here could be used to examine marker loci that
are asociated with genomic incompatibility and crit-
ical QTL loci in the hybrid mapping families. We are
currently implementing such research initiatives with
the ultimate goal of elucidating the role of selection
in shaping the genetic basis of phenotypic divergence
and reproductive isolation in natural populations of
whitefish.
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