" BioOnhe COMPLETE

The use and abuse of microsatellite DNA markers in
conservation biology

Authors: Moss, Robert, Piertney, Stuart B., and Palmer, Stephen C.F.
Source: Wildlife Biology, 9(4) : 243-250

Published By: Nordic Board for Wildlife Research

URL.: https://doi.org/10.2981/wlb.2003.011

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://bioone.org/journals/Wildlife-Biology on 19 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



PROCEEDING ARTICLES

The use and abuse of microsatellite DNA markers in conservation

biology

Robert Moss, Stuart B. Piertney & Stephen C.F. Palmer

Moss, R., Piertney, S.B. & Palmer, S.C.F. 2003: The use and abuse of micro-
satellite DNA markers in conservation biology. - Wildl. Biol. 9: 243-250.

Conservation genetics is based on the need to maintain genetic variation,
which retains deleterious recessive mutations in a heterozygous state and pro-
vides adaptive potential in a changing environment. Typically, levels of vari-
ation in natural populations are assessed with neutral markers such as microsatel-
lites. Adaptive genetic variation, however, is likely to respond to microevolu-
tionary forces (mutation, natural selection and random genetic drift) in a differ-
ent way. Hence we need to study the relationship between neutral microsatel-
lite markers and genes of adaptive significance. We present simple models that
illustrate the difficulty of inferring levels of adaptive genetic variation from mol-
ecular markers, and hence evolutionary potential and fitness from microsatel-
lite markers.
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Conservation genetics is concerned with the genetic fac-
tors that affect extinction risk and the management
practices needed to minimise such risk, thereby main-
taining populations or species as dynamic entities that
can survive environmental change (Frankham, Ballou
& Briscoe 2002). The primary causes of extinction
risk are often anthropogenic, typically involving rem-
nant populations in fragmented or degraded habitats
(Lande 1988,1999). The contribution of genetic factors
to the fate of endangered populations has often, there-
fore, been considered secondary. Even so, the genetic
changes associated with population isolation, fragmen-
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tation and concomitant reduction in effective population
size are intimately linked with population viability. Two
key processes have been highlighted. First, small pop-
ulations are prone to inbreeding as individuals become
related by descent over time. This reduces individual fit-
ness through inbreeding depression, itself brought about
by increased homozygosity, the unmasking of delete-
rious recessive alleles and reduced genetic variation
(Crnokrak & Roff 1999). Second, small, isolated popu-
lations have reduced levels of genetic variation, which
compromises their ability to adapt and so survive envi-
ronmental change. This association, between reduced ge-
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netic variation, inbreeding and inability to adapt, means
that a primary objective in genetic management of pop-
ulations and species is maintenance of genetic variation
(Avise & Hamrick 1996).

Genetic variation within a population is naturally
maintained by new genetic variants, alleles, that arise from
mutation or immigration. Conversely, genetic variation
is lost from a population by natural selection against al-
leles with lower reproductive fitness in particular envi-
ronments, or by genetic drift. Low genetic variation can
also occur when a biased set of founders forms a new
population.

Measuring genetic variation in natural populations,
and so identifying populations at risk of extinction, is
problematic. A current trend is to characterise genetic
variation within populations and species in terms of the
number of alleles and their respective frequencies and
heterozygosities at individual loci, frequently using
molecular markers such as microsatellite DNA loci
(Frankham et al. 2002). Such surveys allow compari-
son between fragmented and continuous, or small and
large, populations. Also, because allele and genotype fre-
quencies attain Hardy-Weinberg equilibrium after a
single generation of random breeding in a large popu-
lation, any significant deviation from Hardy-Weinberg
predictions should reflect processes such as inbreeding.

A major criticism of this approach, however, lies in
the implicit assumption that a population depauperate
in microsatellite variation shows a proportionate reduc-
tion in the genetic variation associated with the quan-
titative traits that underpin reproductive fitness and
adaptive potential (Reed & Frankham 2001). Certain-
ly, mean heterozygosity should be proportional to the
variance for a polygenic trait, if all gene action is ad-
ditive (Falconer 1989). However, quantitative traits as-
sociated with fitness vary continuously due to the con-
tributions of many loci and to genotype-environment in-
teractions. Moreover, pleiotrophy, epistasis, dominance,
differential selection, different mutation rates and reg-
ulatory variation further complicate the structure of fit-
ness-related traits (Reed & Frankham 2001).

Here we use simple models to examine the dynam-
ics of genetic variation under particular regimes of ran-
dom genetic drift, selection and mutation. They illus-
trate the dangers of using microsatellites as a surrogate
for adaptive genetic variation. Our models are more eco-
logically meaningful than classical population genetic
models.

The usual textbook (e.g. Hartl 1980) model for micro-
evolutionary processes such as genetic drift, gene flow
and selection concentrates on a single locus with two
alleles, A and a, with population frequencies p and q,
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respectively. It focuses on p, estimating q by difference
(q = 1-p). There are two alleles per locus and so the to-
tal number of gene copies is 2N, where N is the num-
beroforganisms in the constant population. The mod-
el ignores sex and assumes independent segregation of
alleles. To mimic drift, a binomial distribution (number
2N, probability ptin generation t) is used to generate a
random walk in the number of allele A. Hence genetic
drift is due to environmental, not demographic, stochas-
ticity. Population size affects drift because there are few-
er possible values of A in smaller populations, and so
drift is faster.

The textbook model contains no explicit reproduction
or death. Nonetheless, it seems to represent demogra-
phy like that of an annual plant, each generation repro-
ducing once and then dying. It seems inappropriate for
many natural systems, including grouse populations.
Therefore, our models explicitly involve the effects of
demographic stochasticity on survival and reproduction.

Methods and models

Demographic model with explicit survival and
recruitment

We begin with a simple demographic model of grouse
numbers, starting with a population of 100 grouse in
autumn, 50 of which survive to reproduce next spring.
To maintain a constant population, each surviving adult
must rear on average one recruit per year (this differs
from the number of young reared, for it includes only
recruits to the breeding population). Over-winter sur-
vival is enacted by applying to each individual in the
autumn population a binomial survival probability of
0.5. Each survivor then produces recruits to the next gen-
eration, the number being taken at random from a
Poisson distribution with mean one. The total number
of grouse fluctuates due to demographic stochasticity,
and it might become extinct or expand indefinitely.

The basic model

We apply the same model to the alleles at a single lo-
cus, making extra assumptions. Given a fixed number
of 100 autumn grouse, there are 200 copies of alleles
A or a. Focusing on allele A, we start the model with
100 copies of A. Ifthe number of A falls to zero (extinc-
tion), the number of a must be 200 (fixation) and vice
versa. Hence one unit of genetic heterogeneity is lost
when A numbers zero or 200. The model parameters (i.e.
survival probability, recruitment probability and popu-
lation size) can, of course, be varied.



Population size and the harmonic mean
We are interested in how population size affects drift and
selection, but have two population sizes, autumn and
spring. In a fluctuating population, the mean number of
generations taken by a neutral allele to drift to fixa-
tion/extinction should be proportional to the harmonic
mean of the population size (Wright 1938, Gillespie
1998). We therefore use the harmonic mean of popu-
lation size in autumn (2N) and spring (2N x over-win-
ter survival) to represent the size of constant populations.
In reality, population size varies from year to year. To
model this, we calculated the frequency ptof A after re-
production in year t, the population size in year t+1, and
reset the number of A = pt(2Nt+l). The harmonic mean
ofall autumn and spring population sizes throughout each
simulation represented the size of fluctuating popula-
tions.

Loss of variation

The average rate of loss of genetic or microsatellite var-
iation due to drift was simulated by starting the basic
model with a frequency for A of 0.5. This was done re-
peatedly, the model restarting after each fixation/extinc-
tion. We measured the mean number of years to fixa-
tion or extinction and its inverse, the number of fixa-
tions/extinctions per year. Simulations continued until
the standard error of the mean number of years to fix-
ation/extinction was less than 10% of the mean, or un-
til 40,000 years had been simulated.

Selection, heterozygosity and protected
polymorphisms
Selection for or against A could be enacted by varying
the average survival or recruitment rate of A. The above
model does not incorporate heterozygosity and so, for
a diploid organism like grouse, it implies that A dom-
inates a. To represent recessive A alleles we incorporated
heterozygosity into the model, defining the frequency
of homozygous A alleles in year t as pt2and the frequency
of heterozygotic A alleles as 2ptqt [i.e. 2pt(I-pt)]. This
approximated a population that remained at Hardy-gv
equilibrium.

Drift or unidirectional selection implies that A or a
will eventually become fixed, with loss of genetic var-
iation. This can be preserved if neither A nora becomes
fixed because the heterozygotic genotype is protected
through frequency-dependent selection. Several such
mechanisms are known. We illustrate the principle with
models that give the heterozygote a selective advantage
over the two homozygotes.
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Mutation and immigration

A starting frequency of 0.5 for each run is convention-
al when simulating fixation/extinction of alleles already
in a population. Mutations, however, are likely to occur
singly. We therefore assumed that a mutation affecting
reproduction occurred in a single individual in a pop-
ulation previously homozygous for allele a. Hence the
starting number of allele A was one. The same model
can be used for immigration of a single heterozygous
individual into a homozygous population.

Results

The results from several iterations of the same model
often differed widely due to random drift. Each quot-
ed result was the average of many iterations for the mod-
elled locus. For heuristic purposes, we assume that the
modelled locus is typical of an idealised genome. Many
of the results are expressed as rates, for example the mean
number of loci at which A became fixed/extinct each
year. These rates can also be regarded as probabilities,
for example the probability that a locus with the mod-
elled characteristics will become fixed/extinct each
year.

Demographic extinction versus loss of genetic
variation

In our randomly fluctuating demographic model of N
grouse, the probability that a population will become ex-
tinct before it doubles in number PdX(N) is equal to the
probability that it will double in number. Having dou-
bled in number, the probability of demographic extinc-
tion before a further doubling in number is Pdx(2N),and
so on. Hence, the total probability of extinction ofa pop-
ulation of N individual grouse is

In the genetic version of the same model, there are 2N
alleles and the rate at which loci with two alleles become
fixed is equal to 2Pdx(2N). At very low population sizes
Pdx(N) >>Pdx(2N)’ so that the probability of demograph-
ic extinction is greater than the rate of loss of genetic
or microsatellite heterozygosity (Fig. 1).

Drift in models with different vital rates

In our drift model, recruitment of allele A averages
just enough to compensate for its mortality, the converse
of survival. Survival and recruitment, however, can



HARMONIC MEAN POPULATION SIZE (2N)

Figure 1 Loss of genetic variation in relation to the harmonic mean pop-
ulation size for three different sets of vital rates, i.e. survival rates of
0.1 (7), 0.5 (x) and 0.9 (77); recruitment per survivor9,land 0.1111,
respectively. A) shows the mean number of years that an allele took to
become fixed or extinct, and B) shows the mean number of fixa-
tions/extinctions per locus per 100 years. Slopes differed significant-
ly (ANCOVA: P < 0.05).

differ, giving different rates of turnover, the proportion
of alleles newly recruited each year. We simulated drift
in populations with three different sets of vital rates (see
Fig. 1A) at various population sizes (2N). In each case,
the mean number of years to fixation/extinction was
directly proportional to the harmonic mean of popula-
tion size. The slopes of the regression lines represent-
ed the rate at which the number of years to fixation/extinc-
tion increased with population size. The mean time to
fixation/extinction was shorter in populations with
faster turnover rates and the difference grew as popu-
lation size increased.

A number plotted against its inverse describes a hy-
perbola, so the relationship between the rate of loss of
heterozygosity and population size was hyperbolic (see
Fig. 1B) and accelerated with decreasing population size,
especially when populations were small.

For the rest of the paper we use a model with a sur-
vival rate of 0.5 per individual and a recruitment rate of
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Figure 2. Effect of frequency-dependent selection upon the mean
number of years to fixation/extinction, in relation to the harmonic
mean population size. With drift alone (x; survival rate = 0.5 and
recruitment rate = 1.0), the mean number of years that an allele took
to become fixed/extinct was linearly related to population size. The four
examples of frequency-dependent selection vary from strong to weak
(recruitment rate for homozygotes of 0.73 (7, 0.91 (77, 0.991 (77),
0.9991 (%), for heterozygotes 1.3and 1.1,1.01,1.001, respectively, sur-
vival rate 0.5 throughout). In each example the effects of selection dif-
fered significantly (ANOVA: P < 0.05, at each population size) from
those of drift alone, at or below the maximum population size shown
on the x-axis, except that for 0 a significant difference occurred at a pop-
ulation size of 6,667 but not at 4,000 or less. In each case 40,000 years
were simulated.

about 1.0 per survivor, varying this somewhat to mim-
ic different selection pressures.

Protected polymorphisms
The mean time that a deleterious recessive allele per-
sisted in model populations depended upon the strength
of any frequency-dependent selection. When the het-
erozygote had a very small selective advantage over both
homozygotes, its mean time to fixation/extinction was
indistinguishable from that due to drift alone (Fig. 2) until
population size (2N) reached 6,000-7,000. As the selec-
tive advantage of the heterozygote increased, so the mean
time to fixation/extinction became longer than expect-
ed from drift alone. At population sizes (2N) of a few
hundred, the mean time to fixation for the two models
with the biggest heterozygote advantages was so long
that no fixations occurred in 40,000 simulated years.
In small model populations, however, drift over-
whelmed the stabilising effects even of strong fre-
quency-dependent selection, heterozygosity was lost and
deleterious recessive alleles became fixed with increas-
ing frequency.



Figure 3. Dynamics of constant (closed symbols) and cycling (open sym-
bols) populations. Rate of loss of heterozygosity in relation to the har-
monic mean population size with drift alone (= constant, x = cyclic),
and with frequency-dependent selection (7= constant, 7= cyclic
with recruitment 0.91 homozygotes and 1.1 heterozygotes, and 2= con-
stant, 72 = cyclic for recruitment 0.73 homozygotes and 1.1 heterozy-
gotes). A survival rate of 0.5 was used throughout.

Fluctuating populations and the harmonic mean
In Figure 3, the solid symbols represent constant pop-
ulations with no year-to-year variation in size, and the
open symbols denote populations whose size fluctuat-
ed through a limitcycle with a period ofeight years and

Figure 4. Percentage of mutations that became fixed in relation to the
harmonic mean population size, x = drift and v= deleterious recessive
with a recruitment rate of 0.95 for homozygotes and 1.0 for heterozy-
gotes, V= deleterious dominant (0.95,0.95), O = advantageous reces-
sive(1.05,1.0) and m = advantageous dominant (1.05, 1.05). A survival
rate of 0.5 was used throughout.
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Figure 5. Percentage of mutations that became established, i.e. reached
a frequency of0.5, under frequency-dependent selection with a recruit-
ment rate for homozygotes 0f 0.91 and 1.1 for heterozygotes (7). For
comparison, the percentage of advantageous dominant mutations that
became fixed is also shown for a recruitment rate of 1.05 (77 and 1.1
(7). A survival rate of 0.5 was used throughout.

a nine-fold amplitude (peak numbers/trough numbers at
the same season). Results from otherwise similar con-
stant and cyclic populations showed much the same rela-
tionship with population size, provided that this was
expressed as the harmonic mean, as expected from
standard theory (Wright 1938, Gillespie 1998). The
harmonic mean is biased towards smaller populations
such that, in these examples, the harmonic mean size of
each cycling population was 0.55 of its arithmetic
mean.

Mutation and immigration

Selection tends to eliminate deleterious alleles, and yet
they remain common in many populations. We illustrate
two ways in which this can occur. First, deleterious mu-
tations, recessive or dominant, can become fixed by drift
at small population sizes (Fig. 4). Now homozygous,
such alleles will remain in the population, even ifitin-
creases in size, until they are ousted by a beneficial mu-
tation or immigrant allele.

Second, frequency-dependent selection allows dele-
terious recessive alleles to become established even at
large population sizes (Fig. 5). &stablished &n this con-
text does not means &ixed&but that the mutation is
sufficiently frequent to be protected within a polymor-
phism.

We represent immigration of a single heterozygous
individual by the same model as mutation. A notable re-
sult is that, as with mutations, most immigrant genes were
eliminated from the population by drift, even if they were
somewhat advantageous. Naturally, the proportion of mu-



tants/immigrants that became established increased as
their selective advantage increased (results not shown).

Discussion

Neutral versus adaptive variation

The models show how neutral molecular markers and
adaptive genetic variants can respond differently to
selection and drift. Hence molecular markers, such as
microsatellite DNA polymorphisms, should not be used
uncritically as surrogates for adaptive genetic varia-
tion when identifying populations as genetically depau-
perate, or at increased risk of extinction.

Such caution is mirrored in recent reviews compar-
ing various measures of genetic variation from empir-
ical studies. Butlin & Treganza (1998) found no signif-
icant correlation between molecular marker heterozy-
gosity and the coefficient of variation for additive genet-
ic variation of sexually selected traits among 20 different
species. Similarly, Reed & Frankham (2001) carried out
a meta-analysis on 71 data sets and found only weak cor-
relation (r=0.217) between molecular and quantitative
measures of genetic variation, and no correlation at all
when analysis was restricted to traits considered to be
the best indicators of adaptive potential.

In our models, differences between neutral and adap-
tive genetic variation depend on the relative strengths
of selection versus drift. In populations (2N) of a few
hundred or less, weak selection is overwhelmed by
drift, and so the expected amount of variation for a
polygenic trait, determined by many weakly-selected al-
leles, is largely a result of mutation-drift balance (Foley
1992), provided that the constituent genes act addi-
tively. Under these specific conditions, microsatellite var-
iation might on average reflect genetic variation. The
random nature of drift, however, ensures that this will
not apply to all small populations, nor necessarily to any
particular study population. Moreover, characters influ-
enced by many loci should have a bigger mutational in-
put so that, in small populations, polygenic traits might
retain more variation and recover variability more fre-
quently following a population bottleneck than mark-
er surrogates (Lynch 1996).

Weakly-selected genes show similar dynamics to
microsatellite markers even in model populations ofrel-
atively large sizes. In reality, however, the best-known
weakly-selected genes are largely loci, such as allozymes,
that may influence individual fitness, but are unlikely
to contribute to the polygenic traits thought to under-
pin evolutionarily important processes such as adapta-
tion.
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Effective population size

Our results are for a population size of 2N alleles; in prin-
ciple this represents a population of N grouse. But real
grouse populations fluctuate widely in numbers, and past
numbers are likely to have influenced present genetic
variation. An appropriate measure of population size is
the harmonic mean, which is biased towards lower val-
ues. Also, in studies of real birds, about 20% of the breed-
ing population produced about 50% of the offspring
(Newton 1989). For this and other reasons, natural pop-
ulations are likely to comprise individuals that share
genes by descent, and the effective population size is like-
ly to be smaller than the population size observed in the
field. Such considerations indicate that the number of
real grouse equivalent to N model grouse might be 5-1
10N, which implies that the population size of 2N used
in our Figures should be multiplied by about 3-4 when
considering real animals.

Minimum viable population size

The model indicates some genetic aspects governing
minimum viable population size (MVP). There are at
least two views of this problem. First, the hyperbolic rela-
tionship between the rate of loss of genetic variation and
population size resembles a threshold effect (Frankham
1995). Broadly, the loss of adaptive genetic variation,
and the fixing of deleterious mutations, became major
below a model population size of about 50 (2N), equiv-
alent to about 125-250 real grouse. The sole docu-
mented example of inbreeding depression in a wild
grouse population occurred when an isolated population
of greater prairie chickens Tympanachus cupido pinnatus
had fallen to about 100-200 birds (Westemeier, Brawn,
Simpson, Esker, Jansen, Walk, Kershner, Bouzat &
Paige 1998). Also, when exotic bird species were intro-
duced to New Zealand, the chances of successful estab-
lishment were much higher when more than 100 indi-
viduals were introduced (Green 1997). This apparent
agreement between model and reality could well be coin-
cidence.

An important caveat is that population size alone is
unlikely to be a good predictor of heterozygosity. For
example, different levels of heterozygosity are likely in
two small populations, one taken from a large pool of
individuals and another, of equal size, kept isolated for
a long period. Also, the latter population is likely to con-
tain more deleterious mutations fixed through drift.

A second approach to genetic MV P considers the num-
ber of animals necessary to maintain adaptive genetic
variation sufficient to allow the population to respond
to future environmental changes. Thus the most weak-
ly protected model polymorphism (see legend in Fig.



2) was overwhelmed by drift even in a population (2N)
of 4,000. In populations up to this size, the genetic
variation for a model polygenic trait, comprising the addi-
tive effects of many such alleles, would depend solely
upon the balance between mutation, immigration and
drift. Only in population sizes (2N) of = 6,000-7,000
would such a trait benefit from frequency-dependent pro-
tection.

Calculations (which we did not attempt) use various
criteria and conclude that the population size required
to maintain adaptive genetic variation (Lynch 1996), and
also to ensure against demographic catastrophes (Ewens,
Brockwell, Gani & Resnick 1987, Ewens 1990), is sev-
eral thousand individuals. Hence, even if an inbred
wild population of 100-200 grouse can be rescued by
new blood in the short term (Westemeier et al. 1998),
the current best estimate is that a population of thousands
will probably be necessary for long-term survival in a
changing environment.

Microsatellite utility

Despite concerns about neutral molecular markers as
indicators of adaptive genetic variation in natural pop-
ulations, microsatellites are finding pervasive use in
other areas of conservation biology. Frankham et al.
(2002) highlight 11 major genetic issues in conserva-
tion biology, of which most are not concerned with
deleterious effects of reduced variability in natural pop-
ulations. Microsatellites have proven invaluable in
determining levels of population fragmentation and
associated levels of gene flow between populations,
resolving taxonomic uncertainty and defining man-
agement units, forensic analyses and molecular analy-
ses to unravel aspects of species biology. Most promis-
ingly, they can be used to estimate genetic relatedness,
which facilitates quantitative genetic analysis in natu-
ral populations for which pedigrees are unknown. Such
approaches represent perhaps the only way to understand
the heritability of quantitative trait loci associated with
complex life history traits in real species (Merild &
Sheldon 2000).

Conclusion

Genetic variation at molecular markers such as micro-
satellite DNA polymorphisms is presumably governed
by random genetic drift, and so may not reflect varia-
tion in polygenic traits that underpin evolutionary po-
tential. Hence, whilst microsatellite data can be used to
estimate the extent of inbreeding within natural popu-
lations, it is not necessarily straightforward to extrapo-
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late and predict the levels of inbreeding depression and
associated reductions in fitness. Nor should micro-
satellite variation be used as an ersatz measure of the
genetic variation that underpins adaptive and evolu-
tionary potential in a changing environment. From lim-
ited experience in field (Westemeier et al. 1998) and
aviary (R. Moss, unpubl. data), a practical indication of
inbreeding depression in small, isolated grouse popu-
lations is likely to be a decline in the egg hatching rate.
Chick viability might also decline, but may be less
useful, being more difficult to study in the field and more
affected by extraneous factors.
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