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Abstract
An understanding of the role of factors intrinsic to a species’ life history in structuring
contemporary genetic variation is a fundamental, but understudied, aspect of evolutionary
biology. Here, we assessed the influence of the propensity to outbreak in shaping worldwide
genetic variation in Locusta migratoria, a cosmopolitan pest well known for its expression
of density-dependent phase polyphenism. We scored 14 microsatellites in nine subspecies
from 25 populations distributed over most of the species’ range in regions that vary in the
historical frequency and extent of their outbreaks. We rejected the hypothesis that L. migratoria
consists of two genetically distinct clusters adapted to habitats either rarely (nonoutbreaking)
or cyclically (outbreaking) favourable to increases in population density. We also invalidated
the current subspecific taxonomic classification based on morphometrics. Bayesian inferences
indicated evidence of a homogenizing effect of outbreaks on L. migratoria population
structure. Geographical and ecological barriers to gene flow in conjunction with historical
events can also explain the observed patterns. By systematically assessing the effects of null
alleles using computer simulations, we also provide a template for the analysis of microsatellite data sets characterized by a high prevalence of null alleles.
Keywords: computer simulation, life-history evolution, locust, phase polyphenism, spatial dynamics,
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Introduction
Consensus has emerged on the prevailing roles of geological
processes and recent human perturbations in driving the
range-wide genetic structure of most extant taxa (Avise
2000). However, the implications of other ecological factors
that may influence range-wide patterns of genetic variation,
such as those intrinsic to a species’ life history, remain poorly
understood (Costello et al. 2003). Assessing how ecological
differences among contemporary populations affect the
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geographical structuring of intraspecific genetic variation
has important implications for managing pests, conserving
threatened populations, and predicting population responses
to climate change (Mousseau 2000; Costello et al. 2003).
Tackling this question requires phylogeographical analyses
of species for which a detailed knowledge exists of the most
important intrinsic features that might affect its evolution.
To our knowledge, such range-wide genetic surveys are
rare, particularly in terrestrial animal species (but see
Heuertz et al. 2006 for a plant example). This is because (i)
sampling sufficient portions of the range is difficult, and
(ii) most terrestrial taxa with a wide range are either crop
or forest pests (e.g. bruchids; black rat), domestic species
(e.g. honeybees; pigs), or human commensals (e.g. houseflies;
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house mice) that have expanded their ranges primarily due
to human activities (e.g. Larson et al. 2005).
In contrast, the migratory locust, Locusta migratoria,
is naturally distributed over all grasslands of the Old
World, from Northern Eurasia to New Zealand. This major
agricultural pest displays irregular outbreaks across most
of its range (Uvarov 1966; COPR 1982). Importantly,
L. migratoria also expresses phase polyphenism, a form of
phenotypic plasticity in which different rearing densities
produce individuals that vary in a variety of traits including
morphology, colour, physiology and migratory behaviour
(Uvarov 1977; Pener & Yerushalmi 1998; Simpson & Sword
2008). Low densities result in relatively sedentary solitariousphase individuals, whereas high population densities
generate mass- migrating gregarious-phase locusts. This
process of density-dependent phase change is referred to
as gregarization. Based on morphometrics, taxonomists have
described 11 geographical subspecies of L. migratoria across
its range (reviewed in Remaudière 1940, 1947; COPR 1982).
This taxonomy of L. migratoria is far from being considered
definitive by some authors (e.g. Farrow & Colless 1980). The
taxonomists used a morphometric technique originally
devised to differentiate between the plastic gregarious
and solitarious locust phases (Song 2004). The environmental
effects of local population density on the phenotype may
have confounded the use of morphometrics in L. migratoria
taxonomy. To date, the validity of L. migratoria subspecies
taxonomy has not been tested using genetic approaches.
Locusta migratoria may consist of genetically distinct
clusters with different propensities to outbreak. This view
has been suggested for another migratory pest insect, the
flightless Mormon cricket, Anabrus simplex (Bailey et al. 2005).
However, the presence of a strong geographical barrier to
gene flow (i.e. the Rocky Mountains) between eastern
nonoutbreaking and western outbreaking populations may
well have a confounding effect on the factors shaping genetic
variation in this species. The plausibility of genetic structuring based on the propensity to outbreak necessarily
assumes that outbreak events are not strictly determined
by environmental factors, but also at least in part by the
expression of traits that are adaptive and under genetic
control. In L. migratoria, Chapuis et al. (2008) recently
provided potential support for such genetic variation by
demonstrating that locusts from a historically outbreaking
Malagasy population express density-dependent morphometrical and behavioural gregarization to a greater degree
than do those from a historically nonoutbreaking French
population. Such a population genetic divergence in phenotypic plasticity may be interpreted as a differential
adaptation to habitats rarely (i.e. nonoutbreaking) vs.
periodically (i.e. outbreaking) favourable to increases in
population density (Dopman et al. 2002; Sword 2002). Such
adaptive processes result from differentiation at selected
loci, and may lead to differentiation of their surrounding
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regions due to linkage disequilibrium. In L. migratoria, the
propensity to gregarize is a complex composite character
with an elaborate underlying molecular basis involving the
differential expression of more than 500 genes between the
isolated solitarious and crowded gregarious phases (Kang
et al. 2004). Therefore, many loci throughout the genome,
including randomly chosen microsatellite loci, might exhibit
differences in allele frequencies among populations due
to contrasting selective regimes imposed by variation in
outbreak frequency.
The association between neutral and adaptive divergences
may be undermined, however, if adaptive traits of interest
act on gene flow at the population level (e.g. Whiteley et al.
2004). Because L. migratoria outbreaking populations experience recurrent demographic flushes and mass movement,
one may expect a lower neutral divergence throughout
the genome in historically outbreaking areas relative to
nonoutbreaking areas.
Here we assess how the propensity to outbreak has
shaped genetic variation in the cosmopolitan pest, L.
migratoria. To address this question, we genotyped 14
microsatellite loci in locusts from 25 populations with
different propensities to outbreak, representing nine subspecies from across the species’ range. Microsatellite loci
are widely used to assess population genetic structure
and to study evolutionary relationships below the species
level (e.g. Estoup & Angers 1998). However, orthopteran
species seem particularly affected by a high prevalence of
microsatellite null alleles (Chapuis et al. 2005, in press). We
therefore used computer simulations to evaluate the effect
of null alleles on our inferences from microsatellite data.

Materials and methods
Population sampling and genotyping
From 2001 to 2004, we collected a total of 25 population
samples (19–32 individuals per sample) covering much of
the Old World distribution of Locusta migratoria (Fig. 1).
The sampling included populations from nine subspecies
referred to as L. m. capito, L. m. cinerascens, L. m. manilensis,
L. m. migratoria, L. m. migratorioides, L. m. gallica, the Australian
subspecies, the Arabian subspecies, and the Palavas form
named after a small town in Southern France (Remaudière
1940, 1947; COPR 1982). The Tibetan and Indian subspecies
were not sampled. We defined two contrasting historical
patterns of outbreak events based on a literature survey
(detailed in Fig. 1). Populations from some areas have
experienced frequent and widespread outbreak events
while others came from areas where outbreaks have been
infrequent and local.
Fourteen microsatellite loci (OZC9, OZC35, OZC76 in
Zhang et al. 2003, and LM1-88, LM10-78, LM2-B, LM2-Λ,
LM3-Ω, LMT-113, LMT-137, LMT-177, LM10-180, LM11-121,
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Fig. 1 Species range of Locusta migratoria with locations, taxonomy, outbreak patterns, and genetic clustering of sampled populations.
Recorded outbreak events are depicted as either uncommon and local (small circle) or frequent and widespread (large circle). The outbreak
patterns of sampled populations indicated by numbers were based on the following sources: 1 Brown (1986), Farrow (1987), and D. Brown
(Plant protection Research Institute, South Africa, personal communication); 2,3 Betts (1961); 4 Farrow & Colles 1980; 5 Uvarov & Hamilton (1936)
and Benfekih et al. 2002; 6 M. Lecoq, personal communication; 7 Karabag (1958); 8–13 Waloff (1940); 14 Chen (1991); 15 Chen (1991) and Zhang
& Li (1999); 16 Hakomori & Tanaka (1992); 17–20 Lecoq & Surkino (1999); 21 Farrow (1979); 22 Wintrebert (1970); 23–25 Randriamanantsoa
(1998). Sampling sites with similar colours belong to the same genetic cluster as assessed by the Bayesian method of Corander et al. (2003).
Subspecies taxonomy as follows: Au, Australian subspecies; Ar, Arabian subspecies; Ca, L. m. capito; Ci, L. m. cinerascens; Ga, L. m. gallica;
Ma, L. m. manilensis; Md, L. m. migratorioides; Mi, L. m. migratoria; Pa, Palavas form.

LMT-133 in Chapuis et al. 2005) were genotyped, using
fluorescently labelled polymerase chain reaction (PCR)
primers and a MegaBACE sequencing machine (Amersham
Biosciences), as described in Chapuis et al. (2005). OZC9
was amplified within the multiplex set 1 of Chapuis et al.
(2005) with a primer concentration of 0.5 μm, OZC35 within
the multiplex set 2 with a primer concentration of 0.3 μm,
and OZC76 within the multiplex set 2 with a primer
concentration of 0.2 μm. To minimize genotyping errors, a
minimum of two replicate PCRs per sample per locus were
conducted and alleles were scored independently by two
of the authors using genetic profiler version 1.0 software
(Amersham Biosciences). Alleles included in the final
consensus genotypes were observed at least twice; if observed
only once, an additional PCR replicate was conducted. One
negative and eight positive controls (samples with known
genotypes) were included in each run of 96 PCRs to check
for potential contamination and standardize genotyping
across experiments.

Genetic variation within and among populations
For each L. migratoria population, we estimated over all loci
the mean expected values of five statistics traditionally
used for summarizing within-population genetic variation:
the allelic diversity (A), allelic diversity corrected for
subsamples of 20 genes (RS; El Mousadik & Petit 1996),
expected heterozygosity (HE; Nei 1987), observed heterozygosity (HO), and allele size variance in base pairs (V).
Genotypic differentiation between populations was tested
using Fisher’s exact tests (genepop 3.3; Raymond & Rousset
1995). Corrections for multiple tests were performed using
the false discovery rate approach (Benjamin & Hochberg
1995). The level of differentiation between populations
was quantified by computing pairwise estimators of FST
(Weir 1996). Following Chapuis & Estoup (2007), we used
the ENA (excluding null alleles) correction method to
efficiently correct for the positive bias induced by the pres{ENA}
ence of null alleles on FST estimation. FST
values were
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computed using the program freena (http://www.
montpellier.inra.fr/URLB/).

Identification of L. migratoria genetic clusters
We applied a Bayesian analysis implemented in the program
baps 3.1 for estimating hidden substructure across the
studied species’ range of L. migratoria (Corander et al. 2003).
The method determines clusters of population samples by
minimizing Hardy–Weinberg and linkage disequilibrium
within the clusters. The number of clusters is treated as an
unknown parameter. This method has been shown to be
very conservative in identifying population structure (Waples
& Gaggiotti 2006). Hence, it determines the uppermost level
of population structure, grouping together populations
that frequently exchange migrants. As explained in the null
alleles section below, we tested the effects of the occurrence
of null alleles on this method.
A neighbour-joining (NJ) tree (Saitou & Nei 1987) relating
the populations was constructed based on microsatellite
data using the chord distance (Cavalli-Sforza & Edwards
1967; DC) with 2000 bootstrap replications to assess the
stability of the nodes (Hedges 1992). The trees were calculated
with the population software package (Olivier Langella,
CNRS UPR9034, France) and graphically displayed with
treeview software (Page 1996). The genetic distance of
Cavalli-Sforza & Edwards (1967) was chosen because (i)
it seems to be the most efficient distance for obtaining a
correct tree topology (Takezaki & Nei 1996); (ii) it makes no
assumption regarding constant population size or mutation
rates among loci; and (iii) the null allele bias for this genetic
distance is low and similar for a large range of splitting
times (Chapuis & Estoup 2007).

Testing outbreaks as a factor driving genetic structure
We used a binary explanatory factor, Outbreaking, taking
values of 0 for populations having frequently experienced
widespread outbreak events and 1 for populations coming
from areas where outbreaks have been infrequent and
local. Because L. migratoria genetic variation seemed to be
influenced by major physical barriers to migration such as
water masses (see Results section), we also considered an
additional factor, Insularity. This factor takes values of 1 for
insular populations (those in Japan, Indonesia, Australia,
Madagascar, and the Reunion islands) and 0 for continental
populations (those in mainland Europe, Africa, and Asia).
We first tested whether the propensity to outbreak affects
L. migratoria population structure through reduced success
of migrant genotypes between contrasted outbreaking vs.
nonoutbreaking habitats. Under this hypothesis, the genetic
divergence will be higher between the nonoutbreaking
and outbreaking populations than within them, except in
the presence of counteracting homogenizing effects. We used
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Mantel tests implemented in the software cadm (Legendre
& Lapointe 2004) to test for the correlation between matrices
of Euclidean distances for the Outbreaking factor and matrices
of multilocus and single-locus DC genetic distances. Corrections for multiple tests were performed using the false
discovery rate approach (Benjamin & Hochberg 1995).
We then tested for a homogenizing effect of L. migratoria
population structure due to outbreak dynamics. Under this
hypothesis, the genetic differentiation is expected to be
lower among outbreaking populations than among nonoutbreaking populations. Such a lower genetic differentiation
among outbreaking populations, however, can be also
accounted for by larger effective population sizes (less
genetic drift). Therefore, we analysed the effects of the
propensity to outbreak on both the level of within-population
variation and the level of genetic differentiation among
populations, using general linear models (GLM). First, we
performed a standard GLM analysis of the expected heterozygosity (HE) with Outbreaking and Insularity as fixed
factors, assuming a logit-link function and a binomial error
using genstat 8.1 (McConway et al. 1999). Second, we used
a new hierarchical Bayesian method that estimates FST
values as migration–drift factors for each local population
and relates them to the Outbreaking and Insularity factors
using a GLM-based approach, assuming nine models
differing by the number of factors involved (Foll & Gaggiotti 2006). The posterior probabilities for each model
relative to the others were estimated using a reversible
jump Markov chain Monte Carlo (MCMC) method. For the
latter treatment, we generated three independent estimation replicates using the program geste (http://www-leca.
ujf-grenoble.fr/logiciels.htm). For each replicate, we used
a sample size of 20 000 iterations within the MCMC run
including a burn-in of 5000 iterations and a thinning interval
of 20 iterations (total length of the chain = 500 000 iterations).
Proposal distributions were adjusted by running 10 pilot
runs of 200 iterations each. We reported the mode estimates
of the regression coefficients and of σ2, a measure of model
fit, as well as their 95% highest probability density intervals
(HPDI), obtained under the model with the highest probability and averaged over the three replicates.

Null alleles
Deviation from Hardy–Weinberg equilibrium (HWE) was
tested for each locus separately and within each population
using a Fisher’s exact test implemented in the software
genepop 3.3 (Raymond & Rousset 1995). Corrections for
multiple tests were performed using the false discovery rate
approach (Benjamin & Hochberg 1995). When observed
genotype frequencies deviated significantly from HWE,
we used the program microchecker (van Oosterhout et al.
2004) to determine the most probable cause among various
genotyping errors (e.g. short allele dominance, Wattier
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et al. 1998) and the presence of null alleles. A maximumlikelihood estimate of the frequency of null alleles (Dempster
et al. 1977) was then calculated for each locus and population
using the program freena (Chapuis & Estoup 2007).
Because microsatellite null alleles were prevalent in
L. migratoria (see Results section), we used computer simulations based on the coalescent (Hudson 1990; Leblois et al.
2003) to evaluate the effect of null alleles on our inferences
and to assess the efficiency of a traditional correction
method, the so-called INA (including null alleles) method.
This method adjusts the genotype frequencies for each
locus and population by (i) estimating null and visible
allele frequencies following Dempster et al. (1977), and (ii)
assuming a single new null allele size common to all genotyped populations (for details see the section ‘Simulation
method’ in Chapuis & Estoup (2007)). This evaluation
focused on (i) the statistics traditionally used to estimate
within population genetic variation (A, RS, HE, HO, and V),
(ii) the Bayesian analysis implemented in the program
baps, and (iii) the tree topologies obtained using the NJ
algorithm and the DC genetic distance. The effect of null
alleles on FST estimation has already been studied by
Chapuis & Estoup (2007). To our knowledge, the impact of
the presence of null alleles in genotype data sets on the
Bayesian geste approach has never been investigated.
Unfortunately, this approach is computationally intensive
and hence difficult to test using a reasonably large number
of simulated data sets.
In our simulation survey of statistics summarizing withinpopulation genetic variation (A, RS, HE, HO, and V), we
assumed a single isolated population at mutation–drift
equilibrium of effective size Ne. Inference from baps was
then tested assuming a population model of two populations
of equal effective size Ne exchanging migrants at a rate m.
Finally, the effect of null alleles on NJ tree topologies was
evaluated by assuming a population split model without
migration with five populations of equal effective size Ne
(see Fig. S1, Supplementary material for details). For all the
above population models, a triplet of genotype data sets
(14 independent microsatellite loci and 60 genes per population, i.e. the sample values in our real L. migratoria data
set) were simultaneously simulated. In the first, all alleles
were assumed to be visible (i.e. absence of null alleles). The
two other data sets in the triplet were based on the same
individuals, but included null alleles, one being uncorrected and the other corrected using the INA method
(Chapuis & Estoup 2007). For each parameter set, we simulated 100 or 1000 data set triplets depending on the studied
method or statistics.
Mutations in the repeat region and the primer sites of
microsatellite loci, leading to the presence of null alleles
were simulated as described in Chapuis & Estoup (2007).
The parameter NeμR (with μR being the mutation rate in the
repeat region) was set to 5, as this value generates mean

heterozygosity values similar to those observed on average
for L. migratoria microsatellite markers (i.e. 0.84 ± 0.01).
This parameter was also set to 1 in order to test if our results
hold for lower levels of within population genetic variation.
The tested values of the parameter NeμB (with μB as the
mutation rate in the binding sites of the two primers)
varied from 0.05 to 0.50 in order to explore a large range of
null allele frequencies.
We assessed the performance of the NJ algorithm and the
DC genetic distance by measuring the degree of distortion of
the topology of the reconstructed tree from the model tree
(Fig. S1). The topology of a reconstructed tree was considered
correct when the Robinson & Foulds’s (1981) distortion
index took a value of zero. Because most evolutionary biologists are interested in making a rooted tree, we measured
topological errors by arbitrarily rooting trees on population
1 (see Fig. S1). The topological errors for unrooted trees are
equal to or smaller than those for rooted trees, because in
rooted trees, an additional error may be generated in the
process of placing the root (Nei et al. 1983).

Results
Null allele prevalence in Locusta migratoria
Each sampled locust population showed significant
heterozygote deficiencies in five to 13 single-locus exact
tests. Samples that failed to amplify at some loci did not
yield PCR products for these loci after two or three repeated
PCRs. However, other loci were successfully amplified from
these same DNA samples. This pattern strongly suggested
the presence of null alleles for most loci and populations.
In agreement with this, microchecker showed that the
general excess of homozygotes was distributed across most
allele size classes. Estimated frequencies of null alleles per
locus per population ranged from 0 to 0.753, with frequencies
averaged over loci varying from 0.077 to 0.250 depending
on the population (see Table S1, Supplementary material
for more details). The mean allele frequency over all
populations and loci was 0.189.

Assessing the effects of microsatellite null alleles
Microsatellite data sets obtained using computer simulations
showed that the presence of null alleles decreases estimates
of all statistics summarizing genetic diversity within
populations (Fig. 2). However, the effect of null alleles on
the expected heterozygosity (HE) was weak for a large
range of null allele frequencies. For a mean null allele
frequency of = 0.19 over all loci and populations (i.e. the
value estimated in our real data set), HE values were only
5% lower than that for = 0. Conversely, A, RS, and HO
distributions for = 0.19 were almost separated from those
for = 0. This was not the case for V due to the large variance
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Fig. 2 Effects of null alleles and efficiency of the INA correction method on statistics describing within-population genetic variation. Over
1000 replicates, the simulated mean null allele frequencies were grouped into classes of 0.1 units. For each class, allelic diversity (A), allelic
diversity corrected for subsamples of 20 genes (RS), expected heterozygosity (HE; Nei 1987), observed heterozygosity (HO), and allele size
variance in base pairs (V) were computed and averaged for both uncorrected and INA-corrected data sets (dotted lines). V was not
computed for corrected data sets because the size of the null allele after correction is unknown and arbitrarily fixed (see Chapuis & Estoup
2007). Only genotype data sets with at least 20 genes with visible states were analysed (a number close to the smallest number of genes
successfully genotyped in our samples). NeμR was set to 5 (see text for details).

of this statistic, but mean values decreased by 29% between
= 0 and = 0.19. The traditionally used INA correction
procedure for null alleles partially rectified the bias induced
by null alleles in A and HO, but continued to generate
underestimated values. This correction procedure increased
the negative bias induced by null alleles in HE and RS with
estimates reaching values lower than those obtained with
uncorrected data sets.
With regards to the baps clustering method of Corander
et al. (2003), our simulation results show that intermediate
frequencies of null alleles (i.e. = 0.19) increased the power
of baps to discriminate gene pools especially for high levels
© 2008 The Authors
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of gene flow (Fig. 3). The INA correction method partly
decreased the former upper power of baps in data sets
harbouring null alleles. For instance, at NeμR = 5 and
Nem = 2 in a data set that was composed of two populations
and originally contained 19% null alleles, baps found two
different populations in 18%, 55%, and 83% of 100 simulated
files in which null alleles were removed, corrected, or
uncorrected, respectively. However, the power of baps was
low at high levels of gene flow even for data sets with null
alleles (e.g. two populations found in only 10% of simulated
files without null allele correction at Nem = 4). This is in
agreement with the results of Waples & Gaggiotti (2006),
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or large (t = 25 000) splitting times. These results parallel
those of Takezaki & Nei (1996), who showed that the sampling error of genetic distances is large for low divergence
levels and that the average values of the DC genetic distance
reach a plateau at high divergence levels. The presence of
null alleles only slightly decreased the percentage of correct
topologies. For small splitting times, the correction procedure
partially rectified the errors in recovering correct topologies
induced by null alleles. For large splitting times, the percentages of correct topologies were greater than those
obtained in the absence of null alleles.

Genetic variation within and between L. migratoria
populations

Fig. 3 Effects of null alleles and efficiency of the INA correction
method on the baps test and NJ clustering method. One hundred
simulated triplet genotype data sets (each triplet included one file
without null alleles, and both uncorrected and corrected files with
null alleles) were generated for each value of the effective number
of migrants per generation (Nem) for the baps test and of the
divergence time since the ancestral split event (t; Fig. S1) for the
NJ clustering method. For simulated data sets with null alleles,
the mean null allele frequency = 0.19 ± 0.01 (i.e. a value close to
the mean value over all loci and populations of our real data set).
Pbaps, percentage of replicates in which baps inferred the correct
number of two populations; Ptree, percentage of replicates in
which the correct topology was obtained. NeμR was set to 5.

who showed that baps could reliably discriminate different
gene pools only under restricted migration (i.e. Nem = 1).
Additional simulations considering genotype data sets of
two independent samples drawn from a single panmictic
population showed that, in the presence of null alleles, baps
correctly inferred a single population for all simulated data
sets with sample size equal to 20 or 60 genes.
Simulation results regarding the performance of the NJ
algorithm and the Cavalli-Sforza & Edwards’ (1967) distance
to detect the correct topology in the presence and absence
of null alleles are summarized in Fig. 3. Topological errors
did not increase linearly with splitting times either in the
absence or presence of null alleles. The power to detect the
correct topology was higher for intermediate splitting times
(t = 1000 and 5000 generations) than for both low (t = 200)

In our real Locusta migratoria data set, microsatellites showed
a high level of polymorphism corresponding to NeμR
around 5. Based on our simulation results, we subsequently
focused our comparative study of within-population
diversity on HE. Mean HE values over loci were globally
high in all populations, ranging from 0.68 to 0.92 according
to the population sample (see Fig. S2, Supplementary
material for estimated values and 95% confidence intervals
of HE). GLM analysis showed that the factors Outbreaking
and Insularity did not have significant effects on HE
(likelihood-ratio chi-squared tests; deviance ratio = 0.160
and 0.036, respectively; P = 0.690 and 0.848, respectively),
nor did their interaction (likelihood-ratio chi-squared test;
deviance ratio = 0.135; P = 0.713).
Significant genotypic differentiation (P ≤ 0.05) was
observed in 282 of the 300 pairwise comparisons between
L. migratoria populations (see Table S2, Supplementary
material for Fisher’s exact test P values). Nonsignificant
differentiation was found among many African and all
Malagasy pairwise comparisons. The global level of popu{ENA}
lation differentiation is moderate with an FST
= 0.074
(95% confidence intervals computed by bootstrapping
10 000 replicates over all loci = [0.054–0.095]). Figure 4
{ENA}
shows that the pairwise FST
distribution was skewed,
with an excess of small values (e.g. 75% of values ≤ 0.1) and
a long tail with large values (e.g. Japan vs. Reunion islands:
{ENA}
= 0.265).
FST

Identification of L. migratoria genetic clusters
The baps and NJ-tree analyses both detected large-scale
patterns of genetic population structure across the range of
L. migratoria. These patterns, in turn, clearly revealed the poor
congruence between genetic clustering and traditional
L. migratoria subspecies taxonomy.
Because our simulations indicated that baps more
effectively discriminates gene pools in the presence of null
alleles, while not detecting more gene pools than actually
exist, we used the raw uncorrected microsatellite data set
© 2008 The Authors
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two main biogeographical clusters; one including the
Eurasian and African continents, and a second including
populations of the Pacific and Indian Ocean islands.
Although the Eurasia–African group included populations
from seven of the nine sampled subspecies determined by
the classical taxonomic approach, the relationships among
populations could not be resolved further within this continental cluster (cf. low bootstrap values). In contrast, the
group of island populations appeared highly structured
genetically (cf. high bootstrap values), although the classical
taxonomy defined only four subspecies within this group.

Testing outbreaks as a factor driving L. migratoria
genetic structure

{ENA}
Fig. 4 Density estimation of pairwise FST
values computed
between 25 Locusta migratoria populations genotyped at 14
microsatellite loci. We used the locfit function (Loader 1996)
implemented in version 2.1.1 of the r package (Ihaka &
Gentleman 1996; http://cran.r-project.org).

to infer the number of population clusters in L. migratoria.
We found the highest posterior probability for structuring
into nine population clusters (probability of the model = 1)
depicted with colour codes in Fig. 1. Some of the genetic
clusters of populations were widely distributed across continental land masses. One encompassed the whole African
continent, the Arabian Peninsula and Southern Europe, as
well as three of the subspecies determined by the classical
taxonomic approach, L. m. migratorioides, L. m. cinaerescens,
and the Arabian subspecies. Another included Chinese,
Uzbekistan, Russian and French populations, and was
comprised of the L. m. manilensis, L. m. migratorioides, and
L. m. gallica subspecies. At a finer scale, two French populations located in the northwestern limit of the species’
range sorted out separately in a single genetic cluster
(populations 9 and 11). The other genetic clusters included
island populations that, despite belonging to the same
subspecies, were geographically restricted to their respective
islands, except for the populations of Sumatra, Sumba, and
Australia that formed a single genetic cluster. For instance,
the L. m. manilensis subspecies fell out in three different
genetic clusters from China, Borneo, and the Sumatra–
Sumba–Australia complex.
As expected from our simulation study, the NJ trees
obtained from our real L. migratoria data set had identical
topologies when using uncorrected or corrected data
sets (see Fig. 5 for NJ tree based on corrected data set). The
identified clusters of populations are largely congruent
with those obtained using baps. The NJ tree discriminated
© 2008 The Authors
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baps genetic clustering failed to support the idea of outbreaks
as a pertinent factor underlying either genetic structure or
taxonomy in L. migratoria. For instance, the geographically
close populations from Borneo and Sumba belonged to two
distinct baps genetic clusters, although they shared the
same high frequency and intensity of outbreak events. In
agreement with this pattern, the NJ tree indicates that the
cluster composed of European, African, and Asian populations is comprised of locusts from populations with a
mixture of outbreak patterns. Mean DC genetic distances
between L. migratoria populations were not significantly
correlated to differences in propensity to outbreak (Mantel
test; P = 0.164). Similarly, none of the single-locus DC
genetic distances accounted for differences in propensity to
outbreak (Mantel tests with false discovery rate correction;
P > 0.198).
Statistical analysis based on the program geste gave the
highest probability to explain the observed pattern of local
genetic differentiation for the model including a constant,
the factors Outbreaking and Insularity, and their interaction
(model 9; posterior probability averaged over replicate
analyses P = 0.40; Table 1). The second most probable model
also included the factors Insularity and Outbreaking, but not
the interaction term (model 7; P = 0.38; Table 1). The only
other considered model included a constant and Insularity
(model 3; P = 0.22; Table 1). Models that did not include
Insularity were readily excluded, suggesting that the effect
of this factor is strong. In contrast, the factor Outbreaking
has a much weaker influence on local genetic differentiation,
since the model with a constant and Insularity, which does
not include this factor, has a non-negligible posterior probability (model 3; P = 0.22; Table 1).
Under the most probable model, the estimates of the αi
regression coefficients were similar over the three simulation
replicates. We obtained a positive value for α1 = 0.77 (0.45;
1.10), indicating that local genetic differentiation increased
with Insularity, and a negative value for α2 = −0.42 (−0.75;
−0.11), indicating that genetic differentiation tends to
decrease for outbreaking populations. The negative value
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Fig. 5 Neighbour-joining tree of 25 Locusta
migratoria populations based on CavalliSforza & Edwards’ (1967) distances computed
from 14 microsatellite loci. Bootstrap support
values (1000 replicates) are shown only
where the support exceeded 50%. The tree
is unrooted because all microsatellite loci
developed for this species did not show
cross-species applicability (Zhang et al.
2003; Chapuis et al. 2005), making it
impossible to obtain outgroup genotypes.
Sampling numbers with similar colours
belong to the same genetic cluster as assessed
by the Bayesian method of Corander et al.
(2003). Outbreak events are depicted as
uncommon and local (small circle) or
frequent and widespread (large circle) (see
Fig. 1). Subspecies taxonomy as follows:
Au, Australian subspecies; Ar, Arabian
subspecies; Ca, L. m. capito; Ci, L. m. cinaerescens; Ga, L. m. gallica; Ma, L. m. manilensis;
Md, L. m. migratorioides; Mi, L. m. migratoria;
Pa, Palavas form.

Table 1 Posterior probabilities of the nine possible models to explain local genetic differentiation in L. migratoria as a function of the factors
Insularity and Outbreaking

Model

Factors included

Replicate 1

Replicate 2

Replicate 3

Mean over
replicates

1
2
3
4
5
6
7
8
9

Constant
Insularity
Constant and Insularity
Outbreaking
Constant and Outbreaking
Insularity and Outbreaking
Constant, Insularity and Outbreaking
Insularity, Outbreaking and Interaction
All

0
0
0.25
0
0
0
0.36
0
0.39

0
0
0.17
0
0
0
0.41
0
0.42

0
0
0.23
0
0
0
0.37
0
0.40

0
0
0.22
0
0
0
0.38
0
0.40

The model with the highest probability is shown in bold.
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of α3 = −0.36 (−0.69; −0.04), indicates that the decrease of
local genetic differentiation with propensity to outbreak
was greater in continental populations than in island
populations (see Fig. S3, Supplementary material for mode
estimates and HPDIs of local FST values).
The estimated value of σ2, a measure of model fit, was
0.53 [0.29; 1.00], for the most probable model 9, which indicated that the factors Insularity and Outbreaking are far from
explaining the entire pattern of local genetic differentiation,
and hence, that some other, unaccounted for, environmental
or life-history factors are likely to play a role.

Discussion
Because we found Locusta migratoria microsatellites highly
prone to null alleles, we first discuss the results of our
computer simulations on the effects of frequent null alleles
on analyses of population genetic variation. We then address
the worldwide genetic structure of L. migratoria, with a
particular reference to the influence of the propensity of
some of its populations to outbreak.

Analysis of data sets with high prevalence of null alleles
Because microsatellite null alleles have been found in a
wide range of taxa (Dakin & Avise 2004) and our results are
consistent across a large range of levels of genetic diversity
(see Figs S4 and S5, Supplementary material for simulation
results with NeμR = 1), our conclusions about the effects of
null alleles should be generally applicable to a variety of
evolutionary and population genetics studies. The presence
of null alleles led to an underestimation of all statistics
traditionally used to summarize genetic variation within
populations, but the bias was lower for Nei’s (1987) expected
heterozygosity and particularly small for large levels of
genetic diversity. Moreover, the INA method for correcting
genotype data with null alleles performed poorly for all
studied statistics. This is because this correction makes the
unrealistic assumption of a single null allele state regardless
of the null allele frequency. Therefore, although the bias
induced on HWE is rectified, the bias induced on the level
of genetic diversity remains large if more than one allele is
null.
Our simulations also showed that different gene pools
were more frequently discriminated by the Bayesian analysis
of Corander et al. (2003) when data sets harboured null
alleles, at least for intermediate null allele frequencies
(i.e. = 0.19) and high levels of gene flow (Nem ≥ 1). This
result is consistent with the presence of null alleles causing
an upward bias of genetic differentiation, as recently
shown for FST and genetic distances by Chapuis & Estoup
(2007). The discrimination bias of baps is expected to
become negligible for low null allele frequencies because of
the minimal effects on genetic differentiation in this case
© 2008 The Authors
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(Chapuis & Estoup 2007). The dramatic loss of information
inherent to markers with high null allele frequencies is also
expected to limit the increase of baps power in the presence
of null alleles. The INA correction procedure partly decreased
the upper power of baps to discriminate populations in the
presence of null alleles. This result is consistent with the
correction method partly decreasing the bias induced by
null alleles in population differentiation estimates (Chapuis
& Estoup 2007).
Finally, we confirmed the expectation of Chapuis &
Estoup (2007) that null alleles had a limited effect on NJ-tree
topologies based on DC genetic distances. Additional
simulations showed that the performance of other genetic
distances traditionally used for recovering tree topologies
(i.e. those of Nei et al. 1983, Nei 1978, and Goldstein et al.
1995) was poorer than that of DC in both the absence and
presence of null alleles (see Fig. S6, Supplementary material
for more details). Furthermore, data sets corrected for null
alleles were only slightly better in recovering the correct
tree topology than data sets without null alleles, especially
for large splitting times. Chapuis & Estoup (2007) showed
that genetic distances calculated from corrected data sets
were underestimated, at least when null allele frequencies
were high. It is therefore plausible that the correction
method sufficiently underestimated large genetic distances
to move them far from the plateau where the power to
detect the correct topology of the NJ algorithm and the DC
genetic distance is limited.

Influence of the propensity to outbreak on genetic
structure
To date, L. migratoria subspecific taxonomy has been based
on morphometrical criteria traditionally used to define the
plastic phenotypic phase states of this species in the field.
The variable effect of the environment on L. migratoria
morphology likely explains why its worldwide genetic
structure inferred from microsatellite data is largely
incongruent with the established subspecific taxonomy.
Furthermore, our results are not consistent with the view
that L. migratoria populations have differentiated with
respect to their propensity to outbreak. Genetic population
clusters contained a combination of populations from
frequent and widespread historical outbreak areas as well
as uncommon and local historical outbreak areas. This
result held for the entire multilocus set and for each single
locus analysed independently.
The poor genetic clustering in relation to the propensity
to outbreak observed in our study might suggest that none
of the 14 neutral markers are in linkage disequilibrium
with the genes involved in the differential expression of
the phase polyphenism among populations of L. migratoria.
However, one cannot exclude the possibility of linkage
disequilibrium of at least some of our microsatellite markers
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with some of the genes under differential selection. In this
case, our results might be explained by large levels of gene
flow counteracting adaptive gene frequency changes at
these genes and on linked (microsatellite) loci.
Our results indeed suggest that substantial gene flow
occurs, at the very least, across continental areas. Indeed,
the level of genetic structure was very low among continental
populations, except for a few populations in the northwestern limit of the species’ range. Importantly, the geste
Bayesian analysis suggests that the propensity to outbreak
itself leads to increased gene flow. This analysis gave support
for outbreaking populations being less genetically structured
than nonoutbreaking populations (posterior probability
P = 0.78). Moreover, we found estimates of genetic diversity
to be relatively similar among outbreaking and nonoutbreaking populations. Altogether, these results suggest
similar harmonic means of effective population sizes and
higher gene flow among historically outbreaking populations. Outbreak events may also impact L. migratoria neutral
genetic structure due to long-distance colonization events
from outbreaking to nonoutbreaking habitats. In agreement
with this, the West European L. m. gallica population was
included in the Asian and East European baps genetic cluster
and was clearly related to Asian and East European populations in the NJ gene tree. However, the level of differentiation
of L. m. gallica with Asian and East-European populations
{ENA}
[ FST
= (0.028–0.032)] was higher than that among Asian
{ENA}
and East-European populations [ FST
= (0.002–0.012)],
suggesting that this population has been isolated for a substantial time since its foundation. This population may have
been founded during the last Western European outbreak
event that occurred at the 14th century and originated from
the Black Sea area, a scenario suggested by Waloff (1940).
The advent of genomics resources in locusts has fostered
further efforts to elucidate the molecular genetic mechanisms
underlying locust phase change (Kang et al. 2004; De Loof
et al. 2006; Ma et al. 2006; G.A. Sword et al. unpublished
data). Understanding the sequence variation and transcript
expression patterns of such candidate genes in a phylogeographical context will be of great value in further examining the importance of selected genetic factors in promoting
locust phase change and outbreaks.

Biogeographical factors associated with worldwide
genetic structure
Several lines of evidence suggest that the detection of
moderate reductions in gene flow between historically
outbreaking and nonoutbreaking areas may have been
confounded by biogeographical barriers to gene flow.
First, our microsatellite data indicate that oceans and high
mountain ranges represent significant barriers to dispersal
for L. migratoria. Populations from Indian and Pacific Ocean
islands showed significantly higher levels of genetic differen-

tiation than populations from continental Europe, Asia,
and Africa (geste posterior probability P = 1.00; see Fig. S3
for mode estimates and HPDIs of local FST values). This
pattern suggests lower levels of gene flow due to geographical
isolation on islands. Furthermore, the continental Eurafrican
and Eurasian groups of populations separated by the baps
{ENA}
genetic clustering had intermediate pairwise FST
values, varying from 0.026 to 0.066. These two major
biogeographical groupings appear to be physically
separated by the Northern Hemisphere mountain belt
stretching from the Alps to Tibet. Unfortunately, we could
not obtain samples from populations of the Indian and
Tibetan subspecies that would have been necessary to
better address this hypothesis. Interestingly however, the
western part of the European continent comprised populations belonging to both the Eurafrican and the Eurasian
baps genetic clusters, suggesting that this area is a contact
zone between these two relatively isolated groups of
populations.
Second, climatic factors appeared to impact genetic
variation among populations. Australian and Indonesian
population samples were more closely related to African
{ENA}
{ENA}
[ FST
= (0.035–0.070)] than to Chinese [ FST
= (0.085–
0.127)] populations. Farrow & Colless (1980) already
suggested that Australian L. migratoria were more closely
related to African than to Asian locusts based on morphometric criteria. Because Africa, Australia, and Indonesia
share tropical environments, as opposed to the Palaeoarctic
conditions of China, our microsatellite survey suggests that
locusts may disperse and colonize more effectively within
than between different biomes (tropical vs. temperate).
Because at a worldwide scale the effects of outbreak
events might have been confounded, at least partly, with
those of the above biogeographical factors, additional studies
based on more regional sampling scales are needed to gain
further support and better assess the homogenizing effect
of outbreak events in L. migratoria.
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Fig. S6. Effects of null alleles and efficiency of the INA correction
method on genetic distances traditionally used for recovering correct
NJ tree topologies.

Fig. S1. Population split model for the simulation-based study of
the effects of microsatellite null alleles on neighbour-joining tree
reconstruction.

Table S1. Heterozygosities, HWE and null allele frequency
estimation

Fig. S2. Estimated values and 95% confidence intervals of
expected heterozygosity (Nei 1987).
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Table S2. Pairwise FST
and P values of Fisher exact tests for
genotypic differentiation between populations for 25 Locusta

Fig. S3. Mode estimates and 95% HPDIs of local FST values
obtained with the program geste under the model with the highest
probability (i.e. model 9). The model 9 includes a constant and, the
factors Outbreaking and Insularity, and their interaction. Results are
those obtained from the first replicate run.

migratoria populations using 14 microsatellite loci

Fig. S4. Effects of null alleles and efficiency of the INA correction
method on statistics describing within-population genetic variation
for NeμR = 1.
Fig. S5. Effects of null alleles and efficiency of the INA correction
method on baps analysis and NJ clustering method for NeμR = 1.
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