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Microsatellites for butterfly
conservation: historical
challenges, current relevance,
and a guide to implementation
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Ecology and Evolutionary Biology, Cornell University, Ithaca, NY, United States

We are nearing the 20-year anniversary of a groundbreaking paper which details
how microsatellite marker development in Lepidoptera is “extremely difficult for
no apparent reason.” How far have we come in these past 20 years?
Microsatellites are still the marker of choice in many population genetics
studies for their ease of use, high degrees of polymorphism, species-
specificity, and low cost. The rise of next-generation sequencing technologies
(e.g. 454, lllumina, PacBio, etc.) has greatly advanced our abilities to generate
many microsatellite markers per species. In this paper, we summarize the
improvements in marker development using next-generation technology.
Using case studies, we review the use and implementation of microsatellite
markers in different conservation programs. Lastly, we provide a guide to data
interpretation of microsatellite data generated for butterflies, with the goal of
supporting student researchers and conservation practitioners in evaluating the
meaning in their data.

KEYWORDS

Lepidoptera, microsatellite, next-generation, observed heterozygosity,
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Introduction

Microsatellites have interested biologists since the 1980s (Tautz and Renz, 1984) and
have proven to be a useful suite of markers for studies in population dynamics and
conservation for several decades (Selkoe and Toonen, 2006). Microsatellites are short
tandem repeats of DNA, typically between 1 and 6 bp long, that are produced by DNA
slippage events during replication and which possess qualities that make them powerful
genetic markers for conservation genetics studies: high levels of polymorphism, codominant
inheritance, distribution throughout the nuclear genome, reliable genotyping, and easy
amplification using polymerase chain reaction (PCR) (Vieira et al, 2016). Butterfly
conservationists, like other practitioners, value these markers for their high information
content and ability to address population-level questions (Saarinen, 2015). However, in
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contrast to their ease of use in many other taxa, the development of
microsatellite markers in Lepidoptera has historically been
“extremely difficult for no apparent reason” (Zhang, 2004). Quite
interestingly, microsatellites in some other insects do not show the
same difficulty, even when identical methods are used to isolate them
(Neve and Meglecz, 2000). These studies indicate that Lepidopteran
genomes (both butterflies and moths) might have lower frequencies
of microsatellites compared to other taxonomic groups — even within
the same Class.

Finding reliably-amplifying microsatellites in Lepidoptera is
further confounded by their association with mobile elements (see
Glossary of Terms). While microsatellites are associated with
mobile elements in many taxa, in Lepidoptera, this association
appears to produce highly similar flanking regions around multiple
microsatellite loci (Zhang, 2004). This pattern presents two primary
challenges for marker design. First, flanking regions that are
variable across individuals or between taxa (see below) may not
reliably anneal during PCR amplification, and second, flanking
regions that are not unique lead to the amplification of
microsatellites families rather than single-copies (Tay et al., 2010).
These issues make amplification difficult, and can lead to a high rate
of null alleles or extra banding patterns (which makes genotype
scoring difficult to impossible) (Figure 1).

Taken together, the low incidence of microsatellites in the
Lepidopteran genome coupled with incomplete flanking region
fixation, makes identification and development of microsatellites
challenging using traditional molecular methods (Meglecz et al,
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2004). A variety of commercial services and university sequencing
facilities have historically offered microsatellite library development
for reasonable fees, yet have struggled to deliver large numbers of
polymorphic, reliably-amplifying microsatellites in Lepidoptera.
Other attempts to ameliorate the difficulty of microsatellite
development in Lepidoptera include a “cross-amplification
strategy” (Rutkowski et al., 2009). In this approach, microsatellite
primers identified in one species are used in another (closely
related) species, in an attempt to overcome technical difficulties,
saving time and money (Rutkowski et al., 2009). However, this does
not always work, as markers may fail to amplify due to variability in
priming regions between taxa, or loci may be monomorphic
(Rutkowski et al., 2009). Zakharov et al. (2007) tried to use
microsatellite loci developed for other genera on Erynnis species
(Lepidoptera: Hesperiidae) with limited success. The strategy of
cross-amplification has been problematic across many taxonomic
groups for reasons associated with the genetic distance between taxa
resulting in poor amplification success (Primmer et al., 1996).

Next-generation sequencing can provide many more
microsatellite loci and reduce traditional molecular laboratory
limitations (Saarinen and Austin, 2010). In this paper, we
1) describe developments in microsatellite production using next-
generation technologies, 2) demonstrate microsatellite utility in case
studies in Lepidoptera of various life histories and conservation
status, and 3) provide guidance on application and interpretation of
genetic data generated from microsatellite for conservation studies
for Lepidoptera.
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FIGURE 1

Workflow for genotyping Lepidoptera microsatellites showing three different microsatellite loci (each dyed with a different color fluorophore tag).
Box (A) shows an ideal situation amplifying a perfect trinucleotide repeat (CAT). Primers anneal to the flanking region and all four templates produce
a clear band (visible in gel electrophoresis). Electropherograms of templates 1 and 2 show a heterozygote and homozygote (respectively) at this
locus (locus is dyed with a blue tag). Box (B) shows a different, perfect trinucleotide (GTA), but the flanking region is not fixed, and primers (linked
with a green tag) may not anneal (leading to non-amplification in templates 3 and 4). Limited/weak annealing leads to low signal in template 1
(unscorable) and multiple primer annealing may lead to unscorable stutter bands (template 2). Box (C) shows two trinucleotide repeats that are
genomically distant from each other, but which have identical flanking regions, leading primers to anneal and amplify both loci simultaneously (or
not at all, as in templates 3 and 4). In the electropherogram, this leads to unscorable, complex banding patterns and possible large allele dropout/

reduced amplification (with a red tag)
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Technical advances in marker
development using next-
generation technology

A major leap in our ability to identify usable microsatellite
markers in Lepidoptera occurred with the move from enrichment-
cloning techniques (traditional molecular laboratory approach) to
next-generation sequencing-based techniques for marker
development. By dramatically reducing the cost of sequencing
large swaths of the genome or transcriptome de novo, next-
generation sequencing technologies allow conservation
practitioners to readily locate thousands of microsatellite markers
and primers directly from sequence data (Castoe et al., 2012). These
technical advances should facilitate the use of microsatellites in
guiding butterfly management and improving molecular
ecological studies.

A variety of next-generation sequencing technologies have
emerged in the last several decades (reviewed in Satam et al,
2023). Early in the transition to next-generation sequencing
techniques for microsatellite-based studies, Roche 454
pyrosequencing was the sequencing technology of choice
(Guichoux et al., 2011). The method generated relatively long
reads, increasing the likelihood that a microsatellite sequence
together with both flanking regions would be captured in a single
read, a requirement for primer design (Castoe et al., 2010; Guichoux
et al,, 2011). The 454 platform was discontinued in 2016; however,
continued advances in sequencing technology expanded the range
of platforms used for microsatellite discovery. Long-read
technologies like PacBio are particularly suited for rapid
microsatellite discovery because of the need for capturing both
the microsatellite repeat region and DNA sequence upstream and
downstream for primer design. Microsatellite markers can also be
developed from sequenced transcriptomes, as in the fritillaries
Euphydryas editha (Mikheyev et al, 2010) and E. aurinia (Smee
etal., 2013), and the danaid butterfly Parantica sita (Hu et al., 2020,
2022) (Table 1). We note that sequencing technology continues to
progress, and the advent of “third-generation” technologies like
Nanopore sequencing will continue to influence conservation
genetics methods. Practitioners should identify the appropriate
technology for their use as platforms continue to evolve.

Next-generation sequencing has not only revolutionized
microsatellite marker discovery; it is also beginning to reshape
how microsatellite markers are genotyped. In traditional
microsatellite genotyping, microsatellites are amplified using
fluorescently-labeled primers, followed by analysis of PCR
products using capillary electrophoresis. This approach provides
genotypes in the form of microsatellite amplicon lengths, via an
electropherogram (Figure 1). However, scholars have long
cautioned about potential issues with microsatellite amplicon
length data, particularly relating to homoplasy, but also to
imperfect sequence repeats (Estoup et al, 2002; Selkoe and
Toonen, 2006). Using amplicon length as an indicator of
genotype assumes that homoplasy has not occurred; in other
words, that alleles of the same length have the same evolutionary
history. Microsatellites can violate this assumption when back-
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mutation occurs — e.g. an allele mutating from three to four
repeats, and then a descendant of that allele mutating back to
three repeats — occur (Estoup et al., 2002; Selkoe and Toonen, 2006;
Vartia et al., 2016). While sequencing does not resolve issues of
homoplasy, it does uncover imperfect repeats or other insertions in
the genotyped sequence.

High throughput sequencing, due to its lower sequencing costs
and longer read lengths, addresses the issue of potential homoplasy
(Vartia et al., 2016; De Barba et al., 2017; Zhan et al., 2017; Tibihika
et al,, 2019). In this approach, microsatellite loci are amplified with
PCR and the resulting amplicons are directly sequenced (De Barba
et al,, 2017). We emphasize that this approach can be particularly
valuable in Lepidoptera, which may suffer from low polymorphism
in microsatellite loci, since genotyping-by-sequencing can uncover
“hidden” allelic diversity in these markers that would not be
detected by capillary electrophoresis (Zhang, 2004; De Barba
et al,, 2017). The high throughput sequencing approach (SSRseq)
also obviates the need for manual scoring of amplicon sizes from
electropherograms; genotyping can be automated using programs
like MEGASAT (Zhan et al., 2017; Lepais et al., 2020). Finally,
SSRseq can greatly expand opportunities for multiplexing, lowering
costs (De Barba et al., 2017).

Utility of microsatellites compared to
RADseq in conservation genetics

The utility of microsatellites is limited in some cases, leading to
the use of alternative markers such as single nucleotide
polymorphisms (SNPs). A common method of de novo SNP
discovery for conservation genetics is restriction associated DNA
sequencing (RADseq), which uses enzymes to fragment DNA at
restriction sites throughout the genome, followed by sequencing
and SNP calling (Baird et al., 2008). The resulting RADseq markers
have a number of advantages. Because there are many restriction
sites in a genome, RADseq methods typically generate hundreds to
thousands of markers per individual, many more than a typical
microsatellite study, and the increased statistical power provided by
this abundance of markers allows for the use of fewer samples
(Jeffries et al., 2016). The large number of markers also ameliorates
the limitation of each SNP being biallelic and thus having lower per-
marker power than highly multi-allelic microsatellites (Helyar et al.,
2011). However, because restriction sites must be conserved across
individuals in a study, RADseq-derived SNPs are relatively slow
evolving, which might limit their ability to detect recent population
divergence but could improve their performance at deeper time
scales (Andrews et al, 2016). On top of this, while a reference
genome is not a strict requirement for RADseq-based methods, the
use of a reference genome does allow for better filtering of SNP calls.
This reduces their utility in species which lack genomic resources
and references (Andrews et al., 2016).

In contrast to RADseq methods, studies using microsatellites
have typically been limited to <25 markers (especially in
endangered species, and in most Lepidopteran studies), which
limits their power to detect weak genetic structure (Putman and
Carbone, 2014; Jeffries et al., 2016). To overcome this constraint,
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TABLE 1 Lepidopteran population studies that used microsatellite markers.

\| N Alleles/
Family Species [\ pop loci locus AR  Ho He Fis Method Reference

Polj tus
Lycaenidae oyomma 1173 26 5 - - - - - - traditional (Harper et al., 2003)
bellargus
traditional
Argynnis 0.31- 0.43- —0.03- & 454 (Konvickova
N halida 253 16 11 4.25 2.51 0.03-0.11
YIPRAIGAE iobe 0.55 0.58 420 FLX et al,, 2023)
Titanium
424" 044" 062" | 028" 0.02-0.13" (Davis et al., 2021),
in silico *Cumbria
4380 | 0547 | 0688 | 02138 | - mining reintroduced
. Euphydryas and a de populations;
N halid 234 10 5 -
YIPREUGAE | rinia novo Ahistoric Cumbria
373% | 047% | 0.6% 0.22% 0.07-0.15% transcript-  samples;
ome &Scottish
populations
. Euphydryas . .
Nymphalidae aurinia 161 5 6 5.8 5.82 0.36 0.49 0.17 0.09-0.28 traditional (Sigaard et al., 2008)
Hipparchia 26 0.35 0001 | Pairwise
Nymphalidae PP 641 24 9 - ’ - ’ ’ G’st Illumina (De Ro et al., 2021) *
semele 3.7 0.46 0.278
0.03-0.16
Mylothris traditional
Pieridae Jjacksoni 30 1 8 39 - 0.48 047 | - - and 454 (Zima et al., 2014)
knutsoni Genome
(Continued)
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TABLE 1 Continued

10.3389/fevo.2024.1344065

Alleles/
Species \| locus AR Method Reference
Sequencer
FLX
Titanium
Lycaenidae Lycaena helle 203 10 5 23t 3.52 0.54 0.69 - - traditional (Habel et al., 2011)
X Phengaris . o
Lycaenidae alcon 48 1 1 4 - 0.58 0.74 - - traditional (Zeisset et al., 2005)
0.10 (only traditional
A i 0.27- 0.28- —0.01- ir of d 454 Konvickovz
Nymphalidae = 5" 325 | 19 9 2.94 2.33 e (Konvickova
adippe 0.39 0.45 2.8 populations FLX et al,, 2023)
significant) Titanium
Erebia 6.7- 0.81- 0.08-
N halid 39 4 10 6-24 - traditional Vila et al., 2009,
VIPREAGA o slarica u 8.4 082 016 raditional | (Vila et a )
Heliconius 0.017- (de Moura
N hali 1 19.4 - - - - itional
ymphalidae j— 36 8 7 9.4% LA traditional et al, 2011)
Heliconi de M
Nymphalidae O 46 7 5 6.2t - - - - 0.02-0.04 raditional | \0¢ Moura
melpomene et al, 2011)
P i Gratton and
Papilionidae arnassius 53 2 5 4-12+ - - - - - traditional (Gra On, o
mnemosyne Sbordoni, 2009)
Aporia 68 0.07
Pieridae P i 115 11 5 23+ 11.6 = = ’ = Illumina (Kim et al., 2020)
crataegi T 0.17
: 261 L
Saturniidae Graellsia 202 7 9 2.78- 0.44- 0.46- | 0.03- -0.013- traditional (Gonzalez-Castellano
isabellae 4.78 36 0.56 0.58 | 0.13 0.134 et al., 2023)
E i 0.42- 0.84- Zakhe
Hesperiidae rynms‘ 24 2 15 10-28+ = = = traditional (e
propertius 0.80f = 0.98f et al,, 2007)
In silico
mining
) X X 3.79- 3.33- 0.39- 0.43- and a de
Nymphalidae = Parantica sita = 421 19 14 - - (Hu et al, 2022)
5.21 4.35 0.49 0.53 novo
transcript-
ome
Hyphant 0.0- 0.0-
Arctiidae Jprantrea o, | 3 48 2-5¢ - - 0.03-0.06 traditional | (Cao et al, 2015)
cunea 0.96t = 0.77t
No pairwise
values
Heli 4.50- 4.44- 0.35- 0.51- 0.23- Endersby
Noctuidae ¢ tfoverp “ 580 14 8 significantly ~  traditional (Endersby
armigera 8.75 5.41 0.46 0.75 0.38 : et al., 2007)
different
from zero
i .4- .63- .16- Chen and
Tortricidse | % 336 | 15 9 59-7.9 0 063- | 0.6 0.02-0.13 traditional | (CPen an
pomonella 0.62 0.75 0.37 Dorn, 2010)

All data reported are from the single paper cited as a reference; —, not reported in cited reference; Color coding denotes species of concern per IUCN ranking; Brick red = high/threatened/

vulnerable, tan = secure in some areas, rare in places, purple = unknown/least concern, blue = common/pest); N = number of individuals sampled in study, N pop = number of locations sampled
in the study (e.g. # of populations sampled in the cited study); N loci = number of polymorphic microsatellite loci used in the study; Alleles/locus = number of alleles per locus (per population,

provided as average or range); AR = allelic richness (per population); Ho = observed heterozygosity (per population); He = expected heterozygosity (per population); Fis = inbreeding coefficient
(per population); Fgr = range of pairwise Fgr values in paper (when significant); Method = microsatellite development method (name of platform e.g. PacBio RSII), lllumina=Illumina paired-end
sequencing, traditional = enriched genomic library and cloning method; Reference = data source of population study, other papers may have been cited for marker development, tindicates that
values are calculated per-locus, rather than per-population, *included some re-genotyping of samples (per Pompanon et al., 2005). All values have been rounded to the hundredths place.

larger sample sizes are required — which may be impossible to
achieve in rare and endangered species. However, recent advances
(like SSRseq) facilitate the development and sequencing hundreds
of markers, making microsatellites more applicable to studies of
rare or endangered species that have limited population sizes or
where sampling is difficult (Bradbury et al., 2018). Microsatellites

Frontiers in Ecology and Evolution

are known to have a high mutation rate that generates multiple
alleles per marker, and this gives them greater power per sample
than RADseq markers but can also lead to overestimates of genetic
diversity. Studies have suggested that this makes microsatellites
better able to detect recent changes to genetic diversity and
structure, but also comes at the risk of inflating genetic diversity
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parameters (Hansson and Westerberg, 2002; Queiros et al., 2015).
Museum specimens provide the only opportunity to characterize
the genetic makeup of now-extirpated populations, which can
provide valuable insights for modern conservation practitioners
(Austin and Melville, 2006). Because historic specimens are
characterized by degraded, fragmented DNA, genotyping
microsatellite markers has a much higher rate of success than
does the use of markers like RADseq SNPS. In particular, shorter
microsatellite markers tend to have the greatest likelihood of
recovery from degraded museum specimens (Strange et al., 2009;
Nakahama and Isagi, 2017; Yuan et al., 2021). We note that
practitioners seeking to incorporate museum specimens into
genetic analyses will need to consult with curators in order to
secure permissions for specimen use. Curators may be reluctant to
allow specimens to be sampled for genetic material, even when
minimally-destructive techniques are used (e.g. performing PCR
amplification on a single leg removed from a specimen, and then
returning the leg intact to the museum).

There are a number of practical benefits to microsatellites as
well. While it is non-trivial to design microsatellites, the
benchtop work involved is quicker and simpler than RADseq
methods. Likewise, analyzing microsatellite data requires fewer
computational resources than analyzing large SNP datasets. Since
microsatellites are amplified with PCR, very small starting volumes
of DNA are sufficient, as is degraded DNA. In contrast to RADseq
markers, microsatellites typically evolve neutrally. This means they
are well-suited to analyses aimed at uncovering the effects of
demographic (i.e. neutral evolutionary) processes, like migration
and genetic drift; however, it does prevent microsatellite markers
from providing useful information about natural selection across
the genome (Lemopoulos et al., 2019; Sunde et al., 2020; Hauser
et al.,, 2021; Holmes et al., 2023).

The effectiveness of a particular marker type is context
dependent, necessitating comparisons of markers within the same
system. When evaluating genetic diversity and structure across
populations, head-to-head comparisons of RADseq SNPs and
microsatellites have shown few biologically meaningful difference
between the two (Lemopoulos et al., 2019; Sunde et al., 2020; Hauser
et al, 2021; Holmes et al., 2023). Microsatellites outperform
RADseq SNPs when evaluating parentage in some contexts and
not others (Flanagan and Jones, 2019), but RADseq derived SNPs
may be better at detecting hybrid individuals, individual-level
heterozygosity, and clustering (Zimmerman et al., 2020; Szatmari
et al,, 2021; Poelstra et al., 2022; Dufresnes et al., 2023). Combining
both marker types can also be useful in testing biogeographic
hypotheses because of the different mutation rates between the
two marker types can capture different temporal processes (e.g.,
Holmes et al., 2023).

Notably, we are unaware of any contemporary direct
comparisons of microsatellites to SNPs in insects, let alone in
Lepidoptera. An evaluation by Schmidt et al. (2023) of bird,
mammal, amphibian, reptile, and fish genetic data showed
similarities in genetic diversity across microsatellites,
mitochondrial DNA markers, and whole genome sequencing
(WGS) in these vertebrate taxa. Research including insects (and
Lepidoptera) in this area would be of use to practitioners in deciding
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which markers to use. Suchackova Bartonova et al. (2023) add to the
call for additional incorporation of genomic information to
butterfly conservation studies.

Microsatellite markers in Lepidopteran
conservation: relevant case studies

The review paper “Microsatellites for ecologists: a practical
guide to using and evaluating microsatellite markers” (Selkoe and
Toonen, 2006) greatly “flattens the learning curve” for ecologists
engaging with molecular data. In this comprehensive paper (cited
1,056 times per Ecology Letters), the authors provide a summative
table of ecological questions that microsatellites can address,
including assessing of parentage, evaluating inbreeding, assessing
population bottlenecks, evaluating divergence time between
populations, gene flow analysis, mating structures (e.g. panmixia),
metapopulation dynamics, effective population size (current and
historical), etc. Each of these ecological questions have direct
conservation applications, but genetic data interpretation can
present unknown challenges for conservation practitioners in the
absence of clear guidance on statistical parameters, meta-analyses
and reviews, and in the context of the jargon-filled discipline of
population genetics. Saarinen (2015) presented a guide to molecular
marker selection, development of field sampling protocols and post-
sampling genetic processing, guidance on setting up conservation
genetics programming for Lepidoptera and case studies for
endangered North American species including Plebejus melissa
samuelis (Lycaenidae), Neonympha mitchelli (Satyridae), and
Cyclargus thomasi bethunebakeri (Lycaenidae).

Bridging the gap between Selkoe and Toonen (2006) and
Saarinen (2015), we present additional case studies in Lepidoptera
that used microsatellite markers to address ecological questions and
follow with guidance on statistical interpretation. We highlight
critical natural history characteristics (including larval host
breadth, dispersal ability, voltinism, and metapopulation
structure) that have implications for resulting population genetic
information, as these traits shape the generalist-specialist ecological
continuum of Lepidoptera (Habel and Schmitt, 2012).

Case study 1: the Poweshiek skipperling
(Oarisma poweshiek), evaluating gene flow
in an endangered North American

prairie species

The Poweshiek skipperling butterfly is federally-endangered in
the United States (occurring in the upper Midwestern U.S.) and
provincially-endangered in Manitoba, Canada. Historically a
common prairie specialist, larvae of this species have been
observed feeding on a variety of grasses, while entirely inhabiting
prairie fens, dry prairies, and mesic prairies in their range. The
species is univoltine and adults have an extremely limited dispersal
range, demonstrating an inability to cross even minor habitat
barriers. Given the generalist feeding preference and low dispersal
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ability, Oarisma poweshiek (Parker, 1870) (Hesperiidae) can be
classified as a relative intermediate on the generalist-specialist
ecological continuum (Saarinen et al., 2016; Belitz et al., 2019).
Loss of habitat, increased pesticide uses in agricultural areas, and
climate change have all been named as causes for the rapid and
precipitous decline of this species - resulting in the disconnection of
the few remaining occupied prairie patches.

Saarinen et al. (2016) evaluated extant genetic diversity, tested
alternative gene flow hypotheses and isolation by distance models,
and considered the role of genetics in captive breeding and
reintroduction (Table 1). They found moderately high levels of
inbreeding and low levels of genetic diversity in each of the
remaining populations (few alleles per locus, low observed
heterozygosity, low allelic richness). Analyses revealed very few
private alleles, indicating a lack of unique diversity in individual
populations. Lack of divergence between populations was supported
by non-significant pairwise Fgr and G’sr values and low variability
of Jost’s D (Dest as a derived measure of differentiation). Additional
statistics (PCoA, AMOVA, Mantel tests) provide further support
that populations are not geographically structured and are
genetically similar across the range. Taken together with
additional Bayesian clustering results, there is strong support for
a model of historically high gene flow across the range of hundreds
of kilometers. Given the very low dispersal ability of this species,
these results indicate that habitat connectivity was essential for
population persistence and that the fragmentation and devastating
loss of habitat has led to a precipitous drop in number of
populations, size of populations, genetic diversity, and long-term
population viability.

At present, very few populations of Oarisma poweshiek remain.
Population sizes in all areas are small - exacerbating concerns of
loss of genetic diversity to drift and the potential for inbreeding
depression. Knowledge of limited dispersal ability and the
importance of habitat connectivity are critical in supporting the
conservation actions currently underway for this species (Delphey
et al,, 2016). Knowledge of extant diversity (i.e. allelic richness and
private alleles) are necessary for head-starting and translocation
efforts, which are critical to the species recovery plan.

Case study 2: the Marsh Fritillary butterfly
(Euphydryas aurinia), characterizing
impacts from translocations in a declining
Eurasian generalist

Conservation practitioners may also be interested in how
captive breeding and reintroduction (or translocation efforts)
impact genetic characteristics of managed butterfly populations.
This approach has been implemented for a British population of the
Marsh Fritillary, Euphydryas aurinia (Rottemburg, 1775)
(Nymphalidae) (Table 1). The species is a Eurasian butterfly with
declining populations across its range (Petenian et al., 2005) and
multiple studies have found metapopulation structure in E. aurinia
(Warren, 1994; Anthes et al., 2003; Davis et al., 2021; Junker et al.,
2021; Pertoldi et al., 2021; Konvicka et al., 2023). Population sizes
fluctuate as a result of pressure from parasitoid wasps (Porter,
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1983). Across the species’ range, larvae feed on many different host
plants, but individual populations tend to be monophagous (Anthes
et al., 2003; Konvicka et al., 2003; Meister et al., 2015). The British
Isles are the home of a significant proportion of the butterfly’s
population; despite legal protection and conservation efforts, it has
undergone significant declines in this region due to changing
agricultural practices (Porter and Ellis, 2011).

The species was functionally extirpated in Cumbria (NW
England) by 2004, when captive breeding and reintroduction was
undertaken (Davis et al., 2021). Because only a single butterfly
family from Cumbria could be used for captive breeding,
practitioners were concerned about inbreeding depression, and
chose to include individuals from Argyll, in Scotland, into the
captive breeding program (Davis et al., 2021). Offspring of that
admixed captive population were reintroduced in 2007, and
reintroduced populations have since successfully established
(Davis et al.,, 2021). Results show that genetic diversity is higher
in the reintroduced Cumbrian populations relative to their Scottish
parent populations, possibly because the reintroduced individuals
are descended from both Scottish and Cumbrian parent
populations (Davis et al.,, 2021). Despite this admixture,
reintroduced individuals are more genetically similar to their
Cumbrian parent population than the Scottish parent
populations, indicating that local genetic diversity has not been
swamped (Davis et al., 2021). Moreover, no significant inbreeding
was detected in the reintroduced populations, a sign of management
success (Davis et al., 2021). Across Cumbrian populations,
significant pairwise Fg values range from 0.0204 to 0.1257. The
authors argue that these data demonstrate the efficacy of assisted
gene flow efforts in Lepidopteran conservation (Davis et al., 2021).

Case study 3: landscape genetics of the
Spanish Moon Moth (Graellsia isabellae), a
protected European specialist

Understanding how different habitat types influence species’
dispersal capabilities can help land managers prioritize areas for
protection and, as an alternative to mark recapture studies,
landscape genetics methods are useful in describing patterns of
population structure across a landscape. Microsatellites allow for
the detection of impact on a temporal scale suited for recent land-
use changes (Wang, 2010; Epps and Keyghobadi, 2015).

The Spanish Moon Moth Graellsia isabellae (Graels, 1849)
(Saturniidae) is an iconic, protected moth native to the mountains
of Spain and France. The conservation status of this species is
controversial: while G. isabellae is protected in the E.U., France,
and Spain, the IUCN changed its status from threatened to data
deficient in 1996, highlighting the need for further study (Baillie and
Groombridge, 1996; Auger-Rozenberg et al., 1998; De Arce Crespo
et al,, 2010; Vila et al., 2010). In Northern Spain, populations of G.
isabellae are protected within the Ordesa y Monte Perdido National
Park (OMPNP), but it is unknown whether this is sufficient to
protect the species at a broader geographic scale (Gonzalez-
Castellano et al., 2023). Graellsia isabellae is a night flying,
univoltine specialist moth and larvae feed exclusively on Scots pine
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(Pinus sylvestris) and Black pine (Pinus nigra), the former being the
only host in the Northern part of its range, including within OMPNP
(Mari-Mena et al., 2016). Adults exhibit male-biased dispersal, and
males can travel up to 2km every night (Mari-Mena et al., 2019).
How these two factors, distribution of P. sylvestris and unique
dispersal capabilities, interact may inform land managers whether
buffer zones around the park should be established.

To explore whether patterns of genetic structure are associated
with the distribution of habitat types in and around the OMPNP,
nine microsatellite markers were used to describe gene flow between
seventeen populations of G. isabellae (N=402) (Gonzalez-
Castellano et al.,, 2023) (Table 1). These data uncovered a
significant West-East cline of pairwise genetic differentiation
(Fst1=0.038) and a strong correlation between genetic
differentiation along this cline and pine tree cover. This pattern
broke down when considering populations that were within six
kilometers of each other, which is consistent with the fact that G.
isabellae is limited to traveling two kilometers per night and only
lives for six days, and implies dispersal occurs through a stepping
stone model. Finally, gene flow among populations (as assessed
using BAYESASS) supports the existence of a source population on
the periphery of OMPNP that supplies migrants to population sinks
within the national park and beyond (Wilson and Rannala, 2003).
Together, these data support the maintenance of P. sylvestris
connectivity and the establishment of buffer zones around parks
to protect potential source populations.

These data inform our understanding of how individuals move
across a landscape. The study by Gonzalez-Castellano et al. (2023)
incorporated data from multiple years, which helps reduce the
concern that landscape genetics patterns are snapshots in time that
might fluctuate dramatically over short temporal scales (Jangjoo
et al, 2020). The use of microsatellites can also be of use in
overcoming such concerns because they facilitate the
incorporation of museum specimens into genetic studies, adding
to the temporal coverage of the study.

Case study 4: studies in pest species place
conservation findings in context

As with all organisms, Lepidopteran species fall along a
continuum of rare-to-abundant, threatened-to-secure. Therefore,
the results of conservation genetic studies can be placed in useful
context through comparison with studies of abundant taxa
(Table 1). Many microsatellite-based genetic studies have been
conducted in Lepidopteran species that are agricultural pests.
These species are abundant and typically geographically
widespread, placing them at the opposite end of the scarcity
continuum to species of conservation concern. Studies in these
species tend to find relatively low global genetic differentiation
indicative of high levels of gene flow (i.e., low global Fgr values).
Thus, studies in pest Lepidoptera provide a valuable point of
comparison for practitioners interested in the conservation,
population, and landscape genetics of rare species.

The cotton bollworm (Helicoverpa armigera, Hibner) is a
serious global agricultural pest, feeding on a wide variety of crops.

Frontiers in Ecology and Evolution

10.3389/fevo.2024.1344065

The species is characterized by long-range dispersal (potentially
more than 2000km), high fecundity, and a nearly global distribution
(Riaz et al., 2021). Considerable microsatellite-based population
studies characterize global populations (Tan et al., 2001; Ji et al,
2003; Scott et al., 2003, 2004; Ji et al., 2005; Weeks et al., 2010; Leite
etal, 2016).,, including research in Southern Australia which found
no evidence for structuring across 14 sampled populations and with
very low global Fgr (0.002) and no significant relationship between
geographical distance and genetic distance, regardless of the statistic
used (Endersby et al., 2007). These results are consistent with long-
range migration and human transport in crop shipments (Endersby
et al,, 2007). The same pattern is evident in Brazil, where H.
armigera was first detected in 2013 (Leite et al., 2017). Here,
pairwise Fgr values across 17 populations indicate little to
moderate differentiation, although most results were
nonsignificant (significant pairwise Fgr values ranged from 0.034
to 0.114) (Leite et al, 2017). Again, the authors conclude that
population genetic results are consistent with panmixia in Brazil,
likely due to the species’ long-range dispersal capacity (Leite
et al., 2017).

In contrast, Lepidoptera of conservation concern found in
fragmented populations display elevated Fgp values consistent
with population differentiation and reduction in gene flow. Even
in the vulnerable, but high-dispersal-ability, regal fritillary Speyeria
idalia (Drury 1773) (Nymphalidae), fragmented populations have
elevated Fgr values (Fsr of 0.0202-0.0930) compared to populations
located in areas of relatively continuous habitat (Fst of 0.0017-
0.0312) (Williams et al., 2003). These patterns are evident in other
Lepidoptera of conservation concern (Keyghobadi et al., 2005).

A practical guide to
data interpretation

Planning and workflow guides (Saarinen, 2015; Holderegger
et al,, 2019) should be used to develop sampling protocols, study
design, collection of genetic data, and plans for analysis. With
genetic data in hand, how can results be analyzed and used to
answer conservation questions?

Avoiding common pitfalls

Studies of endangered Lepidoptera use non-lethal tissue
samples (typically small wing fragments or a single leg) that yield
low quantity and (potentially) low quality template DNA (Taberlet
et al,, 1999). Problems result in genotyping errors including allelic
dropout (especially large allele dropout), false alleles, and mistaken
alleles (Figure 1). Allelic dropout (false homozygosity) can be
reduced by designing primers to amplify shorter fragments
(smaller microsatellites) as they amplify at higher rates than
longer loci and are preferred when using reduced quality DNA
samples (Broquet et al., 2007). Microsatellites with dinucleotide
repeats may also be more prone to false alleles, and tri and
tetranucleotide repeat motifs should be selected for use. High
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heterozygosity loci (e.g. loci with many alleles) will also provide
more information than loci with only 2-3 alleles per locus,
providing more information and potentially saving template DNA
use by reducing the number of loci needed for analyses (Taberlet
et al., 1999).

Contamination may also negatively impact genetic evaluation
in conservation studies (owing to low quantity and quality DNA).
Contamination between samples (especially between historical and
contemporary samples) is reduced by following ancient DNA
laboratory protocols: using new aliquots of reagents (and
monitoring reagents for contamination), using filter aerosol-
resistant tips in pipettes and UV-cleaning pipettes, and separating
pre- and post- PCR work stations (Taberlet et al., 1999). To account
for low volumes (low quantity) of DNA stocks, multiplexing
microsatellite PCR reactions can minimize valuable template use
(but may not always be technically possible).

Despite knowing the problems associated with poor template
quality, very few studies using microsatellites conduct any re-
genotyping (Table 1) or calculation of genotyping error rate. We
support the call by Valiere et al. (2007) for projects using low quality
DNA to include a pilot study to evaluate the genotyping error rate,
impact of error rate on results, and simulation assessment to
determine the number of PCR repetitions (per locus and per
sample) necessary to provide 95% correct consensus genotypes.
Multiple multilocus re-genotyping to generate a consensus
genotype will add cost to a project, but a pilot study that assesses
the number of PCRs to be repeated will help minimize costs. Valiere
et al. (2007) determined that six PCRs per locus per sample where
necessary to correct up to 95% of genotyping error (based on deer
fecal samples). Butterfly projects using wing tissue or leg fragments
may not require as many PCR duplications, but a pilot study and
evaluation will be essential to determine the extent of re-genotyping
needed to achieve a determined level of accuracy for the specific
conservation question. Taberlet et al. (1996) recommend three
rounds of genotyping (with up to four additional sets depending
on the results of the first three), while Pompanon et al. (2005)
recommend a 5-10% of re-genotyping of blind samples (“multi-
tube approach” of Taberlet et al., 1999). Ideally, duplicate samples of
the same individual would be collected, but this is usually
impractical when working with endangered Lepidoptera and
PCRs may need to be repeated with the same DNA extract. Data
may also be screened through programs (listed in Pompanon et al.,
2005) to assess likelihood of genotyping error. To allow for re-
genotyping, additional DNA template volume may need to be
generated to overcome issues of limited template stock. Whole-
genome amplification kits (e.g. GenomiPhi DNA Amplification Kit
produced by Amersham Biosciences, Piscataway, NJ) have proven
useful in generating more template volume and genotyping results
are reliable when compared to those amplified from the original
template. Caution should be exercised on degraded templates,
however, as WGA kits will amplify degraded DNA as well (they
do not fix sheared fragments) (Holbrook et al.,, 2005). Lastly, we
encourage manual calling (or a manual check) of all allele calls in
genotyping programs to minimize error due to mistaken alleles.
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Because genotyping errors may complicate interpretations of
Hardy-Weinberg equilibrium (HWE), errors should be addressed
before beginning any population analysis - failure to do so may
collude interpretations of deviation from HWE and the very
determinants of inbreeding and population sub-structuring
(Pompanon et al,, 2005). Bonferroni corrections should always be
performed to assess significant deviation from HWE when
performing multiple tests (e.g. across multiple loci).

If a microsatellite marker shows evidence of linkage
disequilibrium (meaning it is linked to another locus), it is
recommended to remove that marker from analysis so as not to
conflate results (especially if there are few markers used in
the study).

Defining population units

Before genetic diversity and similarity are assessed, it may be
necessary to use genetic clustering strategies to define population
units, as subsequent analyses are highly sensitive to population
definition (Willi et al., 2022). Clustering analyses use genotype data
to infer the number of distinct genetic groups present among
samples. A variety of clustering analyses are possible, including
Bayesian model-based approaches (e.g. STRUCTURE, Pritchard
et al., 2000) and non-model-based, multivariate approaches (e.g.
principal coordinates analysis, PCoA). These clustering analyses
provide valuable information about the scale at which populations
should be managed. For example, an analysis of the rare South
Florida duskywing skipper (Ephyriades brunnea) (Hesperiidae)
found that samples from mainland Florida and the Florida Keys
form two distinct genetic clusters, indicating that these populations
should be treated as two distinct units for management (Heffernan
et al., 2023).

In addition to exploring patterns of genetic diversity within
individual populations, it is important to understand the degree of
differentiation vs. connection between populations. What is the extent
of gene flow among populations? Does the species exist in panmixia, or
is it divided into genetically distinct populations? Addressing these
questions can assist practitioners in understanding potential risks of
inbreeding depression and in planning interventions like translocation;
it can also be useful in defining discrete management units, if genetic
differentiation coincides with some form of ecological differentiation.

Because microsatellite markers evolve rapidly, they are well-
suited to understanding recent and historic patterns of gene flow
between populations. Population differentiation is typically
measured using pairwise Fgr, with higher pairwise values
indicating a greater degree of genetic fixation between
populations (Figure 2). Related, derived statistics such as G’st or
G”sr can also be used (but see Whitlock, 2011 for relative utility
using different markers).The value of using Fgr and related metrics
is that it provides a readily comparable measure of genetic drift due
to limited gene flow and reduced population size. Interpreting Fer
values (or comparing Fgy values across study species) must consider
landscape features (which may facilitate or hinder species
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FIGURE 2
Range of pairwise Fst values in Lepidoptera of varied conservation status.

dispersal), dispersal ability of the butterfly species, and the marker
set used (Figure 2). Wright (1978) suggested general guidelines for
Fgr interpretation of genetic differentiation (allele frequency
divergence among subpopulations): Fsr of 0.00-0.05 — little, Fsr
of 0.05-0.15 — moderate, Fsr of 0.15-0.25 — great, and Fgy above
0.25 — very great. However, these guidelines were developed based
on bi-allelic markers (allozymes, and now SNPs) not hyper-variable
microsatellites. Therefore, interpreting differentiation on this scale
based on microsatellites should be done with caution.

Comparisons between species should also consider that
microsatellite mutation rates may differ between species (Willi
et al,, 2022). The statistical power of the Fgr value is also critical
in determining the significant and meaningful differentiation
between populations.

Quantifying genetic diversity

A fundamental goal of conservation genetics is understanding
the distribution of genetic diversity across populations (Figure 3).
This allows practitioners to identify (1) populations with depleted
genetic diversity — which may be at particular risk due to inbreeding
depression and lack of evolvability - and (2) populations with
relatively greater genetic diversity, which may be suitable source
populations for captive breeding or translocation efforts. A number
of different statistics derived from microsatellite genotypes are
useful for describing genetic diversity within populations,
including per-population allelic diversity, the observed
heterozygosity per population, and the number of private alleles
per population. Populations with greater genetic diversity are
characterized by higher allelic diversity and higher observed
heterozygosity, while the presence of private alleles indicates that
a population harbors unique genetic diversity, which practitioners
may wish to explicitly protect via management action. These
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metrics can also be used to compare wild populations to captive
breeding colonies established for use in conservation, to ensure that
the captive population’s genetic diversity is reflective of wild
populations (Miller et al., 2014).

Assessing geographic structure

Understanding the extent of genetic structure can clarify the
factors shaping patterns of genetic differentiation. For instance, it may
be useful to understand whether geographic distance structures
genetic differentiation - in other words, whether the species
experiences isolation-by-distance. Historically, patterns of isolation-
by-distance have been assessed using a Mantel test. The Mantel test is
a nonparametric test for correlation between two distance matrices:
in this case, a matrix of geographic distances and a matrix of genetic
distances (typically as measured by pairwise Fgr). The ability to detect
isolation-by-distance in this manner is strongly influenced by the
number of sampled populations (Jenkins et al., 2010). Newer
strategies include information about landscape features and habitat
types through tests for isolation-by-resistance, e.g. using CircuitScape
(van Strien et al., 2015; McRae et al., 2016), the strip-based method
developed by Emarsi and colleagues (Emaresi et al., 2011), or with the
R package ResistanceGA, which implements linear mixed models
with the maximum-likelihood population effect parameterization,
accounting for the non-independence of values in pairwise distance
matrices (Peterman, 2018).

Inferring historical demography
Conservation practitioners may also be interested in

understanding historical demographic processes in species or
populations of conservation concern. For example, has the species
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or population of concern been isolated for long periods, or is
isolation a more recent phenomenon? A variety of programs can
address these questions, including BayesAss, which infers recent
migration rates among populations (Wilson and Rannala, 2003);
the R package VarEff and the program MIGRAINE, both of which
estimate past changes in effective population sizes (Leblois et al,
2014; Nikolic and Chevalet, 2014); and the program DIYABC,
which allows users to compare support for competing models of
population history (Cornuet et al., 2014). Contemporary effective
population sizes can also be estimated from genetic data, using
programs like NeEstimator (Do et al., 2014). The efficacy of these
approaches will depend on the number of microsatellite markers
and the number of sampled individuals; therefore, if conservation
practitioners wish to use these methods, particular attention should
be paid during the study design phase. For instance, modeling work
demonstrates that the ability of BayesAss to accurately capture
migration rates is maximized when few populations but many
individuals are sampled, which may be challenging in Lepidoptera
of conservation concern (Meirmans, 2014). Moreover, testing
complex demographic scenarios can require many markers to
achieve statistical power, meaning that conservation geneticists
interested in these approaches may prefer to use SNPs, rather
than microsatellite markers.
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Utility of museum specimens

We emphasize the utility of incorporating genetic data from
museum specimens into conservation genetics analyses, when
possible (Tracy and Jamieson, 2011; Kekkonen, 2016; Lalonde
and Marcus, 2020; Nakahama, 2021). Natural history collections
are critical repositories of historic biological data, including genetic
material, and their use can place contemporary results into
meaningful context (Harper et al., 2006; Habel et al., 2009;
Ugelvig et al.,, 2011; Kim et al., 2020; Davis et al., 2021).
Microsatellites have proven to be very useful in recreating
population histories and historical allele frequencies from
museum specimens, as microsatellites are typically short in length
and able to be amplified from older (low quality and low quantity)
DNA (Saarinen and Daniels, 2012). For instance, recent bottleneck
events and ensuing losses of genetic diversity can obscure historical
patterns of spatial genetic structuring; by incorporating genetic data
from museum specimens, these patterns may be elucidated and
used in defining population units for conservation management
(Nakahama, 2021). Reintroductions (a common conservation
strategy) may also be assisted by genetic data from museum
specimens. The black-veined white Aporia crataegi (Linnaeus
1758) (Pieridae) is a highly-dispersing generalist butterfly found
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from northwest Africa to far eastern Asia, but presumed extirpated
from South Korea (Jugovic et al., 2017; Kim et al.,, 2020). Using a
combination of microsatellite markers and mitochondrial gene
sequences, Kim and colleagues determined that South Korean
museum specimens are most genetically similar to extant
populations in Mongolia, China, and Russia, making these
populations the most suitable sources for any reintroduction
efforts in South Korea (Kim et al., 2020).

Conclusion

Butterfly conservation efforts continue to be plagued by data
deficiencies: missing natural history information, unknown
dispersal capacity, lack of population-level demographic
information, and an absence of genetic data (Geyle et al., 2021;
New, 2022; Rosa et al, 2023). By shedding light on patterns of
population connectivity and diversity, conservation genetic studies
can help address some of these gaps. However, prior to the advent of
next-generation sequencing technologies, conservation genetic
studies in butterflies faced a major challenge: difficulties
developing suitable genetic markers.

Although microsatellite marker generation in Lepidoptera has
become substantially easier, actually integrating genetic data into
conservation practice remains challenging. For instance, the
International Union for Conservation of Nature (IUCN) threats
classification scheme, which is used to generate Red List
assessments, does not include genetic concerns or threats (except
“introduced genetic material”, e.g. the release of hatchery fish into
wild gene pools) (Garner et al, 2020; TUCN - CMP Unified
Classification of Direct Threats Version: 3.3, 2022). Although only
evaluated in vertebrate species, Schmidt et al. (2023) demonstrate that
genetic data (including from microsatellites) cannot be used to
identify threat status. Furthermore, they found that Red List status
did not indicate whether a species warranted genetic diversity
protection. As more insect studies, and Lepidoptera in particular,
generate genetic results, it will be critical to develop metrics to include
assessments of genetic diversity into conservation policy. There also
remains a potential disconnect between academic researchers
engaged in conservation genetics studies, and conservation
practitioners actively engaged in species conservation (Holderegger
et al, 2019). This disconnect may potentially widen with the
increasing use of SNP-based methods in conservation genetics,
which are more computationally demanding than microsatellite-
based analyses.

By summarizing microsatellite-based conservation genetics
studies across Lepidoptera species, and by providing a guide to
study design and data interpretation, we aim to narrow the
disconnect between academic researchers and conservation
professionals. We call for a standard reporting of microsatellite
statistics to allow for comparisons across studies (including number
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of effective alleles, allelic richness, and Fig both per locus and per
population). Whenever possible, descriptions of basic life history
information (larval feeding breadth, adult dispersal, voltinism)
should be included to further assist in data interpretation and
comparison across studies (Figure 2). These comparisons are
useful in setting conservation management goals (e.g. number of
populations necessary for species viability, arrangements of
populations, requirements for minimum population size to
maintain genetic diversity, etc.) while considering critical life
history information.

No conservationists question the importance of genetic data.
Genetic diversity directly affects extinction risk. However, the
incorporation of genetic data into conservation plans continues to
be challenging, and genetic data is not a criterion for listing on the
IUCN Red List. We hope that new technologies continue to support
investigation of genetic diversity, and that review papers assist
conservationists in data interpretation and incorporation into
conservation strategies.
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Glossary

Flanking
region

Microsatellite
family

Microsatellite
locus

Microsatellite
motif

Mobile

elements

Null allele

SNP

Target DNA

Transcriptome

The DNA sequence directly on either side of the target DNA
sequence. Fixed flanking regions refer to DNA that is stable
and not changing across generations (and is therefore suitable
for primers to be designed to target for amplification of the
target DNA). Unfixed flanking regions result in null alleles.

Microsatellite loci with highly similar flanking regions that do
not produce clear, usable data for population studies. Rather
than amplifying a single locus, primers will instead amplify
multiple loci in a microsatellite family. Only single-copy
microsatellites are useful for population genetic studies.

Short, repeating DNA segments (e.g. GT,,, CAT,, CTGA,)
that are bordered by unique sequences (see Flanking region). A
microsatellite locus is characterized by its length (which
corresponds to the number of times the base microsatellite
motif is repeated), they are typically 100-400 bp long.
Microsatellites are also used in DNA fingerprinting.

Di-, tri-, tetra-, and penta- nucleotide base repeats (e.g. CA,
CAT, CATG, CATGT). The motif is the base unit that is
repeated n times (where # is typically between 4-50).

E.g. (CA)s =CACACACACA

A sequence of DNA that may move to different parts of the
genome, or even be transferred to another organism. Also
known as a transposable element or a jumping gene, mobile
elements are very common and can have major implications
in gene expression and evolution.

An allele that fails to be detected via PCR or genotyping.
Causes of null alleles include failure of primers to anneal to a
flanking region (e.g. because flanking region is not fixed) or
PCR failure to amplify a larger sized allele (large allele
dropout). Null alleles in an analysis lead to underestimation of
heterozygosity and genetic diversity measures.

Single nucleotide polymorphism. A specific point in the
genome where a different (alternative) base is found at a
detectable frequency. Because there are four nucleotides in
DNA (A,T,C,G), there are limited options for an
alternative nucleotide.

A specific DNA sequence of interest to a researcher (e.g. a
microsatellite, a protein-coding section, etc.).

Includes all protein-coding RNA molecules in an organism (it
is a small subset of the full genome).
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