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The last Xerces blue butterfly was seen in the early 1940s, and its extinction
is credited to human urban development. This butterfly has become a North
American icon for insect conservation, but some have questioned whether it
was truly a distinct species, or simply an isolated population of another
living species. To address this question, we leveraged next-generation
sequencing using a 93-year-old museum specimen. We applied a genome
skimming strategy that aimed for the organellar genome and high-copy frac-
tions of the nuclear genome by a shallow sequencing approach. From these
data, we were able to recover over 200 million nucleotides, which assembled
into several phylogenetically informative markers and the near-complete
mitochondrial genome. From our phylogenetic analyses and haplotype net-
work analysis we conclude that the Xerces blue butterfly was a distinct
species driven to extinction.

1. Introduction
Understanding human impacts on biodiversity are essential for conservation.
Determining how insect species and populations are being affected by pesticide
use, land-use modification and climate change are all active areas of research
(reviewed in [1]), but we still understand relatively little about how insects are
affected overall [2]. One of the most iconic insect extinctions in the United States
was the loss of the Xerces blue butterfly (Glaucopsyche xerces) from the costal
sand dunes of San Francisco, California, USA in the early 1940s. Urban develop-
ment and disturbance of sandy soils caused the local loss of several species of
Lupinus and Lotus, particularly Lo. scoparius (Deerweed), its preferred larval host
plant, and the resulting habitat change is thought to have brought about its extinc-
tion [3]. Its decline also coincided with the introduction of Linepithema humile, the
Argentine ant, into the region, and it has been proposed that this invasive ant may
have contributed to species loss by outcompeting native ant species that tend and
protect the caterpillars of G. xerces. However, L. humile is known to tend lycaenid
larvae in other cases, and several studies have suggested that they may function
similarly to other ant symbionts of lycaenid larvae (e.g. [4,5]).

Despite only being formally described by Boisduval in 1852 [6] and declared
extinct less than 100 years later in the 1940s, quite a lot is known about the
biology of G. xerces. The species exhibited an unusual degree of variability in
wing patterning, and Williams [7] and Downey & Lange [8] detailed morpho-
logical wing variation and genitalic structure, egg to adult development, larval
parasites, major flight period and food plant preference. However, the question
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Glaucopsyche lygdamus LNAUY2999 19 Russia Magadanskaya Oblast 1983
Glaucopsyche lygdamus OPPEC726 17 Canada Ontario 2014
Glaucopsyche lygdamus XERC071 16 United States California El Dorado County 1952
Glaucopsyche lygdamus BBLPE251 09 Canada Newfoundland and Labrador 2009
Glaucopsyche lygdamus LPSOB163 08 Canada Ontario 2008
Glaucopsyche lygdamus KPOEC102 08 Canada Ontario 2008

Glaucopsyche lygdamus CNCLB4099 17 Canada Nova Scotia 1983
Glaucopsyche lygdamus RDBBC252 05 Canada British Columbia 2003
Glaucopsyche lygdamus BBLPA030 10 Canada British Columbia 2010
Glaucopsyche lygdamus YTLEP299 12 Canada Yukon Territory 2011
Glaucopsyche lygdamus HBNK926 07 Canada British Columbia 2004
Glaucopsyche lygdamus YTLEP387 12 Canada Yukon Territory 2007
Glaucopsyche lygdamus XERC175 16 United States New Mexico 1995
Glaucopsyche lygdamus YTLEP322 12 Canada Yukon Territory 2011
Glaucopsyche lygdamus OPPEC724 17 Canada Ontario 2014

Glaucopsyche lygdamus XERC012 16 Canada Northwest Territories 1948
Glaucopsyche lygdamus XERC015 16 United States New Mexico 1940
Glaucopsyche lygdamus XERC154 16 United States Arizona 1967
Glaucopsyche lygdamus XERC178 16 United States New Mexico 1994
Glaucopsyche lygdamus HBNK091 07 Canada Alberta 2004

Glaucopsyche lygdamus XERC010 16 Canada Northwest Territories 1956

Glaucopsyche lygdamus XERC184 16 United States Kansas 1988
Glaucopsyche lygdamus XERC185 16 United States Kansas 1988

Glaucopsyche lygdamus XERC144 16 United States New Mexico 1994
Glaucopsyche lygdamus XERC153 16 United States Colorado 1978

Glaucopsyche lygdamus DMAZ164 10 United States Arizona 2009
Glaucopsyche lygdamus DMAZ246 10 United States Arizona 2010
Glaucopsyche lygdamus DMAZ242 10 United States Arizona 2010
Glaucopsyche lygdamus RDBBC251 05 Canada British Columbia 2003
Glaucopsyche lygdamus XERC017 16 United States Washington 1943
Glaucopsyche lygdamus EZBNB077 08 Canada British Columbia 2003
Glaucopsyche lygdamus HBNKB189 07 Canada British Columbia 2003
Glaucopsyche lygdamus HBNKB193 07 Canada British Columbia 2003
Glaucopsyche lygdamus HBNKB191 07 Canada British Columbia 2003

Glaucopsyche lygdamus XERC036 16 United States Idaho 1944
Glaucopsyche lygdamus EZBNB076 08 Canada British Columbia 2003

Glaucopsyche lygdamus HBNKB190 07 Canada British Columbia 2003
Glaucopsyche lygdamus XERC019 16 United States Washington 1943
Glaucopsyche lygdamus XERC020 16 United States Washington 1947
Glaucopsyche lygdamus XERC039 16 United States Montana 1952
Glaucopsyche lygdamus HBNKB192 07 Canada British Columbia 2003

Glaucopsyche lygdamus RDBBC564 05 Canada Nova Scotia 2005
Glaucopsyche lygdamus XERC163 16 United States Colorado 1977
Glaucopsyche lygdamus OPPOC051 17 Canada Ontario 2014
Glaucopsyche lygdamus EZBNB063 08 Canada Alberta 2003
Glaucopsyche lygdamus BBLSX514 09 United States Arizona 2009

Glaucopsyche lygdamus XERC046 16 United States Colorado 1961
Glaucopsyche lygdamus YTLEP321 12 Canada Yukon Territory 2011
Glaucopsyche lygdamus XERC070 16 United States California Laytonville 1946
Glaucopsyche lygdamus XERC006 16 Canada Northwest Territories 1937
Glaucopsyche lygdamus XERC072 16 United States California El Dorado County 1958
Glaucopsyche lygdamus XERC009 16 Canada Northwest Territories 1956
Glaucopsyche lygdamus XERC003 16 Canada Quebec 1948

Glaucopsyche lygdamus XERC062 16 United States California Napa County 1950
Glaucopsyche lygdamus XERC094 16 United States California Preston 1946

Glaucopsyche lygdamus XERC061 16 United States California Napa County 1950
Glaucopsyche lygdamus XERC093 16 United States California Kenwood 1946
Glaucopsyche lygdamus XERC058 16 United States California Marin County 1950
Glaucopsyche lygdamus XERC069 16 United States California Mendocino County 1950

Glaucopsyche xerces XERC085 16 United States California San Francisco 1932
Glaucopsyche xerces XERC084 16 United States California San Francisco 1932
Glaucopsyche xerces XERC079 16 United States California San Francisco 1927

Glaucopsyche xerces XERC090 16 United States California San Francisco 1932
Glaucopsyche xerces this study United States California San Francisco 1928
Glaucopsyche xerces XERC073 16 United States California San Francisco 1932
Glaucopsyche xerces XERC074 16 United States California San Francisco 1946

Glaucopsyche xerces XERC087 16 United States California San Francisco 1926
Glaucopsyche xerces XERC076 16 United States California San Francisco 1926

Glaucopsyche xerces XERC088 16 United States California San Francisco 1926
Glaucopsyche pseudoxerces XERC193 17 United States California 1990

Glaucopsyche australis  XERC060 16 United States California Snow Creek 1955
Glaucopsyche species unknown HBNK305 07 United States California Santa Barbara canyon 2004

Glaucopsyche species unknown HBNK306 07 United States California Santa Barbara canyon 2004
Glaucopsyche australis XERC095 16 United States California Atascadero 1948

Glaucopsyche australis XERC068 16 United States California Atascadero 1948

Glaucopsyche australis XERC053 16 United States California Los Angeles County 1930
Glaucopsyche australis XERC059 16 United States California Snow Creek 1955

Glaucopsyche australis XERC190 16 United States California Orange County 1988
Glaucopsyche australis XERC183 16 United States California Los Angeles County 1988
Glaucopsyche australis XERC189 16 United States California Orange County 1990

Glaucopsyche lycormas EZHBA277 NA
Glaucopsyche lycormas EZHBA482 NA

Glaucopsyche lycormas LOWA748 FJ663592

100

Glaucopsyche lygdamus XERC065 16 United States California Sacramento 1952
Glaucopsyche lygdamus XERC180 16 United States New Hampshire 1990
Glaucopsyche lygdamus UAMIC3233 15 United States Alaska 2015
Glaucopsyche lygdamus YTLEP295 12 Canada Yukon Territory 2011
Glaucopsyche lygdamus BBLPA026 10 Canada Saskatchewan 2010
Glaucopsyche lygdamus CNCLB4101 17 Canada Nova Scotia 1983
Glaucopsyche lygdamus XERC022 16 United States Washington 1949
Glaucopsyche lygdamus EZBNB062 08 Canada Alberta 2003
Glaucopsyche lygdamus HBNK093 07 Canada Alberta 2004
Glaucopsyche lygdamus CHLEP305 09 Canada Manitoba 2009
Glaucopsyche lygdamus HBNK331 07 Canada Nova Scotia 2003
Glaucopsyche lygdamus XERC049 16 United States Arizona 1936
Glaucopsyche lygdamus XERC145 16 United States New Mexico 1995
Glaucopsyche lygdamus XERC026 16 United States Washington 1945
Glaucopsyche lygdamus CNCBF1011 14 Canada Ontario 2007
Glaucopsyche lygdamus XERC186 16 United States Colorado 1997
Glaucopsyche lygdamus OPPOC738 17 Canada Ontario 2014
Glaucopsyche lygdamus EZHBA809 07 Russia Kamchatskiy Kray 2004
Glaucopsyche lygdamus RDBBC406 05 United States Washington 2005
Glaucopsyche lygdamus XERC021 16 United States Washington 1949
Glaucopsyche lygdamus XERC063 16 United States California Berkeley 1941
Glaucopsyche lygdamusYTLEP426 12 Canada British Columbia 2004
Glaucopsyche lygdamus HBNK263 07 Canada Northwest Territories 2005
Glaucopsyche lygdamus XERC018 16 United States Washington 1949
Glaucopsyche lygdamus OPPEC085 17 Canada Ontario 2014
Glaucopsyche lygdamus BBLPA027 10 Canada Saskatchewan 2010
Glaucopsyche lygdamus XERC171 16 Canada Northwest Territories 2007
Glaucopsyche lygdamus XERC047 16 United States Colorado 1961
Glaucopsyche lygdamus JSPEC120 18 Canada Ontario 2018
Glaucopsyche lygdamus XERC066 16 United States California Sacramento 1952
Glaucopsyche lygdamus XERC023 16 United States Washington 1939
Glaucopsyche lygdamus HBNKB211 07 Canada Alberta 2004
Glaucopsyche lygdamus XERC172 16 Canada Northwest Territories 2007
Glaucopsyche lygdamus MNAR604 16 Canada New Brunswick 2015
Glaucopsyche lygdamus XERC007 16 Canada Northwest Territories 1949
Glaucopsyche lygdamus HBNK262 07 Canada Northwest Territories 2005
Glaucopsyche lygdamus LPABB681 08 Canada Alberta 2008
Glaucopsyche lygdamus OPPOC008 17 Canada Ontario 2014
Glaucopsyche lygdamus XERC002 16 Canada Quebec 1948
Glaucopsyche lygdamus RDBBC565 05 Canada Nova Scotia 2005
Glaucopsyche lygdamus YTLEP346 12 Canada Yukon Territory 2007
Glaucopsyche lygdamus XERC014 16 Canada Newfoundland and Labrador 1951
Glaucopsyche lygdamus HBNK264 07 Canada Northwest Territories 2005
Glaucopsyche lygdamus EZHBA807 07 Russia Kamchatskiy Kray 2004
Glaucopsyche lygdamus BBLPA025 10 Canada Saskatchewan 2010
Glaucopsyche lygdamus LNAUY3000 19 Russia Magadanskaya Oblast 1983
Glaucopsyche lygdamus XERC004 16 Canada Quebec 1943
Glaucopsyche lygdamus HBNKB212 07 Canada Alberta 2004
Glaucopsyche lygdamus CNCLB4100 17 Canada Nova Scotia 1983
Glaucopsyche lygdamus XERC146 16 Canada Northwest Territories 1971
Glaucopsyche lygdamus YTLEP294 12 Canada Yukon Territory 2011
Glaucopsyche lygdamus CHLEP275 09 Canada Manitoba 2009
Glaucopsyche lygdamus LPMN700 08 Canada Manitoba 2008
Glaucopsyche lygdamus OPPOC020 17 Canada Ontario 2014
Glaucopsyche lygdamus BBLPA029 10 Canada British Columbia 2010
Glaucopsyche lygdamus HBNK094 07 Canada Alberta 2004

Glaucopsyche lygdamus HBNK927 07 Canada British Columbia 2004
Glaucopsyche lygdamus XERC027 16 United States Oregon 1942
Glaucopsyche lygdamus XERC166 16 United States Arizona 1967
Glaucopsyche lygdamus MNAR603 16 Canada New Brunswick 2015
Glaucopsyche lygdamus XERC025 16 United States Washington 1949
Glaucopsyche lygdamus HBNK862 07 Canada Alberta 2004
Glaucopsyche lygdamus LPMN551 08 Canada Manitoba 2008
Glaucopsyche lygdamus XERC005 16 Canada Northwest Territories 1937
Glaucopsyche lygdamus XERC031 16 United States Illinois 1904
Glaucopsyche lygdamus YTLEP393 12 Canada Yukon Territory 2007
Glaucopsyche lygdamus BBLPA085 10 Canada Alberta 2010
Glaucopsyche lygdamus LPSOB333 08 Canada Ontario 2008
Glaucopsyche lygdamus HBNK374 07 Canada Alberta 2004
Glaucopsyche lygdamus HBNK928 07 Canada British Columbia 2004
Glaucopsyche lygdamus MNAR606 16 Canada New Brunswick 2015
Glaucopsyche lygdamus BBLPA028 10 Canada British Columbia 2010

Glaucopsyche lygdamus RDBBC046 05 Canada British Columbia 2003
Glaucopsyche lygdamus MNAR605 16 Canada New Brunswick 2015
Glaucopsyche lygdamus KPOEC101 08 Canada Ontario 2008
Glaucopsyche lygdamus CHLEP263 09 Canada Manitoba 2009
Glaucopsyche lygdamus LPMN508 08 Canada Manitoba 2008

Glaucopsyche lygdamus RDBBC034 05 Canada British Columbia 2005

Glaucopsyche lygdamus LPSOB628 08 Canada Ontario 2008
Glaucopsyche lygdamus XERC165 16 United States Arizona 1967
Glaucopsyche lygdamus CNCLA7381 13 United States Georgia 1999
Glaucopsyche lygdamus XERC179 16 United States New York 1996
Glaucopsyche lygdamus CHLEP170 09 Canada Manitoba 2009
Glaucopsyche lygdamus YTLEP368 12 Canada Yukon Territory 2007
Glaucopsyche lygdamus EZBNA023 07 Canada Northwest Territories 2005
Glaucopsyche lygdamus LPSOB273 08 Canada Ontario 2008
Glaucopsyche lygdamus XERC011 16 Canada Northwest Territories 1948
Glaucopsyche lygdamus XERC008 16 Canada Northwest Territories 1949
Glaucopsyche lygdamus XERC050 16 United States Arizona 1935
Glaucopsyche lygdamusXERC057 16 United States California Santa Cruz 1922
Glaucopsyche lygdamus EZBNA024 07 Canada Northwest Territories 2005
Glaucopsyche lygdamus USLEP1328 10 United States Colorado 2010
Glaucopsyche lygdamus XERC013 16 Canada Newfoundland and Labrador 1951
Glaucopsyche lygdamus YTLEP389 12 Canada Yukon Territory 2007
Glaucopsyche lygdamus OPPOC056 17 Canada Ontario 2014

Glaucopsyche lygdamus EZBNB351 08 United States Oregon 2004
Glaucopsyche lygdamus EZBNB059 08 Canada Saskatchewan 2003
Glaucopsyche lygdamus LPSK636 08 Canada Saskatchewan 2008
Glaucopsyche lygdamus LPSK657 09 Canada Saskatchewan 2008
Glaucopsyche lygdamus LWUSA380 08 United States Colorado 2007

Glaucopsyche lygdamus EZBNB048 08 Canada Manitoba 2003
Glaucopsyche lygdamus BBLPA010 10 Canada Alberta 2010
Glaucopsyche lygdamus EZBNB058 08 Canada Saskatchewan 2003
Glaucopsyche lygdamus HBNK092 07 Canada Alberta 2004
Glaucopsyche lygdamus EZBNB049 08 Canada Manitoba 2003
Glaucopsyche lygdamus XERC188 16 United States California Grass Valley 1990

Glaucopsyche lygdamus XERC041 16 United States Montana 1939
Glaucopsyche lygdamus XERC187 16 United States California Grass Valley 1990
Glaucopsyche lygdamus OPPOC038 17 Canada Ontario 2014

Glaucopsyche lygdamus XERC064 16 United States California Mono County 1958
Glaucopsyche lygdamus XERC181 16 United States New Hampshire 1990

Glaucopsyche lygdamus XERC155 16 United States Arizona 1978

61

57

G. xerces (XERC085-16) San Francisco, California 1932 
G. xerces (XERC084-16) San Francisco, California 1932
G. xerces (XERC079-16) San Francisco, California 1927 

G. xerces (XERC090-16) San Francisco, California 1932 
G. xerces (this study) San Francisco, California 1928
G. xerces (XERC073-16) San Francisco, California 1932 
G. xerces (XERC074-16) San Francisco, California 1946

G. xerces (XERC087-16) San Francisco, California 1926 
G. xerces (XERC076-16) San Francisco, California 1926 

G. xerces (XERC088-16) San Francisco, California 1926
G. pseudoxerces (XERC193-17) Santa Barbara County, California 1990

G. australis (XERC060-16) Snow Creek, California 1955
G. species unknown (HBNK305-07) Santa Barbara canyon, California 2004

G. species unknown (HBNK306-07) Santa Barbara canyon, California 2004
G. australis (XERC095-16) Atascadero, California 1948

G. australis (XERC068-16) Atascadero, California 1948
G. australis (XERC052-16) Los Angeles County, California 1950

G. australis (XERC053-16) Los Angeles County, California 1930
G. australis (XERC059-16) Los Angeles County, California 1955 

G. species unknown (JBAZ086-09) Upper Kitchen Creek, California 2008
G. australis(XERC190-16) Orange County, California 1988 

G. australis (XERC183-16) Los Angeles County, California 1988
G. australis (XERC189-16) Orange County, California 1990
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Glaucopsyche australis XERC052 16 United States California Los Angeles County 1950

Glaucopsyche species unknown JBAZ086 09 United States California Upper Kitchen Creek 2008

(b)

(a) (c)

Figure 1. (a) Phylogenetic tree of Glaucopsyche. The tree was reconstructed by maximum likelihood inference of the CO1 barcoding mitochondrial marker gene.
Three G. lycormas sequences were used as an outgroup. Glaucopsyche xerces of this study is highlighted in red. Bootstrap values of main clades are indicated near
each node. The detailed tree is presented in electronic supplementary material, figure S3. (b) Expansion of the xerces and australis/pseudoxerces clades of the
phylogenetic tree in (a). Bootstrap support values are indicated near each node. Taxon labels indicate species names, BOLD Process IDs, collection locations
and collection years. (c) Haplotype network of all Glaucopsyche calculated from the CO1 barcoding marker used in the phylogeny of (a). Mutations are indicated
by dashes and numbers in brackets. Ellipses highlight the clusters of G. xerces ( pink), G. australis/pseudoxerces (light blue) and G. lycormas (green). Red circle
indicates the node of the network that included G. xerces.
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remained whether G. xerces was indeed a distinct species,
subspecies or potentially just an isolated population of the
widespread Silvery Blue, Glaucopsyche lygdamus, which has a
range extending across the western United States and
Canada. Downey & Lange [8, p. 165] note:
The genitalia of G. xerces are very similar to those of G. lygdamus
(Dbldy.) On the basis of the male genitalia alone, xerces should be
assigned subspecific status under lygdamus. However, there are
differences between these species in larval stages, adult wing
maculation, and ecology. In addition, occasional specimens of
G. lygdamus behrii (Edw.) are taken in the areas where xerces
occurred, and hybrids have never been detected. We are of the
opinion that they are closely related but separate species.
Since the last specimens of G. xerceswere seen alive in the 1940s,
we turned to museum specimens to address this question.
Although natural historymuseum collections are essential biodi-
versity repositories, preservation formolecular researchwasnot a
consideration in thepast [9].Museumgenomics is reallyonlynow
becoming viable owing to the short sequencing reads available
from many next-generation sequencing technologies, allowing
for the sequencing of highly fragmented DNA. We applied this
approach to a museum specimen of the Xerces blue to assess
whether it is, indeed, a genetically distinct lineage, in which
case wewould conclude that the Xerces blue is truly extinct.
2. Material and methods
A portion of a specimen of G. xerces collected in 1928 was used to
extract DNA and the voucher is available in the scientific hold-
ings of the Field Museum of Natural History. Single-end
150 bp sequencing libraries were prepared, adapters were ligated
onto the DNA fragments and the library was sequenced on an
Illumina MiSeq platform.

Raw sequences were processed, and four commonly used
phylogenetic markers (nuclear genes 28S ribosomal RNA (28S),
histone H3 (H3), and the mitochondrial CO1-tRNA-CO2 (the
cytochrome oxidase 1 marker region including the adjacent
tRNA and parts of cytochrome oxidase 2)) were identified from
the genomic sequence data, as well as the nearly complete mito-
chondrial genome. To infer phylogenies based on each successful
marker region, we downloaded existing sequences from the
BOLD and Genbank databases and all available complete
mitogenome sequences of nine Lycaenidae from Genbank, in
addition to two Riodinidae and two Nymphalidae as outgroups.

Phylogenetic inference was conducted using maximum like-
lihood and the GTR +G model of molecular evolution in RAxML
v. 7.2.8 [10]. We conducted three sets of phylogenetic analyses: (i)
CO1 of Glaucopsyche, (ii) individual and combined analyses of
CO1, CO1-trnL-CO2, 28S and H3 for Polyommatinae and (iii)
full mitogenome analysis of nine Lycaenidae and outgroups
(electronic supplementary material, table S1). A haplotype
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Figure 2. (a) Circular representation of the mitogenome of G. xerces. Protein-coding genes are highlighted in cyan, transfer RNA genes in magenta, ribosomal RNA
genes in red, and the D-loop region in blue. Inner blue and green lines represent the CG and AT content, respectively. (b) Coverage histogram of the G. xerces
mitogenome. Grey bars represent the genome coverage in a logarithmic scale. Red triangles point to six uncovered regions.
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network was estimated using the CO1 barcoding marker for all
available sequences of G. lygdamus and G. xerces, and the sister
to this clade, G. lycormas, to calculate a minimum spanning net-
work. Full details of the methods, as well as additional analyses,
are provided in the electronic supplementary material.
3. Results
The G. xerces DNA from the 93-year-old museum specimen
was highly degraded, but we were able to recover 210 182 214
nucleotides of the Xerces blue butterfly genome (electronic sup-
plementary material, table S2). The gene-based maximum
likelihood phylogenetic trees all recover G. xerces as sister to a
G. australis/pseudoxerces clade with modest bootstrap support
and these are sister to the G. lygdamus clade (figure 1a,b; elec-
tronic supplementary material, figure S3). We also recovered
G. lycormas as sister to G. xerces +G. australis/pseudoxerces and
G. lygdamus.

The results of our haplotype network generated from the
CO1 barcode alignment (not including the three outgroup
taxa) containing 197 Glaucopsyche sequences show higher
mitogenomic divergence in the network separating G. xerces
and G. australis/pseudoxerces from all other G. lygdamus
(figure 1c). The average estimates of evolutionary distance
based on the CO1 barcoding gene also support these find-
ings. Pairwise distances calculation of these sequences
resulted in an average intraspecific mitogenomic divergence
for G. lygdamus of 0.15% and for individuals of the xerces
and australis/pseudoxerces clade 0.32 and 0.71%, respectively
(electronic supplementary material, table S3). Both indicate
that G. xerces (and G. ausralis/pseudoxerces) are distinct
evolutionary clades.

We assembled 15 252 bp of the G. xerces mitochondrial
genome, with a GC content of 17.6% (figure 2a). We were
able to assemble almost the entire mitogenome minus six
small gaps in the atp8, ND2, ND5, trnL, 16S rRNA genes
and the D-Loop region (figure 2b). When comparing the
G. xerces mitogenome to other lepidopteran mitogenomes
we find the gene arrangements in continuous assemblies
were identical (electronic supplementary material, figure
S4). Although there were no other Glaucopsyche mitogenomes
available on Genbank, we combined the protein-coding gene
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sequences from the G. xerces mitogenome with the gene
sequences from all other available Lycaenidae mitogenomes
to reconstruct a robust phylogenetic tree (electronic sup-
plementary material, figure S5). In these analyses, we
consistently recovered G. xerces grouping with other species
of Polyommatinae within the Lycaenidae. Full details of the
results are provided in the electronic supplementary material
and sequence data have been deposited in Genbank (acces-
sion no. MW677564) and SRA (accession no. PRJNA705167).
/journal/rsbl
Biol.Lett.17:20210123
4. Discussion
Museomics, or coupling museum specimens with genomic
technologies, is permitting novel questions to be addressed
that often cannot be answered in any other way. One example
is sequencing specimens of extinct species, since fresh or living
material is not an option [11]. In this study, we investigated
whether the Xerces blue butterfly, G. xerces, was a distinct
species or simply represented a slightly diverged population
of the widespread Silvery Blue butterfly, G. lygdamus. This
has implications for both conservation and potentially reintro-
duction. If G. xerces represented an isolated population of
G. lygdamus, this would mean that humans did not cause the
extinction of a distinct species, and that reintroduction could
be sourced from one or more extant populations.

Using next-generation sequencing of a 93-year-old
museum specimen of the Xerces blue butterfly and coupling
this with additional sequences available on public databases,
we showed that G. xerces was in fact a distinct species. This is
in agreement with differences noted by Downey & Lange [8]
that the larval stages, adult wing maculation, and ecology
differ between these species. We also found the G. xerces
clade as sister to a clade of australis/pseudoxerces. These two
clades are sister to G. lygdamus.

Although the work reported here was not motivated by
interest in the ‘resurrection’ of an extinct species, and we
were unable to assemble the majority of the nuclear
genome, our data provide the first step in determining the
genetic differences between these species. In addition, de-
extinction of the Xerces blue would require not only the reca-
pitulation of the genetic diversity of the species, but also the
reestablishment of the host plants it feeds on and potentially
the reintroduction of protective symbiotic ant species to
guard the larvae. Before de-extinction efforts are considered
for this species, it will be important to consider the ecological
and evolutionary costs and benefits [12]. The Xerces blue
butterfly is an icon for insect extinction and conservation,
and the question remains whether the financial and time
investment in potentially resurrecting this species outweigh
the investment in protecting other butterfly species and
habitats that are currently in sharp decline, such as those of
the El Segundo Blue, Euphilotes battoides allyni [13,14], or
the Karner Blue, Lycaeides melissa samuelis [15,16].
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(mitogenome accession no. MW677564) and SRA (BioProject ID:
PRJNA705167).

Authors’ contributions. C.S.M., M.R.K. and N.E.P. conceived the idea for
the project. C.S.M. and F.G. oversaw the generation of the data.
F.G. and C.S.M. analysed the data. F.G., M.R.K., N.E.P. and C.S.M.
wrote the manuscript.

Competing interests. We declare we have no competing interests.
Funding. This research was supported by the Negaunee Foundation and
the Grainger Bioinformatics Center at the Field Museum of Natural
History. M.R.K. was supported in part by NIH R35 GM131828. N.E.P.
was supported in part by NSF DEB 1541560. C.S.M. was supported in
part by NSF DEB 1900357.

Acknowledgements. We thank Brian Wray for assistance in the molecular
laboratory and Crystal Maier for assistance in the butterfly collections
at the FieldMuseum of Natural History. Allmolecular analysis was con-
ducted in the Pritzker DNA Laboratory at the Field Museum of Natural
History.We thankSusanandDavidMilligan for their generousdonation
to the Pritzker Laboratory forMolecular Systematics andEvolution at the
Field Museum, Chicago. We thank two anonymous reviewers who
provided valuable feedback that greatly improved this study.
References
1. Sánchez-Bayo F, Wyckhuys KAG. 2019 Worldwide
decline of the entomofauna: a review of its drivers.
Biol. Conserv. 232, 8–27. (doi:10.1016/j.biocon.
2019.01.020)

2. Wagner DL, Grames EM, Forister ML, Berenbaum
MR, Stopak D. 2021 Insect declines in the
Anthropocene: death by a thousand cuts. Proc. Natl
Acad. Sci. USA 118, e2023989118. (doi:10.1073/
pnas.2023989118)

3. Tilden JW. 1956 San Francisco’s vanishing butterflies.
The Lepidopterists’ News 10(3-4), 113–115.

4. Trager MD, Daniels JC. 2009 Ant tending of Miami blue
butterfly larvae (Lepidoptera: Lycaenidae): partner
diversity and effects on larval performance. Flo.
Entomol. 92, 474–482. (doi:10.1653/024.092.0309)

5. Ikenaga N, Touyama Y, Kameyama T, Ito F. 2020
Effects of Argentine ants (Hymenoptera: Formicidae)
on myrmecophilous lycaenid butterfly, Narathura
basalus (Lepidoptera: Lycaenidae), in western Japan.
Entomol. Sci. 23, 69–73. (doi:10.1111/ens.12396)
6. Boisduval JA. 1852 Lépidoptères de la Californie.
Ann. Soc. Entomol. Fr. 10, 275–324.

7. Williams FX. 1908 The life history of Lycaena
antiacis Bdv., with other notes on other species.
Entomol. News 19, 476–483.

8. Downey JC, Lange Jr WH. 1956. Analysis of variation in a
recently extinct polymorphic Lycaenid butterfly,
Glaucopsyche xerces (Bdv.), with notes on its biology and
taxonomy. Bull. South. Calif. Acad. Sci. 55, 153–170.

9. Short AE, Dikow T, Moreau CS. 2018 Entomological
collections in the age of big data. Annu. Rev.
Entomol. 63, 513–530. (doi:10.1146/annurev-ento-
031616-035536)

10. Stamatakis A. 2014 RAxML Version 8: a tool for
phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 22, 2688–2690. (doi:10.
1093/bioinformatics/btl446)

11. D’Ercole J et al. 2021 A DNA barcode library for the
butterflies of North America. PeerJ 9, e11157.
(doi:10.7717/peerj.11157)
12. Robert A, Thevenin C, Prince K, Sarrazin F, Clavel J.
2017 De-extinction and evolution. Funct. Ecol. 31,
1021–1031. (doi:10.1111/1365-2435.12723)

13. Mattoni R, Travis L, Zonneveld C, Novotny V. 2001
Analysis of transect counts to monitor population
size in endangered insects. J. Insect Conserv. 5,
197–206. (doi:10.1023/A:1017987929824)

14. Dupuis JR, Geib SM, Osborne KH, Rubinoff D. 2020
Genomics confirms surprising ecological divergence and
isolation in an endangered butterfly. Biodivers. Conserv.
29, 1897–1921. (doi:10.1007/s10531-020-01950-6)

15. Swengel AB, Swengel SR. 2018 Patterns of long-
term population trends of three lupine-feeding
butterflies in Wisconsin. Divers.-Basel 10, 31.
(doi:10.3390/d10020031)

16. Patterson TA, Grundel R, Dzurisin JDK, Knutson RL,
Hellmann JJ. 2020 Evidence of an extreme weather-
induced phenological mismatch and a local
extirpation of the endangered Karner blue butterfly.
Conserv. Sci. Pract. 2, e147. (doi:10.1111/csp2.147)

http://dx.doi.org/10.1016/j.biocon.2019.01.020
http://dx.doi.org/10.1016/j.biocon.2019.01.020
http://dx.doi.org/10.1073/pnas.2023989118
http://dx.doi.org/10.1073/pnas.2023989118
http://dx.doi.org/10.1653/024.092.0309
http://dx.doi.org/10.1111/ens.12396
http://dx.doi.org/10.1146/annurev-ento-031616-035536
http://dx.doi.org/10.1146/annurev-ento-031616-035536
http://dx.doi.org/10.1093/bioinformatics/btl446
http://dx.doi.org/10.1093/bioinformatics/btl446
http://dx.doi.org/10.7717/peerj.11157
http://dx.doi.org/10.1111/1365-2435.12723
http://dx.doi.org/10.1023/A:1017987929824
http://dx.doi.org/10.1007/s10531-020-01950-6
http://dx.doi.org/10.3390/d10020031
http://dx.doi.org/10.1111/csp2.147

	Museum genomics reveals the Xerces blue butterfly (Glaucopsyche xerces) was a distinct species driven to extinction
	Introduction
	Material and methods
	Results
	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


