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Abstract

Specialist insects are especially susceptible to loss of genetic diversity in the face of habitat destruction and fragmentation.
Implementing effective conservation practices for specialist insects will benefit from knowledge of population structure and
genetic diversity. Because insects are hyper-diverse, characterizing the population structure of all species within the insect
community is untenable, even if focused within a particular habitat type. Thus, concentrating on a single species specialized
to a particular habitat type is needed to infer general trends. Here, we investigate the range-wide population genetics of
Tetraopes texanus Horn 1878 (Coleoptera: Cerambycidae), which provides a useful model of grassland insects due to its’
habitat specificity and unique biology. Tetraopes texanus occurs primarily in Texas and Oklahoma, into Northern Mexico,
and possibly into eastern New Mexico but also occurs in Black Belt prairies of Mississippi and Alabama. Mitochondrial
and nuclear DNA (RAD-seq) analysis identified two distinct population clusters of T. texanus corresponding to the Texas
and Oklahoma population and the Mississippi and Alabama population. Demographic models indicate ongoing, though
incomplete, isolation of the two populations, with estimated dates of divergence in the mid-Pleistocene, coinciding with the
end of a glacial period and a shift in glacial interval. These results can inform conservation of grassland adapted insects and
offers insight to the biogeography of the Gulf Coastal Plain.
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Introduction

Nearly all the world’s prairies have been converted to
human-use or are otherwise degraded (Whiles and Charlton
2006; Gang et al. 2014; Wilsey 2018). Prairie-adapted taxa
are likely losing genetic diversity as habitat is fragmented
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and populations become isolated (Laikre et al. 2010; Free-
land 2020). Within prairies, insects are hyper-diverse and as
prairies are fragmented and destroyed many insect species
are likely impacted, and specialist species are much more
likely to lose genetic diversity via genetic drift and inbreed-
ing due to their strict habitat requirements (Bonte et al. 2003;
Zayed et al. 2005; Phillipsen et al. 2015; Vidal et al. 2019).
Implementing long-term management for prairie insect
populations requires more knowledge on the population
structure and genetic diversity of natural populations as well
as a deeper understanding of historic processes that have
shaped modern distributions of insects; this information can
be used to identify barriers to gene flow, identify species or
populations in need of management, and otherwise inform
conservation decisions (Toro and Caballero 2005; Laikre
et al. 2010; Freeland 2020). Due to the high diversity of
insects, it is not feasible to gain these inferences for all spe-
cies within the community, even when focusing on insects
within a particular habitat type. Thus, identifying general
trends by focusing on one or a few species specialized to a
particular habitat type is necessary (Phillipsen et al. 2015).
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Tetraopes texanus Horn 1878, the Texas Longhorn Milk-
weed Beetle, is a disjunctly distributed, prairie specialist
Longhorn beetle (Coleoptera: Cerambycidae). Due to its’
habitat specificity, range, and biology, this species is a useful
model in which to elucidate how grassland-specialist insects
respond genetically to isolation and habitat fragmentation.
T. texanus appears to favor prairies and grasslands with cal-
careous soil of Cretaceous origin. Prairies with this geology
are patchily distributed across the gulf coastal plain (Fig. 1)
(Peacock and Schauwecker 2003; Echols and Zomlefer
2018). T. texanus’ range encompasses the prairies of east-
central Texas and southern Oklahoma, and the Black Belt
Prairies of Mississippi and Alabama (Linsley 1995; Scheifer
1998; Brown 2003; Lingafelter 2007). Populations have also

been documented in prairies in Arkansas, Missouri, and into
eastern New Mexico and northern Mexico, although they
are not as common or widely distributed in these localities
(MacRae 1993; Warriner 2004). The geology and distribu-
tion of these prairies have resulted in unique biogeographic
patterns (Brown 2003; Hill and Barone 2018).

Tetraopes texanus utilizes several milkweed species
(Asclepias) as a host plant (Linsley 1995; Scheifer 1998).
Because of the obligatory association with Asclepias spp,
T. texanus harbors cardiac glycosides in its’ body tissues,
and thus has few natural predators. Lack of natural predators
means their distribution is shaped by habitat area and
connectivity, rather than predation pressure (Grainger et al.
2017). A. viridis Walter 1788 is the preferred host plant,
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Fig. 1 Tetraopes texanus collections sites, color-coded by state. Open
triangles are locations where we failed to detect T. texanus. Shaded
areas are ecoregions that contain suitable habitat for T. texanus
from the EPA’s ‘Ecoregion Datatset’ (EPA 2024). We note that that
these shapefiles may not encompass all 7. fexanus habitat, and that
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the shapefiles do not imply the entire area within is suitable habitat,
but rather likely contains suitable habitat. Additionally, there are no
shapefiles that correspond to two locations in eastern Missouri, which
are on small, isolated dolomite glades where 7. texanus has been
found in the past
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but 7. texanus can successfully utilize several Asclepias
species (Linsley 1995; Scheifer 1998; Ali and Agrawal
2017). Adults feed on milkweed leaves and oviposit in the
stems of dried grasses and forbs near milkweed stands. After
hatching, larvae drop to the soil and feed on milkweed roots
(Ali and Agrawal 2017). The ability of T. texanus to disperse
and locate new suitable habitat patches is not explicitly
elucidated in the literature. Previous arguments (Rice
1988) suggest T. texanus has limited dispersal and difficulty
locating new habitat, given the ecology of the congeneric 7.
tetrophthalmus Forster 1771 (Davis 1984; Lawrence 1988;
Rice 1988).

The current disjunct distribution of 7. texanus is likely
a result of Pleistocene climatic shifts isolating populations
(Brown 2003; Hill 2015), and putative isolation of the
eastern (Mississippi and Alabama) and western (Texas
and Oklahoma) populations has likely persisted due to
limited dispersal capabilities of the adults. Understanding
the population structure and genetic diversity among 7.
texanus populations across its’ disjunct distribution and
understanding processes from the deep past that shaped
its’ contemporary distribution may be important for
conservation and management of 7. fexanus and can provide
insight into how other specialist insects may be impacted
under scenarios of increasing habitat fragmentation and
isolation (Phillipsen et al. 2015).

Here, we examine the genetic structure of 7. fexanus to
elucidate patterns of connectivity, demarcate population
structure, and identify climatic and geological processes
that may have shaped its’ modern distribution. We examined
genetic structure and genetic diversity with mitochondrial
DNA (mtDNA) sequencing and restriction site-associated
DNA (RAD) sequencing. Mitochondrial DNA is widely
employed in phylogeographic studies to determine popu-
lation structure and magnitude of divergence at large spa-
tial scales (Kress et al. 2015; Ghisbain et al. 2020; Bucholz
et al. 2022) yet provides limited inference because it is a
single genetic marker. RAD-seq provides a large number
of genome-wide single-nucleotide polymorphism (SNPs)
and has become increasingly common in population and
conservation genetics, especially in studies of non-model
organisms because it does not require prior genetic infor-
mation (Andrews et al. 2016; Bucholz et al. 2022). Thus,
we employ the two approaches here to retain the benefits of
using an established and accepted technique (mtDNA) with
the inferential power of the newer RAD-seq approaches;
making inference from both approaches can provide a cross-
validation of patterns observed (Stobie et al 2019; Bucholz
et al 2022). The goal of this study was to identify population
clusters of T. texanus across its range. Further, we aimed to
characterize genetic diversity within populations and test for
isolation between eastern and western populations.

Methods
Specimen collection

We collected Tetraopes texanus specimens from Alabama
and Mississippi in June 2020. In May 2021 we collected
T. texanus in Mississippi, and in May 2022 we collected
specimens from Oklahoma and Texas (Fig. 1; Table S1).
We searched for T. texanus populations in Arkansas and
Missouri in counties where populations have been recorded
(Rice 1988; MacRae 1993; Warriner 2004) in May 2022
as well but failed to detect. Sampling sites were identified
in Mississippi and Alabama by personal knowledge of T.
texanus populations on privately owned prairie remnants and
suggestions from faculty of the Mississippi Entomological
Museum and Mississippi Department of Wildlife, Fisheries,
and Parks. Sampling locations in Arkansas, Missouri,
Oklahoma, and Texas were located by identifying public
lands that contained Blackland prairie, searching for
observations of 7. fexanus on iNaturalist, and consulting
entomologists at Oklahoma State University, the Enns
Entomology Museum, and the Kansas State University
Museum of Entomological and Prairie Arthropod Research.

At each sampling site, we identified stands of 7. texanus’
host plants (i.e., Asclepias viridis and other Asclepias
spp.) (Linsley 1995; Scheifer 1998; Warriner 2004) and
we searched for beetles during peak daily activity (9
am-5 pm) until we collected ~ 10 individuals. Beetles were
collected in a sweep net and each specimen was inspected
for identification using the shape and sculpturing of the
pronotal callus, the setae on the antennomeres, and the
shape of the apical antennomere (Linsley 1995; Lingafelter
2007). Identified beetles were collected in absolute ethanol,
stored on ice in the field, and transferred to — 80 °C until
dissection.

DNA extraction

We extracted thoracic tissue from each individual and per-
formed DNA extractions using an EZNA Tissue DNA Kit
(Omega Bio-tek, Norcross, Georgia). We digested tissue in
proteinase K at 55 °C overnight and then followed manu-
facturer protocols. For the final elution, we eluted into 70
pL for the first elution and 25 pL for the second elution for
a final volume of 95 pL. We performed agarose gel elec-
trophoresis with extracted DNA to confirm the presence of
genomic DNA of sufficient quality and molecular weight for
sequencing and DNA concentrations were measured using
an Invitrogen Qubit 2.0 Fluorometer v2.00 (Thermo-Fisher
Scientific, Waltham, Massachusetts).
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Cytochrome oxidase subunit 1 sequencing

To evaluate divergence among regional populations of
T. texanus using a well-characterized genetic marker in
insects we sequenced the “DNA Barcode” (Hebert et al.
2003; Duennes et al. 2012; Ghisbain et al. 2020) region
of the cytochrome oxidase subunit 1 (COI) region of the
mitochondrial genome from two individuals per sampling
site. The polymerase chain reaction (PCR) to amplify
COI used the universal primers LCO1490 and HCO2198
(Folmer et al. 1994) and other reagents following Ghisbain
et al. (2020) with the following amplification conditions:
initial denaturing at 95 °C for 5 min, followed by 32 cycles
of 30 s at 95 °C, 45 s at 53 °C, 45 s at 72 °C, before final
elongation of 5 min at 72 °C. PCR products were verified
via agarose gel electrophoresis and purified using ExoSap-IT
PCR Product Cleanup Reagent (Thermo Fisher Scientific,
Waltham, Massachusetts). Products were sequenced in both
directions at Eurofins Genomics (Louisville, Kentucky). We
automatically assembled reads for each sample into contigs
and manually edited sequence data using Geneious Prime
v2022.2.2 (https://www.geneious.com).

Restriction site-associated DNA library construction
and sequencing

Following extraction, we standardized genomic DNA
to~10 ng/pL in 30 pL. We utilized the Best-RAD
protocol (Ali et al. 2016) to construct a single nucleotide
polymorphism (SNP) dataset, following procedures detailed
in Bucholz et al. (2022). In brief, Best-RAD utilizes
restriction enzymes to cut DNA into short fragments
followed by high-throughput sequencing to produce
sequence data for loci adjacent to the restriction enzyme
cut sites across the genome (Ali et al. 2016; Andrews et al.
2016). Following standardization, normalized DNA was
transferred into two 96-well plates with 68 and 67 samples
plus negative controls. DNA was then digested with the
restriction enzyme SbfI-HF (New England Biolabs, Ipswich,
Massachusetts), followed by ligation of oligonucleotide
fragments that contained 8 base-pair barcodes. Next,
uniquely barcoded samples and negative controls from
each plate were pooled and sonicated using a Covaris
M220 focused ultrasonicator (COVARIS Inc. Woburn
Massachusetts) to generate fragments with a mean size of
550 bp. RAD-tag fragments for each pool were isolated with
streptavidin beads and biotinylated groups were removed
by Sbf-1 digestion. We utilized a NEBNext Ultra Kit (New
England Biolabs, Ipswich, Massachusetts) to prepare
Illumina sequencing libraries with unique dual-index
primers for each sample pool with 12 PCR cycles to amplify
the RAD-tags. Both pools were sequenced on a single lane
of Illumina HiSeqX (Illumina Inc., San Diego, California)
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by Psomagen Inc (Rockville, Maryland) to produce 150 bp
paired end reads.

Bioinformatics and data analysis
Mitochondrial COl sequences

We created a haplotype network based on the number of
mutations between different haplotypes using POPART
software (Clement et al. 2000; Leigh and Bryant 2015). The
number of haplotypes, mean number of pairwise differences,
and nucleotide diversity (m) were calculated using
Arlequin v3.5.2.2 (Excoffier et al. 2005). We conducted a
hierarchical Analysis of Molecular Variance (AMOVA) in
Arlequin (Excoffier et al. 1992, 2005) with significance of
variance components and F-statistics assessed using 1000
permutations to determine if 7. texanus populations were
significantly differentiated within and among regions and
among sites within regions.

RADseq data

Illumina reads were demultiplexed and filtered with Stacks
v2.62 (Catchen et al. 2013; Rochette et al 2019) using
process_radtags (parameters -c, -q, -1, —best-rad, others
default). There is no reference genome for 7. texanus, so
we performed de novo locus assembly to identify RADtag
loci and alleles with denovo_map.pl, using the parameter
—rm-pcr-duplicates set to remove PCR duplicates. The
selection of several de novo parameter values for locus
assembly can affect results and following the general
approach of Paris et al. (2017) we evaluated several values
to determine good Stacks parameter settings for the T.
texanus data set. Following recommendations from Paris
et al. (2017), we left the minimum coverage (-m) and
allowed mismatches (-N) at the default values, but varied the
“distance allowed between stacks” (-M; default M =2) and
the distance allowed between catalog loci (-n; default -n=1)
between one and eight, constraining test parameters such
that -n should be equal to M or M+ 1 (Paris et al. 2017).
To speed computation during parameter evaluation runs, we
ran denovo_map.pl on a subset of the full data comprising
50 individuals (2 regions, 5 populations per region and 5
individuals per population) pooled into a single population.
We identified the values that produced the most SNPs in
80% of individuals across populations (the r80 rule from
Paris et al. 2017). Ultimately, we selected denovo_map.pl
setting -M =2 and -n=2 as the best parameter settings for
the full data set (other parameters default).

We next used the populations function in Stacks to filter
data, calculate diversity statistics, and export data in variant
call format (vcf). We used a population map that retained
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114 samples from the 13 population with < 50% missing data
in preliminary analyses. For most analyses presented, we
used a data set filtered to retain all sequenced sites (variant or
invariant) sequenced in 70% of samples (R70), or a thinned
data set that included a random SNP per RAD-tag locus in
70% of samples to minimize linkage effects (R70 + write-
random-snp). Because non-neutral SNPs can potentially
impact estimates of parameters used to estimate population
history and demography, to remove effects of potentially
non-neutral sites we used Bayescan 2.1 (Foll and Gaggiotti
2008; Fischer et al. 2012), which aims to detect candidate
loci under selection from allele frequency differences among
population using Bayes factors. We ran the program with
default settings using the full SNP set (unthinned) and
identified candidate SNPs at a false discovery rate corrected
significance of ¢ <0.05. Stacks catalog loci containing any
candidate SNPs were then provided as a blacklist for removal
in final populations runs as above (full and thinned R70).
Note, given the small size of this RAD-tag data set and lack
of a reference genome, we are not focused on identifying
the possible adaptive role of candidate SNPs, but rather on
identifying loci that may behave non-neutrally and might
bias estimates of population structure and diversity without
invoking a causal mechanism. Removing putative candidate
loci had only marginal qualitative effects on results (results
for full data presented in Table S3).

We used Stacks to calculate diversity statistics. The
thinned R70 data set was used to determine the number
of private alleles, expected heterozygosity (Hj), observed
heterozygosity (H,), and the inbreeding coefficient (F|g); the
dataset including all sequenced variant and invariant sites
was used to calculate nucleotide diversity ().

Unless otherwise stated, all remaining analyses were
conducted in R v4.0.3 (R Core Team, 2018). We used
the R package vcfR v1.14.0 (Knaus and Grunwald 2017)
to import data and convert to a genind object. Pairwise
measures of genetic differentiation (Fgp) were computed
in the R package hierfstat (Goudet and Jombart 2022) via
the function genet.dist with method “WC84” (Weir and
Cockerham 1984). We determined pairwise geographic
distances between sites via the Geographic Distance Matrix
Generator from the American Museum of Natural History
(Ersts 2023) using the “WGS84’ reference system. We used
pairwise geographic distances and Fgr values to evaluate
isolation-by-distance using Mantel tests (Smouse et al. 1986)
with the function mantel in the R package vegan v2.6.4
(Oksanen et al. 2022). We compared Fgr and geographic
distance for the full dataset and for subsets of the dataset
corresponding to the western and eastern populations
identified in analyses above (see Results).

We assessed genetic structure using a principal
component analysis (PCA) by first using the fab function to
replace missing data with mean allele frequency (Jombart

and Ahmed 2011), and then using the dudi.pca function
in the R package ade4 v1.7.22 (Dray and Dufour 2007).
We conducted a PCA on the full dataset and on subsets
of the dataset corresponding to the western and eastern
populations and retained two axes (Fig. S3). We assessed
individual genetic clustering into populations with SNMF
(Frichot and Francois 2015) using the snmf function in
the R package LEA v3.2.0 (Frichot and Francois 2015)
with K (number of genetic populations) determined by
the value producing the lowest cross-entropy (Frichot and
Frangois 2015). We assessed populations for K=1 to 10 with
100 repetitions.

We conducted a hierarchical analysis of molecular
variance (AMOVA) to estimate SNP partitioning within and
among sampling locations to determine whether populations
were significantly differentiated within regions and among
sites (Excoffier et al. 1992). We utilized Arlequin (Excoffier
et al. 2005) with significance of variance components
and F-statistics assessed using 1000 permutations.

Demographic analyses

Results above indicated two major population clusters
(eastern and western; see Results), so to assess divergence
timing, population size changes, and migration patterns, we
performed demographic analyses using a two-population
isolation with migration model in GADMA 2.0.0
(Noskova and Borovitskiy 2023). GADMA is a method for
demographic inference from site frequency spectrum (SFS)
data that uses a genetic algorithm approach to perform
unsupervised parameter estimation and model selection
under a given model.

We generated a folded two-dimensional SFS for analysis
from the thinned R70 data set using easySFS (https://
github.com/isaacovercast/easySFS) and downprojected
the SFS to retain 46 haploid chromosomes per population
in dadi sfs format (Gutenkunst et al. 2009) for use in
GADMA. For conversion to real world values for time (7 in
years, assuming one generation per year for the univoltine
T. texanus) and population size (N,, effective individuals),
we determined effective genome length (L) of our data
following the GADMA manual instructions with the
equation [(1,183/20,785) * 1,101,838]=67,712 effective
bp. Values are characteristics of the data set, which had
a sequenced genome size of 1,101,838 bp with 20,785
SNPs, which we thinned to retain a final set of 1,467
independent SNPs, of which 1,183 were retained in the
downprojected SFS. Conversion also requires an estimate
of the mutation rate (). No p estimates are available, so
following other genome-scale studies of beetles, including
Cerambycidae (Cui et al. 2022; Araki and Sota 2023; De
Vivo et al. 2023), we applied a rate of 2.9 x 10~ per site
per generation from Heliconius melpone (Keightley et al.
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2015). Although this rate will not be exact, this value
falls within the range reported for many other insects
(e.g., Chironomus=2.1X 107°, Bombus=3.6x1077,
Drosophila=2.8-3.5x 107%) (Keightly et al. 2014; Liu
et al. 2017; Oppold and Pfenninger 2017). For model
inference we employed the MOMENTS (Jouganous et al.
2017) engine within GADMA and specified a demographic
model for unlinked SNPs (parameter setting Linked:
False) where an ancestral population divided into the
two contemporary populations (parameter setting Initial
Structure: 1,1), that were each allowed to undergo a linear
or exponential size change and experience asymmetrical
migration, followed by a Final Structure that allowed
for a second post-divergence phase for population size
and migration (Final Structure: 2,2). We report the best
models using AIC from 20 simultaneous replicate runs.
We estimated 95% confidence intervals for parameters
under the AIC-selected MOMENTS model using the
gadma-run_ls_on_boot_data and gadma-get_confidence_
intervals scripts on 200 bootstrapped SFS replicates as
specified in the GADMA manual (gadma.readthedocs.io).
To generate bootstraps, we resampled the thinned vcf file
200 times with replacement and generated the SFS for
each pseudoreplicate using easySFS as above.

Results
COl dataset

To obtain an initial view of phylogeographic divergence
across the range of T. texanus, we analyzed a 673 bp frag-
ment of the COI mtDNA gene from 24 individuals from
13 locations (NCBI GENBANK identifiers: OR613385-
OR613408). We identified 17 haplotypes that were divided
into eastern and western regions, with 9 haplotypes belong-
ing to the eastern region, and 8 belonging to the western
region, and 4 mutations separating the ancestral haplotypes
of the populations (~0.59% divergence; Fig. 2). Assuming
the commonly used insect mitochondrial pairwise muta-
tion rate of ~2.3435% divergence per million years (Brower
1994), this would correspond to a date of sequence diver-
gence of approximately 251,000 years before present (ybp).
Mean nucleotide diversity among both regions was similar
(Table 1). AMOVA showed significant genetic differentia-
tion among the regional clusters (For=0.621, p<0.0001)
as well as among sites overall (Fgr=0.674, p<0.0001) but
not among sites within clusters (Fg-=0.140, p=0.0997)
(Table 2).
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SNP dataset

Illumina sequencing of the BestRAD libraries yielded
an average of 4,943,842 (sd =5,142,084) retained reads
per sample after demultiplexing (NCBI SRA Identifiers:
SAMN39530086-SAMN39530199). Using filtering
criteria that removed catalog loci with > 30% missing
data and with SNPs putatively identified as non-neutral
by Bayescan, the final data set included 114 individuals
from 13 collection locations with 1,101,838 bp of total
sequence (mean depth of 39.4x) and 20,785 variable sites.
Thinning the data set to one SNP per locus retained 1,467
SNPs, with nearly all SNPs genotyped in every population
(Table 3).

The SNP dataset suggested that 7. texanus from western
populations harbored greater genetic diversity than those
from eastern populations across all metrics of diversity.
Eastern populations had strongly reduced Hy, Hg, &, and
numbers of private alleles compared to western populations
(Table 3). Hy was similar to, but slightly lower than Hg
across most populations, which produced slightly positive
estimates of Fig (Table 3). Using alternative thresholds for
missing data or retaining Bayescan outliers in the data set
produced similar diversity patterns as presented in Table 3,
indicating results are robust to the SNP filtering criteria
(Table S4).

Pairwise Fgr among collection sites ranged from 0.003
to 0.211 (Table S2), with low values within each region and
higher values found between the regions. Mantel tests of
Fgr and pairwise geographic distance showed strong isola-
tion between the eastern and western regions (Fig. 3a Man-
tel r=0.8738, p=0.001). Further, we detected Isolation-
By-Distance within eastern populations (Fig. 3¢ Mantel
r=0.6113, p=0.003), but not within western populations,
with the Mantel test failing to reject the null hypothesis
(Fig. 3b Mantel =-0.2604, p=0.683).

As for the COI dataset, the PCA and sNMF analyses of
SNPs identified genetic clusters corresponding to the west-
ern and eastern regions (Fig. 4; Fig. 5). The sNMF analysis
identified K=2 as the optimal number of ancestral popula-
tions based on lowest cross-entropy (Fig. 5; Fig. S1; Fig.
S2). The two populations indicated by SNMF comprised all
the individuals from the western region, and all the indi-
viduals from the eastern region, respectively, although the
admixture coefficients indicated some degree of imperfect
assignment for most individuals (Fig. 5). Both the PCA and
sNMF analyses produced similar results with more stringent
missing data filtering despite reduced SNP numbers (Fig. S4;
Fig. S5). AMOVA showed significant genetic differentiation
among two regional clusters (Fop=0.111, p <0.0001) as
well as among sites within clusters (Fg-=0.055, p <0.0001)
and among sites overall (Fgr=0.159, p <0.0001) (Table 4).
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and OK

MS and AL

1 sample

Fig.2 Mitochondrial COI haplotype network of 24 Tetraopes texanus specimens from 13 collection locations across Mississippi (MS), Alabama
(AL), Texas (TX), and Oklahoma (OK). Hash marks in connecting lines indicate number of substitutions separating haplotypes

Table 1 Number of Tetraopes texanus individuals sequenced for
mitochondrial COI from the west (Texas and Oklahoma) and east
(Mississippi and Alabama), the mean number of pairwise differences
among haplotypes, and mean nucleotide diversity ()

Region N sequenced Mean No. of pairwise =
differences

West 10 1.755556 0.002609

East 14 1.791209 0.002662

Table 2 Analysis of molecular
variance (AMOVA) for
Tetraopes texanus using
mitochondrial COI sequence
data

The best demographic model for GADMA selected by
AIC was a simple isolation with migration model (Fig. 6).
Divergence of eastern and western populations was inferred
to have occurred in the mid-Pleistocene (T, =203,843 ybp,
147,196 — 290,767 95% CI) from a relatively small ancestral
population to create a post-divergence eastern population
comparable in size to the ancestral population and a much

Source of variation Sum of squares Percentage variation F-statistics P

Among Groups 18.207 62.106% Fer: 0.621 <0.0001***

Among Populations 11.043 5.321% Fyc: 0.140 0.0997
Within Groups

Within Populations 8.500 32.572% Fyr: 0.674 <0.0001***

Total 37.750
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Table 4 Analysis of molecular

. Source of Variation Sum of Squares Percentage Variation F-Statistics P
variance (AMOVA) for
Tetraopes texanus using RAD- Among Groups 617.613 11.05846% Fer: 0.111 <0.0001 *#+
seq SNP data Among Populations 1014571 4.88% Fye: 0.055 <0.0001 %+
Within Groups
Within Populations 8525.084 84.07% Fgr: 0.159 <0.0001***
Total 10,157.286

Fig.6 Best fitting GADMA?2

Best AIC score model: log-likelihood=-473.55, AIC=961.10, theta=79.1 (60.2-95.92)

demographic model. Times (in
years before present), effec-

tive population sizes (N, in Anc. N_= 108,681 (82,761-131,852) T 1

individuals) migration rates (m,

in proportion of migrants in m.. = 3.72e-06 m. =3.87e-06
21 . 12 :

population per generation) are
presented in physical units using
a mutation rate p=2.9x 10~°
per site per generation

Population Size

East N, = 100,040 (80,689-119,144)

(1.32e-06-6.38e-06) (1.65e-06-6.16e-06)

West N_ = 752,556 (655,594-856,579)

|
T,, = 182,659
(114,021-263,610)

larger western population, with ongoing low but significant
bidirectional gene flow (Fig. 6).

Discussion

We identified two genetically distinct populations of
T. texanus in both SNP and COI data. Mitochondrial
COI sequences and RADseq data analyses support two
populations of T. texanus corresponding to the western
part of its range and the eastern part of its range. Both data
sets suggest mid-Pleistocene divergence between the two
regions, with the western region exhibiting larger population
sizes and greater genetic diversity than in the east.

A recent phylogenomic study on Tetraopes found that
the genus originated in Central America and expanded
and diversified in the late-Miocene and early-Pleistocene
(Gutierrez-Trejo et al. 2024). Our results provide a comple-
ment to this genus-level investigation and suggest 7. tex-
anus expanded into present-day Texas via Mexico in the
late-Miocene, experienced a population and range expansion
through the early-Pleistocene, followed by separation of the
eastern and western populations in the mid-Pleistocene. The
strong population structure we observed provides evidence
of substantial, although incomplete, ongoing isolation of
the eastern and western populations as a function of spatial
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separation between regions, supporting previous arguments
(Rice 1988) that T. texanus should have limited dispersal
(Davis 1984; Lawrence 1988; Rice 1988). Such limited dis-
persal is expected for the degree of habitat specialization
and host plant specificity exhibited by 7. texanus, as the
more specialized an organism is, the lower the propensity
for dispersal (Bonte et al. 2003). The habitat that 7. fexanus
requires is fragmented and isolated in a matrix of unsuitable
habitat, thus attempts at long-distance dispersal carry high
risk (Phillipsen et al. 2015). Genetic data suggest dispersal is
possible within each geographic region, but that the eastern
and western regional clusters are separated by broad areas
of unsuitable habitat (Fig. 1) that limits the potential for
extensive gene flow, as indicated by the low dispersal rates
estimated by GADMA and lack of overlapping mtDNA hap-
lotypes between the regions.

The disjunct distribution of 7. texanus reflects the
biogeographic history of southeastern prairies (Brown
2003; Hill 2015). However, the nature of disjunct insect
distributions has not been well-characterized in the
region (Hill and Barone 2018). The leading hypothesis
concerning the origin of disjunct insect distributions
across the gulf-coastal plain is that suitable habitat once
connected southeastern prairies to western prairies during
the Pleistocene (Brown 2003; Noss 2013). Hill (2015)
investigated the genetics of southeastern grasshoppers, some
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of which display a disjunct distribution with populations
in western prairies, like 7. texanus. They concluded the
distribution of grasshoppers was likely the result of a
late Miocene and early Pleistocene vicariance event that
isolated populations when prairie habitat was converted
to woodlands and the Mississippi river opened following
climate shifts. The genetic patterns exhibited by eastern
populations of T. texanus are consistent with a historical
founder-effect as the Black Belt prairies were colonized
by migrants from the western part of the range, although
the largely symmetrical gene flow inferred by GADMA
makes it difficult to directly test this hypothesis with the
current data. The larger effective population size in the
western population may simply be a result of the much
more extensive habitat area available compared to the
narrower Black Belt prairie in Alabama and Mississippi
(Fig. 1), and even before contemporary fragmentation and
habitat destruction is considered, the western region would
likely have supported a larger population. Both the western
and eastern parts of the range have experienced severe
fragmentation and degradation, and purportedly less than
1% of intact native prairies remain (Hill and Barone 2018;
Augustine et al. 2021), but the availability of more standing
genetic variation in the western range may be reducing the
deleterious genetic effects of contemporary fragmentation
relative to the eastern populations.

The consistent divergence time estimates from both COI
and RADseq data suggest the disjunct distribution of T.
texanus has origins in the mid-Pleistocene, corresponding to
the end of a mid-Pleistocene glaciation and a shift in glacial
intervals from 40,000 years to 100,000 years (Delmas et al.
2011). However, climatic shifts do not fully explain the
current distribution of 7. fexanus, since there were likely
subsequent glacial periods where prairie habitat may have
been extensive across the gulf-coastal plain, allowing for
rejoining of the eastern and western populations (Delmas
et al. 2011). The distribution of T. fexanus’ host plants
in conjunction with the distribution of calcareous soils
may explain the unique distribution of 7. texanus and the
persistent isolation of the western and eastern populations,
although this is speculative. The distribution of T. texanus
and its primary host plant (A. viridis) largely tracks the
southern distribution of the Western Interior Seaway (WIS),
a shallow sea that covered a significant portion of North
America during the Cretaceous period (Wright 1987). T.
texanus is associated with calcareous soils and limestone
prairies, which are distinctive geological features associated
with the WIS; the Blackland prairies of Texas and Oklahoma
and the Black Belt prairie of Mississippi and Alabama occur
on rock formations derived from the WIS (Peacock and
Schauwecker 2003).

It is possible calcareous grasslands were once more
extensive between the Blackland prairies of Texas and

Oklahoma and the Black Belt of Mississippi and Alabama.
Indeed, today there are small calcareous prairies in
Louisiana, southern Arkansas, and western Mississippi
(Peacock and Schauwecker 2003), which suggest limestone
formations that gave rise to Blackland prairies may have
once been more extensive. However, the flow of water
through the Mississippi embayment may have eroded these
limestone formations or covered them in significant alluvial
deposits over time, creating the current spotty distribution
of small calcareous prairies in Louisiana (Cushing et al.
1964; MacRoberts et al. 2003). We hypothesize the initial
movement of 7. texanus from west to east was achieved
via dispersal across calcareous prairie patches spanning
northern Louisiana and southern Arkansas, which may have
been more extensive in the Pleistocene. During drier glacial
periods, where open habitat would have been more common
across the gulf coastal plain, T. texanus would have been
able to move between limestone prairie stepping-stones.
During wetter interglacial periods, woodlands would be
more common, but open habitat would have persisted on
limestone formations because the high shrink-swell potential
of the soil, underlying geology, and natural pyro-dynamics
can act to prevent transition to woodlands (Brown 2003;
Schotz and Barbour 2009). Thus, T. texanus populations
may have become isolated on islands of limestone prairies
during interglacial periods. The estimated divergence times
approximately coincide with the end of a mid-Pleistocene
glaciation, and the beginning of an interglacial period that
would have lasted approximately 100,000 years (Kawamura
et al. 2007). If there were populations of T. texanus on the
smaller limestone prairies of Louisiana, this period of
isolation may have driven these geographically intermediate
populations extinct.

An interesting avenue of future research would be to
investigate other Cerambycids that purportedly display
a disjunct distribution like 7. texanus. Multispecies
comparative phylogeography is a powerful tool for
evolutionary inference (Edwards et al. 2022) and may be
especially useful to corroborate hypotheses concerning
the origin of the unique biogeographic patterns present
across the gulf coastal plain (Hill 2015; Hill and Barone
2018). For example, Ataxia brunnea Champlain and Kull
1926 and Dylobolus rotundicollis Thomson 1868 display
similar patterns of disjunction as T. fexanus (Scheifer
1998; Brown 2003). It would be informative to see if the
date of divergence among these Cerambycids is similar,
or if the apparent extended divergence time of 7. texanus
is unique due to the distribution of its’ host plants,
apparent affinity for calcareous soils, and limited dispersal
capabilities. Information on contemporary genetic structure
of these beetle species, especially relating to patterns of
co-divergence and co-migration (Xue and Hickerson 2020),
would provide greater context to the results presented here.
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Another interesting avenue of research would be to
investigate the degree to which T. fexanus’ range is driven
by the distribution of its’ host plants, the distribution
of calcareous soils, and the host specificity it displays.
Intuitively, it makes sense that 7. texanus would track
the distribution of the plants it feeds on in all life-stages,
however the reported utilization of several different host
plants that occur both on and off calcareous soils confound
this explanation some (Ali and Agrawal 2017). For example,
in Mississippi and Alabama, the distribution of A. viridis
is concentrated on the calcareous soils of the Black Belt
prairies, but does occur elsewhere in the state, along with
other suitable Asclepias spp (USDA NRCS Plant Data Team
2024). Yet T. texanus is restricted to the Black Belt prairies.
It could be that suitable hosts only occur in high enough
densities in the Black Belt, or, as discussed above, T. texanus
may prefer calcareous soils for larval development. Future
research disentangling the influence of edaphic conditions
and host specificity on T. texanus’ distribution can further
contextualize the patterns described here, provide insight
into the biology and ecology of T. texanus, and inform
conservation efforts.

One challenge to complete inference about the mechanism
driving observed genetic structure is we were unable to
obtain samples from existing intermediate populations (e.g.,
Arkansas and Missouri) despite surveys where 7. texanus
has been recorded (MacRae 1993; Warriner 2004). The large
divergence estimates from the RAD-seq and COI data (e.g.,
mutational separation of haplotypes and absence of shared
sequences among regions) suggest substantial regional
divergence, but characterizing the genetics of these relict
populations would provide greater context to contemporary
population structure and assist in understanding past and
present patterns of gene-flow and barriers to dispersal. A
priority of future research should be to sample individuals
from Arkansas and Missouri and understand where these
populations fit into the population structure identified here.

The results of this work have implications for
conservation of 7. texanus. Indeed, T. texanus is listed
as a species of greatest conservation need in the state of
Arkansas (Arkansas Game and Fish Commission, 2016).
Despite high abundance where populations are established,
current populations are discontinuous and the specific
habitat requirements and limited dispersal ability make
T. texanus susceptible to the deleterious effects of habitat
loss (Bonte et al. 2003; Phillipsen et al. 2015). Our results
suggest that regional populations are likely to require
specific management as ongoing gene flow is rare, and
demographic analysis indicate the eastern populations
have reduced effective population size that may make these
populations particularly vulnerable. As more suitable habitat
is destroyed and populations become increasingly isolated,
loss of genetic diversity as a function of genetic drift and
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inbreeding will become more pronounced (Freeland 2020).
The results presented here offer insight into how other
specialist insects may respond to increasing fragmentation.
T. texanus will not necessarily reflect how all grassland
insects respond to fragmentation but can serve as a useful
proxy for specialist insects, which may lose genetic diversity
under scenarios of increasing isolation and reduced habitat
area (Bonte et al. 2003; Phillipsen et al. 2015). Conservation
of specialist insects begins with conservation of the habitat
they depend on.
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