JOURNAL OF **

JHR 97:895-914 (2024)
Hymenoptera

doi: 10.3897/jhr.97.132937 RESEARCH ARTICLE

https://jhr.pensoft.net

Molecular data support Bombus sonorus and Bombus
pensylvanicus (Hymenoptera, Apidae) as distinct species

Jessica L. Beckham!', Jeff A. Johnson?3, Russell S. Pfau*

| Department of Integrative Biology University of Texas at San Antonio, One UTSA Circle, San Antonio TX,
78249, USA 2 Department of Biological Sciences, University of North Texas, 1155 Union Circle #305220, Den-
ton, TX 76203, USA 3 The Peregrine Fund, The World Center for Birds of Prey, 5668 West Flying Hawtk Lane, Boi-
se, ID 83709, USA 4 Department of Biological Sciences, Tarleton State University, Stephenville, TX, 76402, USA

Corresponding author: Russell S. Pfau (rspfau@proton.me)

Academic editor: Jack Neff | Received 4 August 2024 | Accepted 3 October 2024 | Published 17 October 2024

https://zo0bank.org/43B15D10-9964-4997-94AC-513D15A21E09

Citation: Beckham JL, Johnson JA, Pfau RS (2024) Molecular data support Bombus sonorus and Bombus pensylvanicus
(Hymenoptera, Apidae) as distinct species. Journal of Hymenoptera Research 97: 895-914. https://doi.org/10.3897/
jhr.97.132937

Abstract

Despite their distinctive banding patterns, setal coloration, and geographic ranges, the Sonoran bumble bee
(Bombus sonorus Say, 1837) and the American bumble bee (Bombus pensylvanicus De Geer, 1773) are often
treated as conspecific, with some authorities ranking B. sonorus as a subspecies of B. pensylvanicus. This lack
of taxonomic clarity creates challenges, particularly for population monitoring and conservation initiatives.
In this study, we used genetic analyses to assess the potential for clinal variation, ongoing hybridization,
and historical introgression between B. pensylvanicus and B. sonorus within a broad area of sympatry across
the state of Texas. Double digest restriction associated DNA sequencing (ddRADseq) was performed on
166 specimens (58 B. sonorus and 108 B. pensylvanicus), and a portion of the mitochondrial COI gene
was sequenced for a subset of the specimens from Texas (46 B. sonorus and 32 B. pensylvanicus) and eight
specimens of B. sonorus from California. An additional five sequences of B. pensylvanicus from Georgia and
Florida were obtained from Genbank and BOLD along with one each of B. transversalis (Olivier, 1789),
B. mexicanus Cresson, 1879, B. medius Cresson, 1863 and B. fervidus (Fabricius, 1798), and B. mesomelas
Gersticker, 1869. For both genetic datasets (nuclear ddRADseq and mtDNA COJI), individuals formed
two distinct groups concordant with species identification based on setal coloration. We found no evidence
supporting a clinal pattern of variation, ongoing hybridization, or historical introgression within the study
area and conclude that B. sonorus should be recognized as a species under the Biological Species Concept.
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Introduction

Bombus sonorus Say, 1837, commonly referred to as the Sonoran bumble bee, has a
contentious taxonomic history. First described from Mexico (Say 1837), B. sonorus con-
tinued to be recognized as a species by Franklin (1913), Thorp (1983), and Williams
(1998), but often with some hesitation. Others have considered B. sonorus as conspecific
with Bombus pensylvanicus (De Geer 1773) and often as a subspecies (B. p. sonorus;
Handlirsch 1888; Peters 1968; Milliron 1973; Labougle 1990; Williams et al. 2014).
The range of B. sonorus extends from California to central Texas and south to southern
Mexico, overlapping with B. pensylvanicus within Texas and Mexico where the two are
broadly sympatric. Within this region of sympatry, there have been anecdotal reports
of chromatically intermediate individuals in Mexico and southwestern Texas (Labougle
1990; Williams et al. 2014). However, we are aware of only one description that has been
provided as to what constitutes an intermediate phenotype for these two taxa: Labougle
(1990) simply stated that setal coloration of the scutellum and punctation of the clypeus
was intermediate. In a study of the hymenopteran fauna of Mexico, Peters (1968) did
not mention specimens with an intermediate phenotype, but noted that both color
forms occurred together; he reported collecting both on the same shrub and observed an
individual of B. somorus at the entrance of a nest along with 10 B. pensylvanicus. Because
of this, he considered them to be conspecific and stated that he found it difficult to give
them even subspecies designations. Based on these accounts, some authorities have been
hesitant to recognize these as distinct species. More recently, Cameron et al. (2007) used
four nuclear loci and one mitochondrial (mtDNA) locus (16S) to analyze a nearly com-
plete sampling of Bombus (218 of 250 species). Their data showed that B. sonorus and B.
pensylvanicus were polyphyletic, suggesting either introgression between the two taxa or
the existence of shared ancestral variation (i.e., incomplete lineage sorting).

Some populations of B. pensylvanicus and B. sonorus are in decline (Committee on
the Status of Pollinators 2007; Colla and Packer 2008; Grixti et al. 2009; Cameron et
al. 2011; Colla etal. 2011, 2012; Bartomeus et al. 2013; Hatfield et al. 2015). As such,
B. pensylvanicus sensu lato is under review for federal protection under the Endangered
Species Act (USES 2021) and is listed as Vulnerable on the [IUCN Red List (Hatfield
etal. 2015). Additionally, though commonly observed in Texas, both B. sonorus and B.
pensylvanicus have been designated as Species of Greatest Conservation Need (SGCN)
in the Texas Conservation Action Plan generated by the Texas Parks and Wildlife De-
partment (TPWD 2012). Further study is warranted to provide additional evidence
to resolve the taxonomic uncertainty of B. sonorus in order to help inform monitoring
practices and conservation measures.

Genetic data can provide evidence to help resolve taxonomic uncertainty when
morphological differences are ambiguous. Mitochondrial DNA sequences have been
used to identify and delineate species among many taxonomic groups. However, the
value of mtDNA sequence analysis is limited because it represents a single locus; moreo-
ver, mtDNA sequences may have a different evolutionary history relative to nuclear loci
because of their maternal inheritance pattern (Moritz and Cicero 2004; Galtier et al.
2009; Taylor and Harris 2012). Other potential complications are specific to arthro-
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pods, such as indirect selection on mtDNA arising from linkage disequilibrium with
maternally inherited symbionts (Hurst and Jiggins 2005). An increasing number of
studies, including those of Bombus (Duennes et al. 2012; Lozier et al. 2016; McKen-
drick et al. 2017), are using mtDNA sequences in combination with multi-locus nu-
clear genetic data. Next-generation sequencing techniques can generate large numbers
of nuclear loci for the analysis of species delineation. Peterson et al. (2012) described
a cost-effective reduced representation genomic sequencing approach called double di-
gest restriction associated DNA sequencing (ddRADseq) that can produce thousands
of loci from hundreds of specimens. Taken together, analyses of mtDNA sequences and
ddRADseq data can provide compelling genetic insight into taxonomic relationships.

To clarify whether B. sonorus should be considered a distinct species, we generated
ddRADseq and mtDNA cytochrome ¢ oxidase subunit I (COI) gene sequence datasets
for B. sonorus and B. pensylvanicus individuals collected across a broad area of sympa-
try in Texas. We sought to determine if the genetic data were concordant with species
identification based on setal coloration and assessed the evidence for clinal variation,
hybridization, and historical introgression.

Materials and methods
Specimen identification

For purposes of this study, we visually identified B. sonorus and B. pensylvanicus based
on setal coloration (banding pattern and shade of yellow) following the descriptions of
Franklin (1913), Milliron (1973), and Labougle (1990), and as depicted in Fig. 1. Spe-
cifically, the thoracic setal pile of female B. sonorus is black with yellow pile on the pro-
notum, anterior portion of scutum, and scutellum resulting in a black interalar band.
In contrast, B. pensylvanicus usually (but not always) has a black scutellum — though
some specimens bear, on the scutellum, yellow and black pile mixed, or rarely all yel-
low. Additionally, while T2—T3 of both taxa are yellow, T'1 of B. sonorus is described as
entirely yellow, while T1 of B. pensylvanicus is black with the posterior portion yellow.
Lastly, B. sonorus exhibits a much deeper (golden) yellow than B. pensylvanicus (which
has been described as being canary or lemon yellow).

Geographic distribution

To determine the extent of geographic overlap of B. pensylvanicus and B. sonorus
within the study area (Texas), we examined photographic documentation of occur-
rence data on the iNaturalist platform (www.inaturalist.org). We filtered iNaturalist
observations by species and location (i.e., filtered for B. sonorus in Texas and B. pen-
sylvanicus in Texas) and then verified species identifications for all observations using
the identification criteria described above. Observations were only included in our
dataset if the photograph quality allowed for species identification. We then down-
loaded these verified observations from the Global Biodiversity Information Facility
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Figure 1. Coloration (banding pattern and shade of yellow) characteristic of female B. pensylvanicus (A)
and B. sonorus (B) Diagram (top) modified from image provided by Texas Parks & Wildlife.

(https://www.gbif.org) and mapped each locality using QGIS (QGIS Development
Team 2021). Additionally, we compared these records with the distributional map of
Texas Bombus compiled by Warriner (2012) based on museum collections, as well as
documented and projected distributions from Beckham and Atkinson (2017).

Survey area and specimen collection

To gather specimens for genetic analyses, we surveyed for bumble bees during July —
September, 2016 to coincide with times of peak bumble bee activity. We identified
target areas for surveys within the projected area of sympatry in Texas; these target
areas were prioritized for collection trips, but we also acquired bees opportunistically
from other areas of the state. Most collection events took place along public roadsides,
and survey locations were chosen based on accessibility and the presence of flowering
plants. Bees were collected using an aerial net and placed in a mobile cooler for trans-
port to the lab where they were maintained at -80 °C.
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We collected 166 bumble bees from 113 sites in 66 Texas counties (Fig. 2; Suppl.
material 1: appendix S1); of these, all but one were female. We collected B. sonorus from
39 sites in 25 counties and B. pensylvanicus from 83 sites in 51 counties. In 11 of the
66 counties, we collected both species. Based on the distributional data (Fig. 2), 53 of
the 66 counties sampled are likely within the area of sympatry in Texas (the exceptions
being those counties east and south of the documented occurrence of B. sonorus; these
include Atascosa, Bastrop, Brazos, Burleson, Caldwell, Fayette, Frio, Grayson, Lee, Mi-
lam, Montgomery, Robertson, and Wilson). None of the individuals that we collected
displayed setal coloration (banding pattern and shade of yellow) intermediate between
typical B. sonorus and B. pensylvanicus. Because specimens were heavily damaged during
the DNA extraction process, we did not retain museum vouchers. However, photo-
graphic vouchers of most specimens can be accessed from the Dryad Digital Repository
https://doi.org/10.5061/dryad.08kprr5b2. See Suppl. material 1: appendix S1 for a list
of specimens examined, including locality data and mitochondrial haplotype for each.

DNA Extraction

DNA was extracted from either the head and thorax or all legs of each specimen in ster-
ile conditions with QIAGEN® DNeasy Blood and Tissue kits using the manufacturer’s
protocol for DNA extraction from insect tissue, with minor adjustments. Specifically,
body parts were removed from each individual bee using a sterile razor blade, and then
chopped into smaller pieces. Tissue was placed in a 1.7 pl microcentrifuge tube and
homogenized with a disposable micropestle prior to adding the tissue lysis buffer. Two
final elutions, the first of which (Q1) was 200 pl and the second (Q2) 100 pl, were
performed for each sample. DNA concentrations were determined using a Qubit™
Fluorometer. In the case of samples whose Q1 DNA concentrations were lower than
10 ng/ul, Q1 and Q2 were combined and concentrated using a Thermo Savant Speed-
Vac Concentrator. Samples (Q1 or concentrated Q1 + Q2) were then prepared for
sequencing in volumes that yielded approximately 2 ng of DNA.

Genomic ddRAD-sequencing

Genomic sequence data were generated using a reduced-representation genomic se-
quencing approach (ddRADseq) following methods described in Peterson et al. (2012).
All libraries were prepared and sequenced at the Texas A&M AgriLife Genomics Facil-
ity. Briefly, genomic DNA was digested using restriction enzymes EcoRI and Mspl. Bar-
code adaptors (110bp) were ligated to each fragment, and DNA libraries were amplified
using PCR. Fragments ranging from 225-500 bases in length were size selected using a
Pippen Prep instrument (Sage Science). Amplified size-selected fragment libraries were
quantified and pooled in equimolar amounts, and then sequenced on two lanes of an
[lumina HiSeq 4000 (150 bp paired-end reads). Two sequencing runs were performed
in order to generate sufficient read depth, and raw reads of the two runs were combined
after verifying that the restriction enzyme cut-sites and sample-specific barcodes were

removed. The initial ddRADseq dataset (n = 166 samples) consisted of 694,934,628
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Figure 2. Occurrence of B. pensylvanicus (larger black circles) and B. sonorus (smaller yellow circles)
within Texas based on iNaturalist observations (A) locations sampled for this study (B) showing locations
with B. pensylvanicus (black circles), B. sonorus (yellow circles), and both species (half black and half yel-
low circles) as identified by ddRADseq. White dots over colored circles are locations from which mtDNA
sequences were also obtained. Orange line indicates the apparent eastern- and southern-most extent of
B. sonorus (based on iNaturalist data) for ease of comparison between the two figures.
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paired demultiplexed raw sequence reads. Using Fastx Toolkit v. 0.0.13 (http://hannon-
lab.cshl.edu/fastx_toolkit/), we trimmed the first five and four bases from the forward
and reverse reads, respectively, to remove low quality sites based on visualization of the
fastq files. We employed the ipyrad v.0.7.15 pipeline (http://github.com/dereneaton/
ipyrad; Eaton 2020) for assembly, variant calling, and quality filtering.

For ipyrad, default parameters were specified unless otherwise noted for each of the
seven steps used in the pipeline. Individual reads were filtered based on a minimum
Phred quality score of 20 and a maximum number of N in a read set to 5. Reads were
then de-replicated, followed by within sample de novo clustering using VSEARCH
(Rognes et al. 2016). Reads were matched with a minimum sequence similarity thresh-
old of 0.85. Clustered sequences were then aligned using MUSCLE (Edgar 2004),
and rates of heterozygosity and sequencing error were then estimated across sites for
subsequent consensus base calling and filtering. We assumed a maximum of 2 con-
sensus alleles per individual and removed consensus sequences with >5 Ns per end
of paired-end reads. After clustering and aligning reads for each sample to consensus
sequences, the dataset was filtered based on maximum number of single nucleotide
polymorphisms (SNPs) per locus (20), maximum number of indels allowed per read
(8), maximum proportion of shared heterozygous sites per locus (0.5), and minimum
number of samples per locus (97 for B. pensylvanicus, 52 for B. sonorus; or 90% for
each group). We performed final filtering using VCFtools as follows: max-missing 0.8
(to remove loci with genotypes having > 20% missing data), min-alleles 2 and max-
alleles 2 (to include only biallelic sites), mac 2 (to include only sites with minor allele
count > 2), and thinned to retain only 1 SNP per locus.

In order to assign individuals to clusters and identify potential admixture be-
tween B. pensylvanicus and B. sonorus, we performed a principal components analy-
sis (PCA), conducted STRUCTURE analyses (a Bayesian clustering method), and
created a NeighborNet network. PCA was performed using R (R Core Team 2021)
and the package adegenet 2.1.10 (Jombart 2008). The software STRUCTURE 2.3.4
(Pritchard et al. 2000; Falush et al. 2003), given a specified number of clusters (K),
estimates population membership for each individual by assuming Hardy-Weinberg
and linkage equilibrium within clusters. Therefore, we limited our dataset to a single
SNP per RADseq locus to reduce bias due to linkage among SNPs. Each run consisted
of a burn-in length of 50,000 iterations and a run length of 500,000 iterations. Each
run for K = 1 to 4 was replicated ten times using an ancestry model assuming admix-
ture, a model of correlated allele frequencies that did not include prior information on
population origin, and an individual alpha for each population (Wang 2017). StrAuto
(Chhatre and Emerson 2017) which implements GNU parallel (Tange 2023) was
used to automate STRUCTURE runs across multiple cores of a Jetstream virtual ma-
chine (Stewart et al. 2015; Towns et al. 2014). Structure Harvester (Earl and vonHoldt
2012) was used to assess likelihood values across multiple values of K. Results of mul-
tiple STRUCTURE runs at each value of K were visualized using CLUMPAK (Kopel-
man et al. 2015), which implements CLUMPP (Jakobsson and Rossenberg 2007) and
DISTRUCT (Rosenberg 2004) to align runs across K values and identify major and
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minor modalities among runs (Jakobsson and Rosenberg 2007). We constructed the
NeighborNet network using SplitsTree4 v.4.13.1 (Huson and Bryant 2006) using p-
distance and 1000 bootstrap replicates.

Mitochondrial sequencing (COl)

For a subset of the Texas specimens (and eight B. sonorus from California), we ampli-
fied a portion of the mitochondrial cytochrome c oxidase subunit I (COI) gene using
polymerase chain reaction (PCR) and sequenced (forward and reverse) the resulting
PCR products using automated Sanger dideoxy chain termination sequencing. This
dataset included 77 of the 166 Texas specimens (45 B. sonorus and 32 B. pensylvani-
cus) because COI failed to amplify or sequence in all 166 specimens, and the eight B.
sonorus from California (Genbank accession numbers PP840056—PP840059). We car-
ried out PCRs and sequencing reactions using the primers LCO1490 and HCO2198
(Folmer et al. 1994), targeting a region of 658 bp (excluding primers). PCR reactions
occurred in a final volume of 25 pL consisting of 1X buffer, 0.16 mM deoxynucleotide
triphosphates, 2.5 mM of MgClz, 0.1 uM of each primer, and 0.05 units of Tag DNA
polymerase. The thermal profile consisted of a step-down procedure with the initial
denaturation cycle consisting of 120 seconds at 95 °C, then 20 cycles of 30 seconds at
95 °C, 30 seconds at an initial temperature of 56 °C stepping down 0.5 °C per cycle to
a 20" cycle temperature of 46 °C, then 90 seconds at 72 °C, 20 cycles of 30 seconds at
95 °C, 30 seconds at 46 °C, and 90 seconds at 72 °C followed by a final extension of
72 °C for 10 minutes.

In addition to sequences that we generated, we obtained five sequences of B. pen-
sylvanicus from BOLD (http://www.barcodinglife.org; Georgia: BBBEE941-11 and
BBBEE939-11; Florida: BBHYA070-12, BBHYA087-12, and BBHYA069-12) and
one each of B. transversalis (Olivier, 1789), B. mexicanus Cresson, 1879, B. medius
Cresson, 1863 and B. fervidus (Fabricius, 1798) from Genbank (www.ncbi.nlm.nih.
gov/Genbank; KJ848950, MG279409, KC853364, and MG448456).

We aligned sequences using Clustal W within the program MEGA-X (Kumar et
al. 2018) and trimmed the alignment to omit missing sites at each end resulting in
520 bp. We constructed a phylogenetic tree using MrBayes with B. mesomelas Ger-
sticker, 1869 as an outgroup (Genbank HQ)563805) based on its relationship to the
other species included (Cameron et al. 2007). The best-fit substitution model was
determined to be HKY in jModelTest v.2.1.10 (Guindon and Gascuel 2003; Darriba
et al. 2012) using BIC. Within MrBayes, the sample and print frequency was set to
500, the diagnostic frequency was 5,000, and the run length was 1,000,000. Trees
were summarized to produce posterior probabilities of each split and branch lengths.
We visualized the resulting tree using FigTree 1.4.4 (http://tree.bio.ed.ac.uk/software/
figtree/). Uncorrected mean genetic distances (p-distances) between haplotypes were
generated using the program MEGA-X (Kumar et al. 2018). We created a median-
joining haplotype network using POPART 1.7 (Bandelt et al. 1999; Leigh and Bryant
2015) using uncorrected p-distance.
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Results

Geographic distribution

The iNaturalist occurrence data included 2,008 B. sonorus (GBIF.org 2024a; retrieved
on 20 April 2024 and included observations spanning the years 2005-2024) and
11,984 B. pensylvanicus (GBIF.org 2024b; retrieved on 20 April 2024 and included
observations spanning the years 1972-2024 [only two observations predated 2004]).
iNaturalist records documented the occurrence of B. pensylvanicus state-wide and were
largely consistent with Warriner (2012), which was based on vouchered museum speci-
mens, and Beckham and Atkinson (2017), which included both vouchered museum
specimens and citizen science data. For B. sonorus, however, iNaturalist records showed
a broader distribution than reported by both Warriner (2012) and Beckham and At-
kinson (2017), extending further north and northwest than reported in either publica-
tion. Also, two records reported by Warriner (2012) appeared extralimital relative to
iNaturalist records. We confirmed one of these records as being in error (the locality
was misinterpreted; see Discussion).

ddRADseq analyses

We obtained an average of 4.2 million paired-end reads per sample after g-score and
adapter filtering. Sequencing reads are available on the NCBI Short Reads Archive (Bio-
Project ID PRJNA1115193). After de novo assembly and subsequent filtering using
ipyrad, 17,352 loci were identified. The final dataset consisted of 3,371 loci after further
filtering using VCFtools. We conducted all subsequent analyses using this final dataset.

The PCA showed two well-separated clusters of individuals (Fig. 3). STRUC-
TURE assigned individuals to two groups for K = 2, 3, and 4 (Fig. 4A; Suppl. mate-
rial 2), with consistency across all 10 runs (no multimodality). At K = 2, membership
coefhicients were >0.842 for B. pensylvanicus (x = 0.989, SD = 0.026) and >0.942 for B.
sonorus (X = 0.995, SD = 0.013). The NeighborNet network clearly separated samples
into two groups (Fig. 4B). All three analyses were concordant with species identifica-
tion of each individual based on coloration.

Mitochondrial (COl) analyses

Of the 90 COI sequences analyzed, we identified five COI haplotypes: one from
B. sonorus and 4 from B. pensylvanicus (Fig. 5; Suppl. material 1: appendix S1; Genbank
accession numbers PP840056-PP840059; BOLD accession number BBHYA069-12).
Within the Bayesian phylogenetic tree and haplotype network, all specimens clustered
according to species (as defined by coloration; Fig. 5). Within the haplotype network,
haplotypes of the two species were separated by five mutational steps. The mean intraspe-
cific genetic distance (p-distance) was 0.10% for B. pensylvanicus and 0% for B. sonorus.
The mean interspecific genetic distance (p-distance between the two species) was 1.03%.
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Figure 3. Principal components analysis based on ddRADseq of Texas B. pensylvanicus and B. sonorus.

Discussion

We evaluated species boundaries of the taxonomically controversial bumble bees B.
sonorus and B. pensylvanicus within a broad area of sympatry using two genetic datasets
(nuclear ddRADseq and mitochondrial COI) combined with examination of setal col-
oration (banding pattern and shade of yellow). To aid in interpreting our genetic data,
we documented the extent of geographic overlap of B. sonorus and B. pensylvanicus
using occurrence data from the iNaturalist platform. While the iNaturalist dataset is
limited to presence data, we relied on these data because there are numerous records
documented within the past two decades, each of which can be assessed visually to
verify correct species identification. We found the range of B. sonorus documented in
iNaturalist to be broader than that reported by either Warriner (2012) or Beckham
and Atkinson (2017); this could be due to the different datasets used for each study or
might suggest a B. sonorus range expansion. Warriner (2012) documented Texas bum-
ble bee distributions primarily using historical data from vouchered museum speci-
mens. In Warriner (2012), two county records of B. sonorus in eastern Texas (Hunt
and Grimes counties) appeared to be extralimital. We reached out to the collection
curators to verify locality data and species identification of these two records. The
record reported to be B. sonorus from Hunt Co. had actually been collected in Hunt,
TX which is in Kerr Co., Texas (well within the known distribution of B. sonorus).
The Grimes Co. specimen of B. sonorus appears to be valid and was collected in 1961;
however, the absence of any other specimens of B. sonorus this far east casts doubt on
this record. Beckham and Atkinson (2017) also relied heavily on museum specimens,
incorporating the data gathered by Warriner (2012) and additional museum records;
a small amount of citizen science data available at the time was also included. Many
museums identify B. sonorus as B. pensylvanicus, and so it is possible that both papers
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Figure 4. Results of STRUCTURE analysis (bars indicate membership coefficients) (A) and Neighbor-
Net network (B) of Texas B. pensylvanicus and B. sonorus based on ddRADseq.

underreported the presence of B. sonorus and may have also overreported the presence
of B. pensylvanicus. Additionally, the range of B. sonorus may be expanding north and
east. Since the study by Beckham and Atkinson (2017), many more iNaturalist records
of Texas bumble bees have been uploaded. Based on the totality of evidence, B. sonorus
occurs in the western two-thirds of Texas (Fig. 2). In contrast, B. pensylvanicus occurs
throughout Texas, including as far west as the vicinity of El Paso (Fig. 2). Thus, the area
of sympatry includes the entirety of the distribution of B. sonorus in the state of Texas.
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Figure 5. Bayesian phylogenetic tree of individuals (A) and median-joining haplotype network (B) of Bombus
based on COI mtDNA sequences. The tree was rooted with B. mesomelas. Numbers along branches in the
phylogenetic tree indicate support (posterior probability; provided only for major clades). Within the network,
sizes of circles are proportional to haplotype frequency and lines across branches represent mutational steps
between haplotypes. The color of circles in the network indicates species in which the haplotype was found.

All of our analyses were consistent in providing evidence that B. sonorus and B.
pensylvanicus are genetically distinct across the documented area of sympatry in Tex-
as. We found no evidence of a pattern of clinal variation, hybridization, or historical
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introgression within the broad area of sympatry sampled for this project (Texas). If these
color forms represent a single species, or if extensive interbreeding occurred, we would
have expected one of three patterns: (1) a single genetic group, (2) individuals not
grouping concordant with coloration, or (3) individuals having mixed membership to
more than one cluster (for example, an F1 hybrid between two divergent lineages would
have approximately 50% membership to each of two clusters in STRUCTURE). In-
stead, all analyses showed two distinct genetic groups. The mitochondrial COI dataset
showed all individuals forming reciprocally monophyletic clades in concordance with
their identification as B. sonorus or B. pensylvanicus according to coloration. Addition-
ally, we found no instances of individuals identified as one species by ddRADseq pos-
sessing a mtDNA haplotype of the other species. If the two forms hybridize extensively
and produce fertile offspring within the area of sympatry, historical introgression of
mitochondria (due to backerossing) would be expected, resulting in a lack of concord-
ance between datasets. The lowest STRUCTURE membership coefficient was 0.842,
which could represent a hybrid backcross individual; however, incomplete lineage sort-
ing (the presence of shared variation predating speciation) results in patterns such as
this which can be attributed falsely to hybridization (Hey 2006). Furthermore, perfect
assignment of all individuals is never seen in this type of analysis. Given the low COI
sequence divergence between B. sonorus and B. pensylvanicus, combined with no evi-
dence of mtDNA introgression, incomplete sorting of nuclear alleles is to be expected.

Odur results showed the two taxa as reciprocally monophyletic. This contrasts with
Cameron et al. (2007) which showed a polyphyletic relationship between B. sonorus
and B. pensylvanicus. Their study addressed the entire Bombus genus (thus included only
two specimens each of B. sonorus and B. pensylvanicus) and used a concatenation of four
nuclear genes and the mitochondrial 16S rRNA gene. Given the lower overall substitu-
tion rate of these genes, combined with the close relationship between these two species
(as shown by the 1.04% COI divergence from our study), the polyphyletic pattern in
Cameron et al. (2007) could be explained by incomplete lineage sorting, a well-known
phenomenon among recently diverged species (Ferrer Obiol et al. 2021; DeRaad et al
2023; Nabholz 2024). We do not interpret a particular threshold of COI divergence
as indicative of species status. There are numerous examples that show lack of mtDNA
divergence among species that can be delineated by other means (Wiemers and Fiedler
2007; Ammerman et al. 2016; Nabholz 2024). For purposes of our study, the presence
of reciprocal monophyly (regardless of degree of divergence) which is concordant with
coloration and RADseq data provides evidence that hybridization (either ongoing or
historical) is minimal. We interpret the low degree of divergence as evidence that these
taxa are sister species that evolved from a common ancestor relatively recently.

All specimens that we collected for this study were clearly identifiable to species
based on coloration, and we observed no phenotypically intermediate specimens among
our samples. Milliron (1973) mentioned that the difference in shade of yellow was less
in areas of sympatry. However, among the specimens we collected the shade of yellow
was consistent across all individuals. Labougle (1990) reported that chromatically in-
termediate specimens occur, mainly in northeastern Mexico and southwestern Texas,
referring to Mexican specimens as being difficult to place in either taxon because of
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color of the scutellum and punctation of the clypeus intermediate between them. How-
ever, within their key, Labougle (1990) stated “scutellum and T-1 sometimes with an
even mixture of black and yellow hairs”. What constituted “chromatically intermediate”
was not described. Among our samples, we did not observe specimens that we would
describe as chromartically intermediate; the color of the scutellum was always distinct,
as was the shade of yellow. Given that our sampling efforts did not extend into Mexico,
we cannot be certain that the intermediates described by Labougle (1990) do not exist.
There is a great need for future work in Mexico to verify the existence of intermediates.

Upon examining photographic records on iNaturalist, we did find several instances of
female B. pensylvanicus in the U.S. with numerous yellow hairs on the scutellum (GBIE.
org 2004c), as mentioned by Milliron (1973) and Labougle (1990) in their description of
B. pensylvanicus. Importantly, these specimens were documented far from areas of sympa-
try between the two species (Florida, Georgia, Mississippi, and Arkansas) and, therefore,
this coloration could not have been acquired by interbreeding with B. sonorus. We urge
caution in using chromatic intermediates as evidence of hybridization given that female
specimens with numerous yellow hairs on the scutellum occur far from areas of sympatry.

The observation by Peters (1968) of an individual of B. sonorus at the entrance of a
nest along with 10 B. pensylvanicus was interpreted as evidence that these are color variants
of the same species. However, such an interaction should not be used to determine species
status. Plath (1927) found B. terricola Kirby, 1837 workers in 6 of 36 nests of B. affinis
Cresson, 1863 which he explained by “natural requeening.” Additionally, several instances
of attempted mating involving a species of Bombus and another species have been photo-
documented on iNaturalist (GBIF 2004d). These include B. impatiens Cresson 1863 with
Xylocopa virginica (Linnaeus, 1771), Andrena Fabricius, 1775 with B. griseocollis (De-
Geer, 1773), B. fervidus with B. bimaculatus Cresson, 1863, B. impatiens with B. frater-
nus (Smith, 1854), and B. flavifrons Cresson, 1863 with B. melanopygus Nylander, 1848.
Based on these observations, it is not surprising to also see photo-documentation of a B.
sonorus male attempting to mate with a B. pensylvanicus female (GBIEorg 2024e). Lastly,
successtul hybridization between recognized species of Bombus has been documented but
has not been used as evidence that the species were morphological variants of the same
species (Kanbe et al. 2008; Kondo et al. 2009; Yoon et al. 2009; Yoon et al. 2011; Kubo et
al. 2023). In fact, natural hybridization between recognized species of animals and plants
has been well documented (Arnold 1997; Mallet 2005; Taylor and Larson 2019). A criti-
cal factor in species delimitation is not whether hybridization occurs, but to what extent.

Conclusion

Our data demonstrate that hybridization events between B. pensylvanicus and B. sonorus
are absent or very rare, despite ample opportunity for mating in sympatry, justifying
the status of B. sonorus as a distinct species under the Biological Species Concept (Mayr
1963). Nuclear ddRADseq, mitochondrial COI, and coloration were concordant in
distinguishing B. sonorus from B. pensylvanicus. Given the lack of evidence supporting
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clinal variation, hybridization, or historical introgression between these species across
the broad area of sympatry in Texas, it seems unlikely that these phenomena would
be occurring in Mexico where the two species are also reportedly sympatric. However,
future research should focus on the assessment of populations of B. sonorus and B. pen-
sylvanicus in Mexico, to include documentation of areas in which the two species are
sympatric and confirmation of the anecdotal reports of individuals displaying interme-
diate coloration. Until evidence of clinal variation or extensive hybridization between
B. sonorus and B. pensylvanicus is documented using multilocus genetic datasets, we
recommend that B. sonorus be recognized as a distinct species and that conservation
efforts designate them as such.
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