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Abstract 20 

The rusty patched bumble bee, Bombus affinis, is an important pollinator in North 21 

America and a federally listed endangered species. Due to habitat loss and large declines in 22 

population size, B. affinis is facing imminent extinction unless human intervention and recovery 23 

efforts are implemented. To better understand B. affinis biology and population genetic and 24 

genomic landscapes, we sequenced and assembled the B. affinis genome from a single male. 25 

Whole genome HiFi sequencing on PacBio coupled with HiC sequencing resulted in a complete 26 

and highly contiguous contig assembly that was scaffolded into a chromosomal context, resolving 27 

18 chromosomes for this species. All material for both HiFi and HiC sequencing was derived 28 

from a single abdominal tissue segment from the one male. These assembly results, coupled with 29 

the minimal amount of tissue destructively sampled, demonstrates methods for generating 30 

contiguous and complete genomic resources for a rare and endangered species with limited 31 

material available and highlights the importance of sample preservation. Precise methods and 32 

applications of these methods are presented for potential applications in other species with similar 33 

limitations in specimen availability and curation considerations.  34 
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Introduction 36 

The rusty patched bumble bee, Bombus affinis (Cresson), was once an abundant and 37 

widespread pollinator in Canada and the U.S. (Figure 1) (Colla and Packer 2008; Cameron et al. 38 

2011). Like its close relatives in the subgenus Bombus of North America, B. affinis underwent 39 

significant population decline and range collapse throughout its known historic distribution over 40 

the past several decades. Hypotheses proposed on the cause of their decline include the 41 

transmission of pathogens, specifically Varimorpha bombi (=Nosema bombi) (Tokarev et al. 42 
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2020), from managed to wild bumble bee populations (Cameron et al. 2011, 2016), habitat loss 43 

and degradation (Mola et al. 2021), small population biology, and climate change (Soroye et al. 44 

2020). Compounding evidence for their decline at multiple spatial scales prompted the 45 

Committee on the Status of Endangered Wildlife in Canada (COSEWIC) and the United States 46 

(U.S.) Fish and Wildlife Service (USFWS) to list B. affinis as “Endangered” in 2010 and 2017, 47 

respectively (COSEWIC 2010; U.S. Fish and Wildlife Service 2017). This action enables 48 

independent B. affinis recovery plans to be developed in Canada and the U.S. 49 

Historically, B. affinis has been recorded from coastal regions of Maine, U.S. to the 50 

western Dakotas, U.S. Its historic latitudinal distribution includes Georgia, U.S. in the south, and 51 

Ontario and Quebec, Canada in the north (Milliron 1971). Like most non-cleptoparasitic and non-52 

tropical bumble bees, B. affinis forms annual colonies that begin with a gyne (i.e., primary 53 

reproductive female caste) emerging in the spring to establish a nest. Once the nest is established, 54 

the gyne (now queen) will produce workers (i.e., non-reproductive female caste) who will 55 

eventually take over a diversity of activities including foraging and nest defense. Colony sizes 56 

have reported to be large as 1341 bees and small as 251 bees (Boone et al. 2022). In the late 57 

spring, the queen will produce sexuals (males and gynes), who will go on mating flights. Mated 58 

gynes will then overwinter in a hibernaculum (i.e., overwinter refuge) until the following spring. 59 

Workers and males pass away at the conclusion of the colony cycle in the late summer/early 60 

autumn. Over the course of both the queen’s and colony lifespan, a diversity of challenges may 61 

arise including limited or contaminated floral resources, unfavorable overwintering and foraging 62 

conditions, pathogens, parasites, and natural enemies. Despite these challenges, there is evidence 63 

to suggest that B. affinis can persist in human built environments, where human-modified 64 
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landscapes may account for between 75% - 100% of B. affinis nesting, overwintering, and 65 

foraging habitat (Boone et al. 2022). 66 

Bombus affinis is estimated to have declined by 87% across their geographic distribution 67 

(Cameron et al. 2011). From a collection of 16,788 bumble bees collected across 3 years at 382 68 

field sites, B. affinis was only represented by 22 individuals, or 0.13% of the total collected 69 

specimens, emphasizing their rarity across the contiguous U.S (Cameron et al. 2011; Koch et al. 70 

2015). These results support the hypothesis that B. affinis will be facing imminent extinction 71 

unless management and conservation actions are applied to support the species in diverse habitats 72 

(Canada 2020; Smith et al. 2020; U.S. Fish and Wildlife Service 2021). A recent study of B. 73 

affinis corbicular pollen loads preserved in natural history collections demonstrates no evidence 74 

of significant change in the plant species they consumed over the last 100 years. The results 75 

suggest that changes or declines in floral resources do not necessarily precede their decline 76 

(Simanonok et al. 2021; Mola et al. 2021). Conversely, the fungal pathogen, V. bombi, has been 77 

found to increase in detection frequency in the mid-1990s, corresponding with wild population 78 

decline (Colla and Packer 2008) and the advent of infectious outbreaks in commercial bumble 79 

bee rearing stocks (Cameron et al. 2016). However, there is no evidence of a novel V. bombi 80 

genotype to be associated with the decline of B. affinis or other North American bumble bees. 81 

Focused monitoring of extant B. affinis populations are currently underway across federal, 82 

provincial, state, and city governments in Canada and the U.S (Otto et al. 2022). 83 

To support the genetic assessment of B. affinis populations, we present the first high-84 

quality, chromosome-scale genome assembly of the species from a single wild caught male in 85 

Minnesota, U.S. in 2020 and provide high quality gene annotations of this genome. The rationale 86 

for this approach is to retain vouchered tissue of the specimen that will support downstream 87 
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taxonomic diagnoses using both molecular and morphological techniques. We implemented the 88 

best practices developed by the U.S. Department of Agriculture Ag100Pest (Childers et al. 2021) 89 

and the Beenome100 (https://www.beenome100.org/) initiatives to achieve assembly and high 90 

fidelity using Pacific Bioscience (PacBio) HiFi (circular consensus) reads. 91 

Materials and Methods 92 

Specimen sampling. B. affinis specimens used to develop the reference genome were 93 

collected by Dr. Elaine Evans of the University of Minnesota from an active colony in a 94 

residential area from Redwing, Goodhue County, Minnesota, U.S on 04 August 2020. The 95 

coordinates of the B. affinis colony are rounded to the 100th’s place to maintain anonymity of the 96 

private homeowners (Latitude: 44.56, Longitude: -92.53, 236 m). Lethal collection of the 97 

specimen was conducted under the authority of the USFWS Endangered Species Permit sub-98 

permit (16-07-3a). In total, six specimens were flash frozen in liquid nitrogen and maintained at -99 

80 C until they were shipped to the U.S. Department of Agriculture - Agricultural Research 100 

Service (USDA-ARS) - Pollinating Insect Research Unit (PIRU) in Logan, UT. 101 

DNA extraction, library preparation, and sequencing.  Two B. affinis males were sent to 102 

the USDA-ARS Tropical Pest Genetics and Molecular Biology Research Unit in Hilo, HI to 103 

undergo DNA extraction and PacBio HiFi and HiC library preparation. Genomic DNA was 104 

extracted from a slice of abdominal tissue from a single B. affinis male (ToLID iyBomAffi1). The 105 

fresh or frozen tissue protocol of the Qiagen MagAttract HMW DNA Kit (Qiagen, Hilden 106 

Germany) was followed to obtain DNA that was sufficiently of high-molecular weight. 107 

Following isolation, genomic DNA was subjected to a 2.0x bead clean-up to improve sample 108 

purity and quantified using the dsDNA Broad Range (BR) Qubit assay (Thermo Fisher Scientific, 109 

Waltham, MA, USA) and the fluorometer of a DS-11 Spectrophotometer and Fluorometer 110 
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(DeNovix Inc, Wilmington, DE, USA). Purity was determined using the UV-Vis spectrometer 111 

feature of the DS-11 which reports OD 260/230 and 260/280 ratios. Following the first bead 112 

clean-up, the high-molecular weight DNA sample was sheared to a mean size of 20 kb with the 113 

Diagenode Megaruptor 2 (Denville, NJ, USA) and subsequent size distribution was assessed with 114 

the High Sensitivity (HS) Large fragment kit run on the Fragment Analyzer (Agilent 115 

Technologies, Santa Clara, California, USA). A PacBio SMRTBell library was prepared using 116 

the sheared DNA using the SMRTBell Express Template Prep Kit 2.0 (Pacific Biosciences, 117 

Menlo Park, CA, USA). The prepared library was bound and sequenced at the USDA-ARS 118 

Genomics and Bioinformatics Research Unit in Stoneville, MS on a Pacific Biosciences 8M 119 

SMRT Cell on a Sequel IIe system (Pacific Biosciences, Menlo Park, CA, USA) beginning with a 120 

2-hour pre-extension followed by a 30-hour movie collection time. After sequencing, circular 121 

consensus sequences from the PacBio Sequel IIe subreads were obtained using the SMRTLink 122 

v8.0 software. 123 

Concurrent to the PacBio HiFi library prep and sequencing, a HiC library was prepared 124 

from a slice of abdominal tissue from the same male B. affinis (ToLID iyBomAffi1) as was used 125 

for the PacBio WGS HiFi library. The proximity-ligated sequencing library was prepared using 126 

the Arima HiC kit (Arima Genomics, San Diego, California, USA) from crosslinked tissue 127 

prepared following the Arima HiC low input protocol. Following proximity ligation, DNA was 128 

sheared using a Bioruptor Pico (Diagenode, Dennville, NJ, USA) and DNA fragments in the 129 

range of 200-600 bp were selected as the input for Illumina library prep using the Swift Accel 130 

NGS 2S Plus kit (Integrated DNA Technologies, Coralville, IA, USA). Illumina 2x150 bp 131 

sequencing was performed on a NovaSeq 6000 at the Hudson Alpha Genome Sequencing Center 132 

(Huntsville, AL, USA), and adapter trimming after sequence collection was performed using 133 
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BaseSpace software (Illumina, San Diego, CA, USA). All remaining tissue samples and DNA 134 

extractions are housed at the B. affinis genetic resources repository at the USA-ARS PIRU. 135 

Genome assembly. Prior to genome assembly, HiFi reads containing artifact adapter 136 

sequences were removed from the HiFi read pool using the program HiFiAdapterFilt v2.0 (Sim et 137 

al. 2022). This filtered read set was assembled into a contig assembly using HiFiASM v0.16.1-138 

r375 (Cheng et al. 2021) using the default parameters. The output of HiFiASM was an assembly 139 

in .gfa format which was converted to a .fasta format using any2fasta (Seeman 2018 140 

https://github.com/tseemann/any2fasta). The primary contig assembly was scaffolded following 141 

the Arima Genomics mapping pipeline (Ghurye et al. 2019, 142 

https://github.com/ArimaGenomics/mapping_pipeline) and YaHS scaffolding software (Zhou et 143 

al. 2022) (https://github.com/c-zhou/yahs). The Arima Genomics mapping pipeline uses BWA 144 

mem (Li 2013) to align the paired Illumina R1 and R2 reads separately to the reference contig 145 

assembly and applies the filtering script `filter_five_end.pl` to only retain reads that are mapped 146 

in the 5’ orientation. Following filtering, the independently mapped R1 and R2 reads were paired 147 

using the script `two_read_bam_combiner.pl` which resulted in a sorted and quality filtered 148 

paired-end file in .bam format. The `MarkDuplicates` function of Picard Tools (Picard Tools, 149 

2019, https://broadinstitute.github.io/picard/) was used to remove PCR duplicate artifacts from 150 

the mapped and paired .bam which along with the reference contig assembly served as the input 151 

files for the YaHS scaffolding software. The YaHS software was implemented using the `no 152 

contig error correcting` option and YaHS outputs were converted using the `juicer_pre` function 153 

of YaHS to Juicebox (Durand et al. 2016) compatible files for manual curation visually within 154 

Juicebox. Following manual curation, edits were applied to the scaffold assembly using 155 
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`juicebox_assembly_converter.py` from the Phase Genomics suite of juicebox_scripts 156 

(https://github.com/phasegenomics/juicebox_scripts).   157 

 The chromosome scale assembly was assessed for completeness in terms of gene content 158 

using a Benchmark of Universal Single Copy Orthologs (BUSCOs) using all relevant taxonomic 159 

databases for the genome (Eukaryota, Metazoa, Arthropoda, Insecta, and Endopterygota) and 160 

only the most derived database, Endopterygota for the protein set. Ab initio annotations on the 161 

scaffold assembly were performed using Metaeuk v.4.a0f584d (Levy Karin et al. 2020) for the 162 

Eukaryota, Arthropoda, Insecta, and Endopterygota odb10 databases and Augustus v3.4.0 (Stanke 163 

et al. 2008) were used to detect the Metazoa odb10 orthologs. Designation of genes as complete 164 

single copy, duplicated, fragmented, or missing were determined using BUSCO v5.2.2 (Manni et 165 

al. 2021) in `genome` mode for the genome assembly and `protein` for the annotated protein set. 166 

Identification for off-target (non-B. affinis) contigs in the assembly was performed by aligning all 167 

contigs to the NCBI nucleotide (NT) database (accessed 2022-02-14) using the `blastn` function 168 

of BLAST+ v2.5.9+ (Camacho et al. 2009). The contigs were secondarily aligned to the UniProt 169 

protein database (accessed 2020-03) using Diamond (Buchfink et al. 2021). Local alignments to 170 

the nucleotide and protein databases were then used to assign the B. affinis contigs to a taxon 171 

using the rule `bestsumorder` of blobtoolkit v.2.6.1 (Challis et al. 2020) which assigns contigs to 172 

a taxon first based on alignments to the nucleotide database and then followed by alignments to 173 

the protein database if there were no hits to the nucleotide database. Taxonomic assignment of 174 

assembled scaffolds was tertiarily conducted using NCBI Foreign Contamination Screen (FCS, 175 

https://github.com/ncbi/fcs/wiki) tool suite using the fcs-gx function which uses the genome 176 

cross-species aligner (GX) to identify contaminants of which there were none in the final 177 

assembly. Coverage per scaffold and contig record was calculated using minimap2 v2.2-r1101 178 
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(Li 2021). Coverage, taxonomic assignment, and BUSCO results were aggregated using 179 

blobtoolkit and subsequently summarized using blobblurb v2.0.1(Sim 2022). Expected genome 180 

size was estimated using GenomeScope v2.0 (Ranallo-Benavidez et al. 2020) which uses k-mer 181 

frequency analysis of k-mer counts performed by KMC v3.2.1 (Kokot et al. 2017). Level of 182 

duplicate artifacts in the assembly was assessed using BUSCO results for both the genome and 183 

the protein set and using k-mer abundance in the raw HiFi reads relative to their representation in 184 

the final assembly as determined by K-mer Analysis Toolkit v2.4.2 (KAT) (Mapleson et al. 185 

2017).  186 

Genome annotation and synteny. The B. affinis genome was submitted to the National 187 

Center for Biotechnology Information (NCBI) RefSeq (Rajput et al. 2019) using the NCBI 188 

Eukaryotic Genomic Annotation Pipeline v10.0. This annotation method has been used in other 189 

bumble bee species and insects associated with the AgPest100 and Beenome100 initiatives. 190 

Adhering to the NCBI pipelines provides standardization in the annotation methodology. 191 

Annotation of the B. affinis was supported by n = 184 transcript resources (RNA-Seq) for B. 192 

terrestris, a closely related bumble bee species in the subg. Bombus endemic to Europe, available 193 

on GenBank. We were unable to acquire high quality B. affinis specimens for subsequent RNA 194 

sequencing to support annotation. Finally, synteny of the B. affinis genome with a chromosome 195 

resolution assembly of B. terrestris was investigated by developing idiograms with RIdeogram 196 

(Hao et al. 2020). Idiograms provide the opportunity to visualize chromosomal distribution 197 

patterns and identify potential regions of the genome that are associated with genomic gaps, 198 

inversions, and repeats. 199 

Data availability. The B. affinis genome assembly is associated with NCBI Bioproject 200 

#PRJNA827177 (ToLID: iyBomAffi1) in the Beenome100 umbrella Bioproject #PRJNA923301. 201 
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RefSeq raw sequence reads of the B. affinis genome is associated with NCBI Bioproject 202 

#PRJNA880876. 203 

Results 204 

Genome assembly. Extracted DNA from a single tissue sample of the B. affinis abdomen 205 

was successfully used to achieve a highly contiguous contig assembly with chromosomal 206 

resolution. After preliminary assembly, we determined that 92.5% of the contigs had BLAST hits 207 

to Arthropoda (Kingdom: Animalia) (Figure 2A). The remaining 7.5% of the contigs were 208 

categorized as follows: 4.5% as Microsporidia (Kingdom: Fungi), 0.25% matched either 209 

Chordata (Kingdom: Animalia), Streptophyta (Kingdom: Plantae), or Ciliophora (Kingdom: 210 

Chromista) (combined = 0.25%); and 2.75% did not match any taxonomic group (i.e., “No-Hit”). 211 

It is of special note that the 4.5% of the contigs matched with the Microsporidia. Microsporidia, 212 

namely V. bombi is a significant fungal parasite associated with bumble bee decline. In total 109 213 

sequences of Microsporidia accounted for a total of 18 Mb in the metagenome (Figure 2A). 214 

Further filtering with Blobtools and alignment to HiC sequences resulted in the removal of non-215 

Arthropod contaminants in the remaining scaffolds (Figure 2B). 216 

The assembled B. affinis genome resulted in 858 contigs with a contig N50 of 12.33 Mb 217 

(Table 1) (Figure 3A). Our assembly thus exceeds the minimum reference standard of the 218 

6.7.Q40 quality category (>1.0 Mb contig and 10.0 Mb scaffold N50) suggested by the Earth 219 

BioGenome Project (Lewin et al. 2018; Lawniczak et al. 2022). The highly contiguous B. affinis 220 

genome assembly is comparable to the B. ignitus genome assembly (No. contigs = 250) but was 221 

243.2% more fractionated than the B. terrestris assembly. The B. affinis genome assembly was 222 

less fractionated than the B. impatiens and B. terricola genomes as represented by the number of 223 

contigs (Table 1). The size of the scaffolded B. affinis assembly is 365.1 Mb, which is smaller 224 
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than the most recent B. terrestris genome assembly (v1.2), but larger than other published 225 

genomes of species in the subg. Bombus [B. ignitus (v1) = 242.6 Mb and B. terricola (Kent et al. 226 

(2018)) = 239.9] (Figure 3B).  The count of the smallest number of contigs whose length makes 227 

up half the genome size of the current B. affinis assembly is L50 = 11 and is comparable to other 228 

high-quality genomes of the subg. Bombus currently published in NCBI (Table 1). GC content of 229 

the B. affinis assembly is comparable to the species assemblies included in our study at ~37.4% 230 

(average = 37.8% +/- 0.24%) (Figure 3B) (Table 1). 231 

Total haploid assembly size is estimated to be 365.50 Mb based on k-mer analysis with 232 

GenomeScope v2 (k-mer = 21, k-cov = 18) (Figure 3C). The assembly is hypothesized to have 233 

minimal error (=0.121%), likely due to low sequencing error and low repetitive content of 234 

sequences (=0.126%). HiC contact mapping was able to construct 18 chromosome-length 235 

scaffolds (Figure 3D). Continued demonstration of the highly complete genome assembly is 236 

exemplified by BUSCO scores (Figure 3B) (Table 1). The B. affinis assembly performed 237 

exceptionally better than all other published assemblies in the subg. Bombus, with 98.9% of the 238 

5,991 benchmarking universal single-copy orthologs represented in OrthoDB v1.10 Hymenoptera 239 

lineage dataset (hymenoptera_odb10). Most of the genes were single copy (98.1%) with 0.4% 240 

duplicated or 1.1% missing (Figure 3B) (Table 1).   241 

Genome annotation and synteny. In total, the NCBI Eukaryotic Genomic Annotation 242 

Pipeline predicted 15,252 genes and pseudogenes, of which 14,971 genes gave rise to 35,888 243 

transcripts. The number of predicted genes in B. affinis exceeds the number of genes predicted in 244 

B. terrestris and B. impatiens by 13.84% to 15.89% (Table 2). This increase in the number of 245 

predicted genes is mostly associated with non-coding genes in the B. affinis genome. Specifically, 246 

B. affinis is estimated to have 44.68% and 85.43% more non-coding genes than B. terrestris and 247 
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B. impatiens, respectively (Table 2). Non-coding genes do not result in proteins but have been 248 

demonstrated to be important in serving roles in the regulation of gene expression, whereas other 249 

studies continue to demonstrate no known function understood by science. The statistics of the 250 

genome annotation in B. affinis is largely consistent with the available bumble bee genomes we 251 

compare in our study that are available on RefSeq (Table 2).  252 

We analyzed the synteny of the B. affinis genome with B. terrestris. The new B. affinis 253 

assembly is highly collinear with the 18 B. terrestris linkage groups (Figure 4). However, we 254 

were able to visualize several rearrangements in the genomic architecture of B. affinis relative to 255 

B. terrestris. For example, our synteny analysis revealed evidence for multiple inversions (e.g., B. 256 

affinis CM044943.1 vs. B. terrestris OU342922.1 = 1 inversion) (Figures 4A, 4B), gaps (e.g., B. 257 

affinis CMO44953.1 vs. B. terrestris OU342937.1) (Figure 4A), and repeats (e.g., B. affinis 258 

CM044946.1 vs. B. terrestris OU342932.1) (Figure 4B). The structural rearrangements may 259 

represent a small number of assembly artifacts, or may represent rearrangements that are 260 

hypothesized to have occurred over the last 5 millions years since the last common ancestor at the 261 

Pliocene and Miocene boundary (Hines 2008). Overall, our synteny analysis continues to 262 

demonstrate that bumble bee genomes are highly conserved, even across deep timescales, 263 

particularly within subgenera (Heraghty et al. 2020).  264 

Discussion 265 

Highly contiguous contig assemblies of invertebrates are becoming increasingly available, 266 

especially considering recent initiatives by the Ag100Pest and Beenome100 initiatives. In our 267 

study, we demonstrated the promise of using limited tissue samples from a single insect specimen 268 

to produce a high-quality genome assembly that achieves chromosomal-level resolution. This 269 

achievement was possible in large part to the capacity for PacBio HiFi sequencing technology to 270 
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capture long and accurate read lengths during the sequencing process. Using a fraction of the 271 

tissue available in constructing a high-quality assembly enables scientists to retain a physical 272 

voucher of the tissue for additional research and confirmation of species identity. 273 

In addition to producing a high-quality genome assembly, our sequencing approach also 274 

recovered evidence for a significant bumble bee pathogen – Microsporidia. From the preliminary 275 

assembly of the B. affinis genome, we determined that 4.5% (18 Mb) of the contigs matched 276 

sequences associated with Microsporidia. Microsporida such as V. bombi are an obligate, 277 

intracellular gut pathogen that can produce systemic infection in many invertebrates, including 278 

the bumble bees (Macfarlane et al. 1995). In our tissue sampling approach, we specifically 279 

targeted a segment of the abdomen to reduce unnecessary specimen destruction. Organs within 280 

the abdomen that can be readily infected by V. bombi include Malpighian tubules, midgut, and fat 281 

body (Macfarlane et al. 1995).  Thus, the capture of Microsporidia genetic information in our 282 

minimally destructive tissue sampling of the insect host highlights the value of our molecular, 283 

sequencing, and bioinformatic framework in detecting parasites of significant interest. 284 

The mechanisms associated with B. affinis decline, and potential solutions for recovery is 285 

an active area of research. Recovery of the species would benefit from an assessment of the 286 

underlying genetic diversity, including the development of a reference genome (Smith et al. 287 

2020). The high-quality reference genome of B. affinis we present in our study will enable 288 

scientists and stakeholders to compare DNA sequenced from tissue samples associated with 289 

hundreds of specimens using high-throughput short-read sequencing. Sequence variation can then 290 

be compared to the high resolution reference genome to make inferences about diverse 291 

population-level phenomena (Webster et al. 2022). Specific research objectives that can be 292 

achieved with a reference genome include reconstruction of population size fluctuations (Ne), 293 
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estimations of deleterious genetic variation, identification of the genetic mechanisms associated 294 

with environmental stressors, including pesticides (Kent et al. 2018), and predicting evolution in 295 

response to the stressors that drive insect decline (Grozinger and Zayed 2020; Webster et al. 296 

2022). Ultimately, the results of this research agenda can support evidence-based decisions on B. 297 

affinis management across diverse habitat types and ex situ scenarios. 298 
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