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Abstract

All organisms require an immune system to recognize, differentiate, and defend against pathogens. From an evolutionary
perspective, immune systems evolve under strong selective pressures exerted by fast-evolving pathogens. However, the func-
tional diversity of the immune system means that differentimmune components and their associated genes may evolve under
varying forms of selection. Insect pollinators, which provide essential ecosystem services, are an important system in which to
understand how selection has shaped immune gene evolution as their populations are experiencing declines with pathogens
highlighted as a potential contributing factor. To improve our understanding of the genetic variation found in the immune
genes of an essential pollinator, we performed whole-genome resequencing of wild-caught Bombus terrestris males. We first
assessed nucleotide diversity and extended haplotype homozygosity for canonical immune genes finding the strongest sig-
natures of positive selection acting on genes involved in pathogen recognition and antiviral defense, possibly driven by grow-
ing pathogen spread in wild populations. We also identified immune genes evolving under strong purifying selection,
highlighting potential constraints on the bumblebee immune system. Lastly, we highlight the potential loss of function alleles
present in the immune genes of wild-caught haploid males, suggesting that such genes are potentially less essential for de-
velopment and survival and represent redundancy in the gene repertoire of the bumblebee immune system. Collectively, our
analysis provides novel insights into the recent evolutionary history of the immune system of a key pollinator, highlighting
targets of selection, constraints to adaptation, and potential redundancy.
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Significance

Pathogens have been identified as a potential contributing factor to the decline of many beneficial insect pollinators,
including bumblebees. Although we know pathogens place strong selective pressures on their hosts, we still lack a thor-
ough understanding of the genetic variation found in immune genes of wild pollinator populations and the types of
selection shaping the insect immune system. Here, we find in a contemporary bumblebee population that functional
immune gene classes are not only evolving under different selective pressures, identifying signatures of positive selec-
tion, but also evidence of evolutionary constraints and potential redundancy, which may have implications for their abil-
ity to respond to ongoing and future threats. Collectively, our analyses provide important and novel insights into the
evolution of the immune system of an essential pollinator, furthering our understanding of the ability of a wild bumble-

bee to defend itself against pathogens.

Introduction

Pathogens threaten all living organisms, leading to the evo-
lution of host mechanisms to resist, tolerate or avoid patho-
gen interaction (Barreiro and Quintana-Murci 2010; Balloux
and van Dorp 2017). Insects, in particular, have evolved
several effective traits to prevent infection, including avoid-
ance and hygienic behaviors, physical barriers, such as a
tough exoskeleton, and chemical defenses (Siva-Jothy
et al. 2005). However, if a pathogen can overcome these
defenses and successfully invade its host, the last barrier
to the establishment of infection is the insect innate im-
mune system (Tsakas and Marmaras 2010). The insect im-
mune system is comprised of two arms: the cellular
response, coordinated by hemocytes, which implements
phagocytosis, encapsulation, and melanization (Mavrouli
et al. 2005; Strand 2008) and the humoral response, a
protein-derived defense involved in the recognition of
and response to pathogen-associated molecular patterns.
The recognition of such molecules activates pathway cas-
cades, such as the Toll pathway, which is activated on
host recognition of gram-positive (Rutschmann et al.
2002) and fungal invaders (Roh et al 2009). These cascades
stimulate the production of effector molecules, such as
antimicrobial peptides that target and eliminate invaders
(Ali Mohammadie Kojour et al. 2020).

Genes involved in the immune system are often subject
to strong selective pressures to defend against and
co-evolve along with pathogens while also being able to
distinguish pathogens from beneficial foreign products
(e.g., ingested food), as well as symbiotic microbes (Royet
etal. 2011; Nyholm and Graf 2012). Similarly, components
of the immune system have evolved to recognize and differ-
entiate between self and nonself to protect the host from
its own defenses (Cooper and Eleftherianos 2017). The
strong selective pressures placed on immune genes are re-
flected in the routine identification of these genes as fast
evolving across diverse taxa through comparative genomic
scans (Roux et al. 2014; Shultz and Sackton 2019).
However, there are different types of selection, which often

produce characteristic patterns in the host genome. For ex-
ample, positive selection produces genomic regions of re-
duced diversity through “selective sweeps,” whereby
selected beneficial alleles, as well as neighboring sites,
can increase in frequency within a population to the point
of fixation (Nielsen et al. 2005). Recent studies on insects
have applied population genetic approaches to investigate
the genetic variability of immune genes, as well as to deter-
mine the different forms of selection acting upon them
(Palmer et al. 2018; Tan et al. 2021). However, with a
few exceptions, studies employing genome-wide popula-
tion genomic techniques to better understand how selec-
tion has acted on different functional classes of the
immune system are still lacking, especially for nonmodel or-
ganisms within the field of genetics (but see Tan et al.
2021).

For many ecologically and commercially beneficial insect
species, such as pollinators, it is vitally important to under-
stand the selective pressures acting on their immune genes
as pathogens and associated disease are one of several fac-
tors suggested to contribute to population declines
(Goulson 2010; Wagner 2020). Pathogen spread is hy-
pothesized to be exacerbated by the use of commercially
reared bumblebees. These bumblebee colonies, usually
Bombus terrestris or Bombus impatiens, are reared in com-
mercial facilities and exported around the globe to provide
pollination services to crops, such as tomatoes (Velthuis and
Van Doorn 2006). However, they are known to often carry
bumblebee and honeybee pathogens (Graystock et al.
2013; Murray et al. 2013), and there is evidence supporting
pathogen spread from commercial bumblebees to wild po-
pulations of many bee species (Colla et al. 2006; Murray
et al. 2013). Declines in pollinator populations, including
bumblebees (Fitzpatrick et al. 2007; Kosior et al. 2007,
Cameron et al. 2011), have led to concern about the sus-
tainability of pollination services provided by insects which
greatly contribute to global economies, food security, and
ecosystem functioning (Aizen et al. 2009; Stout et al.
2019). Our understanding of the capacity of wild bee popu-
lations to respond to ongoing environmental threats has
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been greatly informed by recent studies using population
genomics, which have highlighted the genetic variation
harbored in a population, as well as the targets of recent
positive selection acting throughout the genome (Harpur
and Rehan 2021; Colgan et al. 2022; Heraghty et al.
2022; Kardum Hjort et al. 2022), including immune genes
(Kent et al. 2018). However, despite the importance of hy-
menopteran insects such as bees, wasps, and ants, focused
population genetic studies on their immune genes are lim-
ited. Addressing this knowledge gap is essential in under-
standing how these genes are evolving in response to the
risks currently facing many valuable insects in their natural
environments.

A valuable study system to examine how recent
selection has shaped immune gene evolution is the earth
or buff-tailed bumblebee, Bombus terrestris. Bumblebees
(Bombus sp.), in general, are a particularly beneficial group
of pollinators for a variety of commercial crops due to their
variation in tongue length, ability to buzz pollinate, and tol-
erance to temperate climates (Velthuis and Van Doorn
2006). Bumblebees are also a classical system for studying
insect immunity as they are social insects that live in ther-
moregulated, densely packed nests of closely related indivi-
duals, providing prime conditions for pathogen spread
among nest mates (Shykoff and Schmid-Hempel 1991).
This fact is further reflected by bumblebees serving as hosts
for a taxonomically diverse group of pathogens, including
viruses, bacteria, fungi, protozoans, nematodes, insect
parasitoids, and social parasites (Rutrecht and Brown
2008). Bumblebees, like other holometabolous insects,
also have morphologically and behaviorally distinct life
stages that face different pathogenic threats and risks
(Schmid-Hempel 1998). Similarly, being social insects, bum-
blebees have caste differentiation in the female sex with the
evolution of queen and worker castes, which perform dif-
ferent colony-level tasks that likely influence their risk of
pathogen exposure and infection (Colgan et al. 2011). At
the genetic level, bees have a decreased set of canonical im-
mune genes in comparison with model organisms, such as
Drosophila melanogaster, suggesting that bees may have a
reduced immune capacity to combat infection (Evans et al.
2006; Barribeau et al. 2015). Finally, like other
Hymenoptera, sex determination is haplodiploid, with fe-
males developing from fertilized, diploid eggs and males
from unfertilized, haploid eggs (Cook and Crozier 1995).
The haploid status of the male means if a deleterious allele
is inherited, they do not have an extra gene copy to rescue
function (Hartl and Brown 1970). Therefore, males auto-
matically express deleterious alleles that they carry and,
therefore, selection acts strongly to remove these from a
population (Joseph and Kirkpatrick 2004). Additionally,
haploid individuals may carry alleles that are predicted to
impact gene function and, simultaneously, exhibit no obvi-
ous impediment on fitness. The presence of these alleles in

what appears to be robust, healthy individuals may high-
light genes with reduced, redundant, or nonessential roles
in important biological processes.

In this study, we performed whole-genome resequencing
of a natural population of B. terrestris, to understand the
genetic variation maintained in their canonical immune
genes and the selection pressures acting on them. We
sampled male bumblebees across the island of Ireland and
applied a population genomics-based approach to examine
patterns of positive selection through estimating genome-
wide levels of nucleotide diversity and extended haplotype
homozygosity to provide evidence for recent selective
sweeps acting on canonical immune genes (Barribeau et al.
2015; Sadd et al. 2015). Furthermore, we investigated evi-
dence of evolutionary constraints through the characterisa-
tion of immune genes evolving under strong purifying
selection. Lastly, to understand potential nonfunctional or
redundant components of the bumblebee immune system,
we investigated the presence and frequency of putative
loss of function alleles carried by wild-caught adult males.

Results

Genetic Diversity Within and Across Bumblebee
Canonical Immune Genes

As a provisional step to examine different selective pressures
acting on canonical immune genes, we assessed the genetic
diversity found within the sequenced genomes of 33 wild-
sampled B. terrestris males. We identified 1,103,300 million
high-quality biallelic single-nucleotide polymorphisms (SNPs)
with a sliding window-based analysis (window size: 100 kb)
estimating mean genome-wide nucleotide diversity (x) as
1.71%x 1073 (supplementary table S2a, Supplementary
Material online), similar to diversity estimates calculated for

Table 1
Functional Annotation of Polymorphic Sites Found in the Immune Genes
of a Wild-caught Population of Bombus terrestris

Variant category Total Total number Total number of
number of of SNPs SNPs located in
SNPs located in nonimmune genes
immune genes

Intronic region 627,882 8,442 619,440

5 kb Upstream/ 209,505 3,038 206,467
downstream
of a gene

Untranslated 34,078 641 33,437
region (UTR)

Coding region 34,428 726 33,702
(CDS)

Note.—The total number of genome-wide SNPs, the numbers of immune and
nonimmune SNPs are shown for variant categories, including SNPs found in
intronic regions, 5 kb up or downstream of a gene, within 5’ or 3’ untranslated
regions (UTRs) and coding regions.
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a British population of B. terrestris (1.51 x 10~3; Colgan et al.
2022). In terms of the canonical immune genes that were
analyzed (n = 166 genes found on chromosomal scaffolds),
we found no significant difference in terms of mean nucleo-
tide diversity between them and either all other nonimmune
genes (Wilcoxon rank sum test; W= 789815, P=0.098) or a
similar  number of size-matched nonimmune genes
(Wilcoxon rank sum test: W= 13668, P=0.397). The most
abundant variant type found in the immune genes was in-
tronic (n = 8,442 SNPs, 66% of total SNPs found in or within
5 kb of a canonical immune gene), which was also the most
abundant SNP found genome-wide (table 1). We found im-
mune genes have significantly less intronic SNPs compared
with nonimmune genes (xX*4_ ; = 541.6, P < 2e~'®) but sig-
nificantly more SNPs in untranslated (x’g_,=51.7, P<
6.4e7"% and coding (X’g_ 1= 146.9, P < 2e™"®) regions.

Canonical Immune Genes in Genomic Regions of
Reduced or Elevated Diversity

As positive selection can produce genomic regions of re-
duced diversity generated by “hard” selective sweeps, we
assessed genome-wide nucleotide diversity in 100 kb sliding
windows. We found 77 windows with significantly reduced
diversity (z-score < —1.96; P < 0.05), within which we found
23 canonical immune genes (supplementary table S2a,
Supplementary Material online), which was not more than
expected by random chance (x4 _;,=0.88; P=0.35).
Members of several immune gene families were identified
in these low-diversity regions including: the small RNA regu-
latory pathway (SRRP: LOC100642865, LOC100644688,
LOC100647119, LOC100647746, LOC100648299);
autophagy-related genes (APHAG: LOC100642312,
LOC100642580, LOC100650799); inhibitors of apoptosis
(IAP: LOC100647366, LOC100647488); the IMD pathway
(IMD_PATH; LOC100631093, LOC100645550); and
C-type lectins (CTL: LOC100644559, LOC100645018;
fig. 1; supplementary table S2a, Supplementary Material on-
line). Gene Ontology (GO) term enrichment analysis for these
immune genes identified the top five most significantly en-
riched biological processes-associated terms (Fisher's exact
test; P<0.05) as “defense response to other organism,”
“cellular catabolic process,” “regulation of defense re-
sponse,” “immune response,” and “regulation of immune
system process” (supplementary table S3, Supplementary
Material online).

In these low-diversity regions, we also found three canon-
icalimmune genes that lacked evidence of polymorphic sites.
We further identified an additional five immune genes in
other parts of the genome with no SNPs (i.e., no genetic vari-
ation among sampled bees; supplementary table S2b,
Supplementary Material online). In total, these eight genes
included FAS-associated factor 1 (LOC100645550),
ubiquitin-like-conjugating enzyme ATG3 (LOC100642312),

caspase-1 (LOC100645000), TGF-beta activated kinase 1
(LOC100631093), plasminogen activator inhibitor 1
RNA-binding protein (LOC100649628), 32 kDa beta-
galactoside-binding lectin  (LOC100649028), baculoviral
IAP repeat-containing protein 5 (LOC100647478), and
trypsin-3 (LOC100642942).

Given that many immune genes, especially those involved
in pathogen recognition, may evolve under balancing selec-
tion and therefore have higher than expected polymorph-
isms, we investigated the presence of immune genes in
regions of significantly elevated nucleotide diversity com-
pared with the background genome. We found 127 genom-
ic regions with elevated nucleotide diversity (z-score > 1.96;
P <0.05), which included five canonical immune genes
(fig. 1): two APHAG gene family members
(LOC100647690, LOC100644291); Down syndrome cell ad-
hesion molecule-like protein Dscam2 (immunoglobulin or
IGG family; LOC100649765); ecdysteroid-requlated
16 kDa protein (MD-2-related lipid recognition or ML family;
LOC100643802); and GTP-binding nuclear protein Ran
(SRRP; LOC100646748). We found significantly more win-
dows with elevated nucleotide diversity than expected by
random chance (Binomial test: P < 0.0006).

Recent Positive Selection Acting on Autophagy and
Scavenger Receptor Proteins

To identify immune genes with evidence of recent positive
selection due to “soft” selective sweeps, whereby selection
acts on standing genetic variation, we investigated genes
with absolute nS, (|nSy|) scores >2, an indicator of recent se-
lection (Ferrer-Admetlla et al. 2014; supplementary table
S4a, Supplementary Material online). We identified 38 ca-
nonical immune genes with evidence of positive selection
(fig. 2A; supplementary table S4b, Supplementary Material
online) associated with immune gene groups involved in im-
mune signaling (n = 9 genes total: CLIP serine proteases [n =
5]; spatzle proteins [n = 4]; and Toll and Toll pathway [n = 4])
and pathogen recognition genes (n = 11 genes total: scaven-
ger receptor proteins [SCR; n = 5]; C-type lectins [n = 4]; im-
munoglobulins [n=2]; and ML family member [n = 1]; fig.
2). Signatures of positive selection were also identified for
genes involved in detoxification (peroxidases [n=5]), im-
mune regulation (serine protease inhibitors [n = 3] and small
RNA regulatory pathway [n = 1]), autophagy (n=1), and a
thioester containing protein (n=1).

The strongest evidence for positive selection was found
for the autophagy-related protein 16 gene (|nS.| =4.299),
which had, across all genome-wide SNPs, the 17th highest
[nSy| score (supplementary table S4a, Supplementary
Material online). The immune gene group with the stron-
gest signature of selection was the SCR family, which had
five genes with signatures of strong positive selection
(each containing SNPs within the top 1% of genome-wide

4 Genome Biol. Evol. 15(4) https://doi.org/10.1093/gbe/evad039 Advance Access publication 12 April 2023

20z Joquiedas 9z uo 1sanb Aq G/8G1 | L/6E0PEAR/Y/S L /a01e/a06/W00 dno oW ped.//:Sd)Y Wolj PaPEojUMOQ


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad039#supplementary-data
https://doi.org/10.1093/gbe/evad039

Immune Gene Evolution in a Bumblebee

GBE

S

virus gram-positive bacteria

' 4

gram-negative bacteria fungi
Pathogen recognition by PRPs
“ L SCR PGRP GNBP.
o l L O cTL DSCAM GALY
Cellular IMDPATH \ o [ ToLLPATH / _ JAK/STAT SRRP

responses >

> & - SP.

Melanisation &

coagulation /? | / xd / |‘
\

« PPO £l CL'I’lb \ )
* FREP RGRY TOLL
]
Autophagy .= o
. 'APHAG G"\ n\.m‘ mydsg
L R‘, - 7~ pelle
FADD | P pelline
Anti-oxidant dredd T:';Z}_a \ dorsal
P - re: |
* | PRDX J AbsD
. / cactus
SoD kenny jNK
= cacis ir‘d; ! \dnrsal
Endocytosis - REL kay

.’. « [ NIMROD
~ %

4

\\—f
Domeless /
4 \

\.__/Hopscotch

STAT \"danA
e iam e
STAT Dicer
STAT l

Ml ,':{j_f SIRNA

TIILL

:
L -G

Apoptosis l
[ IAP \ l
- AMP & LYS TEP
-1 :\1 /,..\“ J u
| ROLD v > <O {

@8 roHD

EHH e
@ High-impact SNP ~ Regulators of c,qs@ CASP
Immune response y

Fic. 1.—Signatures of selection acting on canonical immune genes and associated immune pathways of Bombus terrestris. Overview of genes and as-
sociated pathways of the bumblebee immune system with genes colored to reflect whether they display one or more of the following characteristics: found in
regions of low genetic diversity (ROLD); found in regions of high genetic diversity (ROHD); evidence of extended haplotype homozygosity (EHH); or contain a
predicted high-impact SNP. Diagram displays the IMD/INK, Toll, JAK/STAT, SRRP pathways, and cellular responses of the bumblebee immune response includ-
ing all functional immune gene groups outlined by Sadd et al. (2015): AMP, antimicrobial peptides; APHAG, autophagy; CASP, caspase; CASPA, caspase A;
CAT, catalase; CLIP, CLIP serine protease; CTL, C-type lectin; FREP, fibrinogen like; GAL, galectin; GNBP, gram-negative binding protein/beta-glucan recog-
nition protein; IAP, IAP repeat; IGG, immunoglobulin; IMDPATH, IMD pathway; JAKSTAT, JAK/STAT pathway; LYS, lysozyme; ML, MD-2-related lipid recog-
nition; NIMROD, Nimrod; PGRP, peptidoglycan recognition protein; PPO, prophenoloxidase; PRDX, peroxidase; REL, relish; SCR, scavenger; SOD, superoxide
dismutase; SPZ ,spatzle; SRPN, serine protease inhibitor; SRRP, small RNA-regulatory pathway; TEP, thioester-containing protein; TOLL, Toll genes; TOLLPATH,

Toll pathway.

Genome Biol. Evol. 15(4)

https://doi.org/10.1093/gbe/evad039 Advance Access publication 12 April 2023 5

20z Joquiedas 9z uo 1sanb Aq G/8G1 | L/6E0PEAR/Y/S L /a01e/a06/W00 dno oW ped.//:Sd)Y Wolj PaPEojUMOQ


https://doi.org/10.1093/gbe/evad039

Larragy et al.

GBE

A B |
I
° : R =0.48, p <0.0001;
|
|
4 < 4 i
| °
! i
I
A 4 I
° ° | o ® o
° ° ~ i i e ®
c "o ®
[ ] [ ] J le
3 * * "%3 1 [ ] /,
° K ] °
e * ! [ ¢ ®e g_ ® o'.. ® y ./ [
_____________________________________________ i ,
8 ° * 1 ¢ ° ° 8_ ° "~ [V ad
n s . [ ] ® ] : ° ez’ ed © 0,
- ° ° )t it 1 oS eu.oo‘o. °
wz__.l ______ :_ ________________________ c-—-=--- s 1 el 22. ______ I_.._'_.:_I_"_o ___________
< ] ® e o ° ° ° ° 3 ° 8 4 'Q/ °
8 : o ©® ° L ° b IS ° » ° ';po/qg.. .
8 ! @ o ©® - ° Cord, L} e
° ° 2 ) ° i 8 . ° ° l UC) ® /hcg o :
[ ) ? ® ° ° —_— /Q ’;,I
° 14 ® % $ ° ° § O// ° L1l
1 * ° 1 ® ® e .o
{ ' l t LI R
°
® e
° ! * & I
°® ® ® 900 :o
® I
|
04 04 i
1
T a T 0 1 2 3 4
Qq g o ow o E < o o4 X zo, 0k
LIGsres g0 bo o8 g¥eNaeadd
=T 0 <I < a® > x o wooa w
<%55000Egg—ggi_lsgglgn:wmm%%l—gj
£ z 9
Gene group I nS, | score — population 1

Fic. 2.—Signatures of positive selection vary across canonical immune genes. (A) Scatterplot displaying the top |nS,| scores assigned to each canonical
immune gene with such genes categorized by gene group (x-axis). Dashed horizontal lines indicate thresholds of positive selection (|nS| = 2) and those within
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nSy| score > 2) in each population. Dots above both threshold lines represent canonical immune genes with signatures of recent positive selection found in
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(2015): AMP, antimicrobial peptides; APHAG, autophagy; CASP, Caspase; CASPA, caspase A; CAT, catalase; CLIP, CLIP serine protease; CTL, C-type lectin;
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SRRP, small RNA regulatory pathway; TEP, thioester-containing protein; TOLL, Toll genes; TOLLPATH, Toll pathway.

[nSy| scores [|nSy| = 2.51]), which was greater than expected
by random chance (Fisher’s exact test; P < 0.05). Across all
immune genes, however, we did not find significant differ-
ences (Wilcoxon rank sum test: W =698704, P=0.179) in
the mean |nS,| scores assigned to immune genes (mean |
nSy| = 1.6) compared with the rest of the genome (mean |
nSy| for nonimmune genes=1.5). Similarly, with a GO
term enrichment analysis for immune genes ranked by |
nSy| score, we found no significant enrichment of im-
mune-associated GO terms (KS test; P> 0.05).

To determine if canonical immune genes are experien-
cing similar forms of selection in other populations, we
compared the |nS,| scores assigned to such genes in our
data set with those previously published by Colgan et al.
(2022), which involved analysis of male B. terrestris
sampled across the island of Great Britain. We found a

significant positive correlation (Pearson correlation coeffi-
cient [R]=0.48, P< 0.0001; fig. 2B) in terms of |nS,| scores
assigned to immune genes in both data sets, highlighting
conserved patterns of strong positive selection acting on
approximately one-fifth of immune genes (n=34/151
genes with |nSy| > 2) in two geographically separated popu-
lations. Despite this overlap, this number of genes was not
more than expected by random chance (x*4;_; = 0.95, P=
0.33).

Potential Loss of Function SNPs in Immune Genes

As haploid males automatically express the alleles they car-
ry, we investigated the presence and frequency of potential
loss of function polymorphic sites within our wild-sampled
population, which may highlight nonfunctional or poten-
tially nonessential immune genes. Across all genome-
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Table 2
Predicted Loss of Function or High-Impact Variants in the Genomes of
Wild-caught Male Bumblebees

Total number of Total number of SNPs in
SNPs in genome  canonicalimmune genes

High-impact variant

Stop gained 103 3

Splice donor variant & 81 1
intron variant

Splice acceptor variant 48 1
& intron variant

Stop lost 38 0

Start lost 1 0

Stop lost & splice 3 0
region variant

Stop gained & splice 2 0

region variant

Note.—The total number of high-impact SNPs categorized by
snpEff-annotated variant type across the entire genome and among the
canonical immune genes from a population of Bombus terrestris.

wide polymorphic sites, we identified 286 SNPs, affecting
potentially 247 genes, which were annotated as being pu-
tatively high impact (table 2) whereby the variant was pre-
dicted to impact transcription or produce truncated
proteins during translation. The gaining of an early stop co-
don (“Stop gained”) was the most common predicted
high-impact variant, with 103 occurrences detected. We
found four canonical immune genes with high-impact
SNPs (fig. 34), including predicted early stop codons in a
serine protease LOC100652157 (found in 36% of all
sampled males) and the gene transmembrane protease
serine 9 (LOC100652036; found in 24% of all sampled
males). We also detected a splice donor variant within an
intronic region in the gene serine proteinase stubble
(LOC100648752; detected in 24% of all males). The final
gene, antichymotrypsin 2 LOC100648602, a member of
the serine protease inhibitor gene family, contained a rare
splice acceptor variant (present in 6% of sampled males)
and an early stop codon variant (present in 18% of sampled
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Fic. 3.—Comparative genomics of potentially nonessential canonical immune genes. (4) For the four canonical immune genes with predicted high-
impact SNPs in wild-caught bumblebees, protein sequence similarity was compared between homologues of Bombus terrestris and the closely related hon-
eybee Apis mellifera. Each dot represents individual homologues with colored dots indicating genes that are single-copy orthologues (red), those that lack
polymorphism in the wild-sampled population (blue) or are genes with predicted high-impact SNPs (yellow). The strength (Pearson correlation coefficient,
R) and significance (P-value) of correlation between sequence similarity is provided. (B) Homology-based analysis resolved the four genes of interest into three
orthogroups. For two out of three orthogroups, B. terrestris had multiple gene copies (designated by the number inside each box), whereas for each
orthogroup, the presence of homologues was largely restricted to other members of the Apidae (Apis mellifera, Eufriesea mexicana, and Habropoda labor-
josa), with the exception of Ceratina calcarata, and was missing in members of other bee families (Megachilidae: Megachile rotundata, Osmia bicornis, Osmia
lignaria; and Halictidae: Dufourea novaeangliae, Megalopta genalis, Nomia melanderi).

Genome Biol. Evol. 15(4)  https://doi.org/10.1093/gbe/evad039 Advance Access publication 12 April 2023 7

20z Joquiedas 9z uo 1sanb Aq G/8G1 | L/6E0PEAR/Y/S L /a01e/a06/W00 dno oW ped.//:Sd)Y Wolj PaPEojUMOQ


https://doi.org/10.1093/gbe/evad039

Larragy et al.

GBE

males). For these four genes, pairwise protein sequence
similarity was lower and more variable compared with
other canonical immune genes shared with the
closely-related honeybee Apis mellifera (fig. 3A). A
homology-based analysis across a phylogenetically broader
set of bee species identified these four genes as largely
taxonomically restricted to members of the Apidae (fig. 3B).

We found evidence of 74 putative duplicated regions
(supplementary table S5, Supplementary Material online)
across the wild-collected bumblebees based on read align-
ment information and elevated read depth (three standard
deviations from the genome-wide median), including evi-
dence of a putative duplicated exon in the detoxification en-
zyme catalase (LOC100651198), which was found in more
than half of the sampled males (n = 17) and may potentially
impact function.

Discussion

Insect pollinators, such as bumblebees, face increasingly
challenging environments, with pathogens among the key
proposed contributors to their documented decline.
Despite this, we know comparatively little about the types
of recent selective forces specifically shaping the immune
system in bumblebees. To address this, we used population
genomics to identify patterns of selection acting on canonic-
al immune genes in a natural population of the key bumble-
bee pollinator, B. terrestris. We found that within and across
functional categories of immune genes, different selective
pressures are acting, shaping the diversity of roles and activ-
ities that such genes play in the immune response. We found
evidence of adaptation with strong signatures of recent se-
lection acting on pathogen recognition receptors, essential
for the detection of diverse pathogenic threats, the coordin-
ation of the immune response, as well as distinguishing self
from nonself. We also found evidence of putative evolution-
ary constraints acting on bumblebee immunity with certain
immune genes lacking polymorphic sites, suggesting that
such genes evolve under strong purifying selection. Lastly,
we find potential redundancy or nonessential components
of the bumblebee immune gene repertoire through identifi-
cation of putative loss of function SNPs in the genomes of
wild-caught haploid males. Our study provides novel insight
into the evolution of the genes underlying the hymenopter-
an immune defense and the capacity and putative con-
straints of bumblebees to respond to ongoing and
emerging pathogenic threats.

Signatures of Positive Selection Acting on Genes
Involved in Pathogen Recognition and Viral Defense

The insect immune system represents the final obstacle to
the establishment of pathogen infection and disease onset.
Bumblebees, like other insects, face a taxonomically diverse
range of pathogenic threats ranging from viruses to

macroparasites (Schmid-Hempel 1998) which likely require
different components of the immune system for detection
and generation of appropriate responses. The co-
evolutionary nature of host-parasite interactions means
that both parties can exert selective pressures on each
other, which can result in rapid changes at the genomic le-
vel (Roux et al. 2014; Shultz and Sackton 2019). In the pre-
sent study, we found strong signatures of recent positive
selection acting on members of the SCRs, a family of cell
surface proteins that bind to a variety of ligands, such as
pathogen-associated molecular patterns, and play a funda-
mental role in pathogen recognition (Krieger 1997). The
SCR family consists of 17 genes in the B. terrestris genome
(Barribeau et al. 2015; Sadd et al. 2015). SCR family mem-
bers have been shown to have elevated gene expression in
response to infection by common parasites, such as the
trypanosome, Crithidia bombi (Riddell et al. 2014) and
the nematode Sphaerularia bombi (Colgan et al. 2020).
Evidence of recent adaptive selection acting on SCRs has
been described in other insects, such as the fruit fly D. mel-
anogaster (Lazzaro 2005), indicating an important role of
SCR genes in innate immunity and highlighting them as po-
tentially conserved targets of positive selection across taxo-
nomically diverse insect groups. The exact role of SCRs in
bees remains largely unknown, although studies in A. mel-
lifera show increased expression of an SCR protein in bees
with a higher resistance to deformed wing virus when com-
pared with individuals susceptible to the virus (Weaver et al.
2021). The importance of recognition proteins is further
highlighted by the identification of genes coding for ligands
and receptors associated with the Toll signaling pathway
also with signatures of recent positive selection (fig. 1).
Although we may expect genes involved in intracellular sig-
naling to evolve under purifying selection in order to main-
tain function, selection acting on genes coding for
receptors of the Toll signaling cascade may allow for adap-
tation to novel or re-emergent threats. Consequently, in-
itiators and ligands of the Toll pathway, such as CLIP
serine proteases and spatzle proteins, have been previously
reported to have accelerated rates of evolution at the
macroevolutionary scale across Apis and Bombus species
(Barribeau et al. 2015) as well as in Drosophila species
(Jiggins and Kim 2007; Levin and Malik 2017; Wang et al.
2022), highlighting the importance of such genes to con-
tribute to the immune response. Our results support previ-
ous findings of positive selection acting on initiators and
receptors of these pathways suggestive that such genes
may help bumblebees cope with pathogens in their natural
landscape.

A particular group of pathogens that have received at-
tention of late are viruses, which can cause extensive mor-
bidity and increased mortality within at-risk pollinator
populations (Manley et al. 2015). More specifically, viruses
have raised concerns from an environmental perspective
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given that shared resources between commercial and wild
pollinators can lead to increased prevalence and exposure
in wild populations (Furst et al. 2014). Within regions of po-
tential hard sweeps, we find genes involved in antiviral de-
fense, such as three ATP-dependent RNA helicases and
Dcr-1, as well as enrichment of the GO term “helicase activ-
ity” suggestive of strong selection acting on these genes.
Although our analysis did not involve a screen for viruses,
accelerated rates of evolution have been described for clas-
sic antiviral RNAi pathway genes (Dcr2, R2D2, and Ago2) in
wild populations of several fruit fly species (Obbard et al.
2006). However, given the essential functions such genes
play in cellular defense, RNA metabolism and degradation,
purifying selection may also contribute to the low nucleo-
tide diversity found in these genes (Jin and Xie 2007; Xing
et al. 2019). Roles in bee immunity have been investigated
at the molecular level for RNA helicase Dbp2 and Dcr-1,
which change in expression in response to viral and other
parasitic infections in A. mellifera (Huang et al. 2016;
Pizzorno et al. 2021). Our data also show the likely import-
ance of several types of recognition genes in B. terrestris
and that they may be facing similar selective pressures
from pathogens in their environment.

In comparison with regions of low diversity, we found
less canonical immune genes in regions of significantly ele-
vated nucleotide diversity. The relatively low number de-
tected (n=5; figs. 1 and 3) in such regions is surprising as
many immune genes are predicted to evolve under balan-
cing selection, whereby numerous alleles are maintained
at higher than expected frequencies in a population and
can occur under different scenarios, such as heterozygote
advantage and negative frequency selection (Unckless
and Lazzaro 2016; Chapman et al. 2019). However, balan-
cing selection can be difficult to detect and distinguish from
other types of selection that produce similar genomic pat-
terns, for example, incomplete sweeps caused by positive
selection (Fijarczyk and Babik 2015). Similarly, some im-
mune genes also overlap with previously documented
crossing over events in B. terrestris (Liu et al. 2017), sug-
gesting that recombination also contributes to or may be
the primary cause of the elevated genetic diversity that
we observe. Although we detected signatures of recent
positive selection acting on pathogen recognition genes,
such genes are also often highly polymorphic as they are
under selection to detect existing, remerging and novel var-
iants of co-evolving pathogens (Morlais et al. 2004;
Sommer 2005; Early et al. 2017). Similarly, not only do rec-
ognition receptors need to differentiate between self and
nonself to prevent attacks on an individual’s own tissue,
but they also need to identify beneficial or symbiotic mi-
crobes from harmful ones (Pan et al. 2018). Furthermore,
we find certain autophagy genes in these regions, which
may also be polymorphic to allow for the targeting of di-
verse and foreign compounds intended for degradation

(Ying and Feng 2019). Future studies on determining the
extent of balancing selection acting on immune genes
will benefit from intersexual (haploid vs. diploid), cross-
population, and cross-species comparisons to identify con-
served regions of elevated diversity, such as trans-species
polymorphism, consistent with genomic signatures of long-
standing balancing selection.

Evolutionary Constraints on Immune Gene Evolution

Comparative genomic studies on genes of the immune sys-
tem have routinely identified such genes to evolve under
positive selection to respond to evolutionary changes in co-
evolving pathogens. Although in the present study, we
identify genes with signatures of positive selection, sug-
gestive of recent adaptive responses, immune genes may
also face other evolutionary pressures that place constraints
on the adaptation of functional diversity. Purifying selection
is a powerful force that acts to preserve gene function
through the removal of deleterious alleles from a popula-
tion (Nielsen et al. 2005). This form of selection is predicted
to act particularly strongly on bumblebee males, given their
haploid nature. In our analysis, we find several canonical
immune genes that lack genetic variation and may be the
products of purifying selection. This is supported by our
finding of a number of these genes exhibiting signatures
of episodic purifying selection (supplementary table S6,
Supplementary Material online). Our sampling of wild-
caught adult males across the island of Ireland suggests
that such low diversity in our contemporary population
does not hinder development or survival in the natural land-
scape. Such low diversity may also be the result of low re-
combination, which is particularly true for two genes,
FAS-associated factor 1 and ubiquitin-like-conjugating en-
zyme ATG3, found on chromosome 1, which were previ-
ously reported by Colgan et al. (2022) as located in an
extended region of extremely low genetic diversity. The lo-
cation of genes in such regions may place evolutionary con-
straints on the ability of selection to act upon these genes to
respond to ongoing environmental challenges highlighting
potential limitations on the ability of immune components
to adapt to future pathogenic threats.

What is Driving Selection in Bombus Canonical Immune
Genes?

Given the strong selective pressures placed by pathogens
on host immune systems, recent selection signatures in
many of the canonical immune genes may be in response
toincreasing pathogen threats and their detrimental effects
on bumblebee condition and fitness (Otti and
Schmid-Hempel 2007; Yourth et al. 2008; Colgan et al.
2020). Indeed, these threats are becoming increasingly ser-
ious and, as mentioned previously, considered a key factor
contributing to pollinator decline (Goulson 2010). In
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particular, the increasing use of commercial pollinators has
been shown to cause pathogen spillover to wild popula-
tions which may have been previously naive to particular
pathogens and/or specific strains (Colla et al. 2006;
Otterstatter and Thomson 2008). Although adaptation to
pathogens may be the most parsimonious reason for our
identified patterns, such selection signatures may also be
the result of other processes or targets of selection. Many
canonical immune genes have pleiotropic effects with their
products being expressed at different points in the insect
life cycle, contributing to essential roles in development, re-
production, and metabolism such as Toll receptors, which
play central roles in both embryonic pattern formation
and immunity (Zou et al. 2006; Valanne et al. 2011). Such
genes may therefore be selected due to a function unre-
lated to immunity. Similarly, immune genes may not be
the direct targets of selection but hitchhike through physic-
al linkage with neighboring sites under selection (Nielsen
et al. 2005). For several canonical immune genes, we find
strong signatures of extended haplotype homozygosity,
which is predicted to break down with physical distance
from the target of selection, especially within bees, which
have high recombination rates (Beye et al. 2006), suggest-
ing that these genes are at least located in regions exposed
to recent selection. Similarly, given the documented role of
many selected genes in immune function (e.g., SCRs;
Zhang et al. 2021), we may predict that such genes are
evolving in response to pathogen-driven selection but fur-
ther experimental work is required to determine this link.

Potential Redundancy in Certain Immune Genes of a
Wild-caught B. terrestris Population

Despite the importance of the immune system, studies in
other taxa have suggested that certain components of
the immune system may be nonessential and evolve under
relaxed selection (Nish and Medzhitov 2011). In our study,
we found potential loss of function SNPs in three CLIP ser-
ine proteases and one serine protease inhibitor (serpin) pre-
sent in the genomes of wild-caught males. Similar to
canonical immune genes that lack polymorphism, the pres-
ence of loss of function alleles in wild-caught haploid adults
would suggest that these alleles may not negatively impact
development or survival in carriers. CLIP serine proteases
perform diverse immune roles, including the triggering of
immune pathways, such as the Toll pathway and the pro-
phenoloxidase cascade (Kanost and Gorman 2008; An
et al. 2013), whereas, in contrast, serpins act as regulators
of such protease cascades (Shakeel et al. 2019). Although
bees, in general, are documented to have a depleted ca-
nonical immune gene set compared with other insects
(Evans et al. 2006), B. terrestris has an expanded gene set
of both serine proteases and serpins compared with A. mel-
lifera with many such genes evolving through tandem gene

duplications (Barribeau et al. 2015). Duplication events are
common but are usually quickly purged from the genome.
However, retained copies may also diverge through adap-
tive or neutral processes (Hastings et al. 2009). In the latter
scenario, random accumulation of mutations through re-
laxed selection may occur, disrupting function, and poten-
tially leading to pseudogenization. Although we found no
evidence of copy number variation for such genes in our
population data set nor did we specifically test for signa-
tures of relaxed episodic selection, we do find evidence of
greater divergence in terms of predicted protein sequence
similarity for such genes compared with other immune
genes shared with A. mellifera (fig. 3). This result in combin-
ation with the presence of putative loss of function alleles,
suggests that the additional copies may be evolving under
relaxed selection, resulting in the genes becoming function-
ally divergent and potentially nonessential from an immune
perspective, which may explain why purifying selection has
not removed these potential loss of function SNPs from our
wild-caught population. However, functional studies on
this population of bumblebees are needed to evaluate if
and how potential loss of function SNPs impact protein
function and to what extent. Furthermore, it should be ex-
plored whether possible loss of function SNPs in immune
genes have divergent consequences on fitness across
bumblebee sexes and castes, especially considering there
are observed differences in immunity between males and
females (Baer and Schmid-Hempel 2006).

In the current analysis, we investigated genomic patterns
of selection through nucleotide diversity and extended
haplotype homozygosity, which can provide insight into
targets of recent positive and purifying selection. The use
of haploid males for population genomic analyses, which
has been used in previous studies (Colgan et al. 2022), likely
provides higher resolution in patterns of selection due to
the lack of requirement for phasing. However, to fully
understand how much genetic variation is maintained in
bumblebee populations, and how selection is shaping their
genome, we should also examine variation in females,
which given their diploid nature will provide additional in-
sights into the genetic variation found within individuals
in wild populations. Similarly, although bees have been
characterized as having a depauperate canonical immune
gene set (Evans et al. 2006; Barribeau et al. 2015), more re-
cent studies suggest additional genes function in the hy-
menopteran immune system (e.g., Doublet et al. 2017;
Mollmann and Colgan 2022); such genes were not exam-
ined in our present study given our restriction to the canon-
ical immune gene set and associated gene groups detailed
by Sadd et al. (2015) but warrant investigation.
Furthermore, our analysis was restricted to canonical im-
mune genes located on linkage groups, representative of
chromosomes, accounting for ~90% of the original genes
described by Sadd et al. (2015). The generation of new
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bumblebee assemblies and associated annotations, such as
those generated by the Darwin Tree of Life (Darwin Tree of
Life Project Consortium 2022) or European Reference
Genome Atlas (Formenti et al. 2022), will allow for the as-
sessment of the entire expanded immune gene set in future
studies.

Conclusions

Advances in population genomic approaches are providing
us with valuable new insights into many aspects of popula-
tion biology and evolution, including the adaptive abilities
of organisms to respond to their natural environments.
Genomics is a powerful tool that can assess a huge amount
of genetic markers and yields the resolution required to
understand how the fundamental process of natural selec-
tion works in wild populations of ecologically important
species. Evaluating how various kinds of selective pressures
are acting in a population will help biologists decipher the
evolutionary history, local adaptation, and resilience to
threats, such as climate change and habitat fragmentation,
of important keystone species. In this study, we used popu-
lation genomics to investigate how evolution is shaping the
immune system of a key bumblebee species. Bumblebees,
like many other insects, are experiencing dramatic global
declines driven by the intensification of agriculture, habitat
loss, use of pesticides, climate change, and pathogen
spread, with the latter threat placing the immune systems
of their hosts under strong selective pressures. However,
we know little about the kinds of selection that the immune
systems of wild pollinators are experiencing. Considering
this, we aimed to shed light on the selective processes act-
ing on canonical immune genes in a wild-caught popula-
tion of the earth bumblebee, B. terrestris and expect that
our findings will inform understanding of pollinator-patho-
gen dynamics, an essential feat if we are to move toward
conserving these vital species from potentially one of the
contributing causes of their decline.

Overall, we found that canonical genes of a wild-caught
bumblebee immune system are experiencing different
kinds of selective pressures, which reflects the functional
complexity of these important physiological systems and in-
dicates how certain genes may be responding to changing
environmental challenges. We found evidence that certain
elements of the bumblebee immune gene repertoire are
undergoing adaptive change that may increase this popula-
tion’s ability to defend against parasites and pathogens
that they are exposed to. Furthermore, we found other ca-
nonical immune genes that appear to be under constraints,
presumably reflecting their roles in essential cellular, devel-
opmental, and physiological processes, and, additionally,
genes that may be redundant in bumblebee immunity. To
conclude, we show the utility of population genomics to in-
form us about the adaptive abilities of a species in a natural

environment, which may prove a highly valuable tool to
identify pollinator populations vulnerable or robust to in-
creasing pathogenic threats. We anticipate our findings
will also motivate future characterizations of the immune
system of wild bumblebees as well as assessments of
the genetic variation found in wild bumblebees and other
insect pollinators. Additionally, we believe these ap-
proaches could be used in the future to evaluate the gen-
omes of wild and commercially imported B. terrestris
bumblebees and their capabilities to deal with immune
threats. This information would inform changes to the
management and policy surrounding bumblebee imports,
especially in regions where commercials imports derive
from non-native stocks. Overall, this study helps cultivate
a deeper understanding of the dynamics between bumble-
bees and their pathogens, an area that requires thorough
investigation if we are to fully comprehend, and potentially
mitigate, the negative impacts that pathogen spread is
thought to have on wild pollinating insect populations.

Materials and Methods

Sample Collections

To assess signatures of selection acting on canonical im-
mune genes, we sampled 33 B. terrestris males foraging
in natural settings across 27 sites from across the island
of Ireland between June and September 2018
(supplementary table S1, Supplementary Material online).
Field-based identifications of B. terrestris males were based
on the standard morphology of this species (Falk 2019) and
the lack of an aculeus, which is found only in females. All
collected samples were frozen on the same day and stored
at —20°C until DNA extractions.

DNA Extraction, Library Preparation and Sequencing

Genomic DNA was extracted from the heads of each bee
using the DNeasy Blood and Tissue Kit (Qiagen, Valencia,
CA, USA), following the protocol for animal tissues. Some
modifications to the protocol were applied and included
the following: 40 pl of Qiagen Proteinase K was added to
each sample and samples were vortexed prior to and every
hour during a 3-h incubation step at 56 °C. DNA samples
were eluted in 150 pl Qiagen Buffer AE and assessed for
quality and quantity using agarose gel electrophoresis
and a NanoDrop™ Spectrophotometer (Thermo Scientific).
Extracted DNA samples were then sent for further quality
assessment, genomic library preparation, and subsequent
sequencing by a commercial company (Novogene,
Cambridge, UK). Polymerase chain reaction—free genomic
libraries were produced using the NEBNext Ultra | DNA li-
brary kit and paired-end (PE) sequencing (150 bp) was per-
formed on an lllumina NovaSeq6000 sequencing platform.
Sequencing generated an average of 13.4 million PE reads
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per individual (supplementary table S1, Supplementary
Material online), ranging from 10.6 to 19.8 million PE
reads and a standard deviation of 1.64 million PE reads.
Based on an estimated genome size of 248 Mb, the
mean predicted raw coverage of each sample was 16.2x
(min: 12.76x; max: 23.95x; supplementary table ST,
Supplementary Material online).

Quality Assessment, Filtering, and Data Alignment

Using FastQC (v.0.11.9; Andrews 2010), we assessed raw
reads for overall base quality. Raw sequencing quality was
high as the mean Phred score across all samples was >30
per base position. Using fastp (v.0.22.0; Chen et al.
2018), we removed sequences with over 10% ambiguous
("N") bases and those with >40% of bases with Phred
scores <20. In addition, we used fastp to identify and re-
move lllumina adapter sequences. Post-filtering, we re-
tained sequences that were >50 bases in length.

Variant Calling and Filtering of Single Nucleotide
Polymorphisms

Our variant calling and filtering approach followed that of
Colgan et al. (2022). In brief, to identify polymorphic sites
within our population, we aligned filtered reads against
the B. terrestris reference genome assembly (Bter_1.0,
GCF_000214255.1) using bowtie2 (v.2.4.4; Langmead and
Salzberg 2012). Using these alignment files, variants were
called using Freebayes (v.1.3.5; Garrison and Marth 2012)
with the following parameters: —ploidy 2 -report-
genotype-likelihood-max —use-mapping-quality —genotype-
qualities —use-best-n-alleles 4 —haplotype-length 0 —min-
base-quality 3 —min-mapping-quality 1 —min-alternate-frac
0.25 -min-coverage 1. We analyzed the samples as potential
diploids to allow for the identification of low-complexity
sites, putative copy number variants, and misalignments,
which may be called as heterozygous and can be removed
from downstream analyses. We used VCFtools (v.0.1.17;
Danecek et al. 2011) to filter out low-quality variant sites
with a quality (QUAL) score of <20, variants in low complex-
ity, repetitive regions with a max mean depth of >100 bp, in-
sertions and deletions (“indels”) and sites with missing data
(=max-missing 1.0). As the sequenced bees were haploid,
and therefore hemizygous, any sites called heterozygous
were removed. To reduce the complexity of the data sets,
sites with >2 alleles (i.e., multiallelic sites) and rare alleles oc-
curring only once across all 33 individuals were removed
using VCFtools. Lastly, we subsetted SNPs found only on
the 18 linkage groups (representative of chromosomes) of
the B. terrestris Bter_1.0 reference genome assembly. We
annotated all retained high-quality SNPs with variant-type
data using snpEff (v.5.0e; Cingolani et al. 2012).

Assessment of Population Structure

To determine evidence of population substructure in our data
set, we use three approaches. First, we performed a principal
component analysis using a pruned data set from called gen-
otypes using the R package SNPRelate (v.1.20.1; Zheng
2013). Second, using this pruned data set, we performed
an identity-by-state analysis using SNPRelate to determine re-
latedness among individuals. Third, we used a cluster-based
approach to estimate co-ancestry among sampled individuals
using ADMIXTURE (v.1.3.0; Alexander et al. 2009) with K=
1-20 and cross-validation (—cv) to identify the most probable
K populations in our data set. All three analyses suggested
that our sampled bumblebees originate from a panmictic, sin-
gle population, displaying only weak substructure
(supplementary fig. S1, Supplementary Material online).

Sliding Windows-based Estimation of Nucleotide
Diversity and Tajima’s D

We used PopGenome (v.2.7.5; Pfeifer et al. 2014) on the
high-quality SNPs to calculate mean nucleotide diversity ()
and Tajima’s D using 100 kb sliding windows to identify gen-
omic regions with significantly elevated or reduced measures
of diversity in comparison with the rest of the genome. As
the reference genome assembly contains regions of ambigu-
ous bases, which can falsely present as regions of low diver-
sity, we first identified and removed such regions. For this
approach, we used bedtools (v.2.30.0; Quinlan 2014) to
generate window-specific FASTA files containing the nucleo-
tide sequences present in each window. We then calculated
the percentage of ambiguous bases in each window using
seqtk comp (v1.3-r106; available from: https:/github.com/
Ih3/seqtk). We removed windows that contained over
10% of ambiguous bases (n=417), and therefore, re-
present likely gaps in the genome assembly. Post-filtering,
we estimated nucleotide diversity and Tajima's D for each
of the remaining windows (n = 3,894). We then performed
a z-score transformation on nucleotide diversity estimates
and calculated corresponding P-values to determine regions
of significantly elevated or reduced nucleotide diversity,
which may represent signatures of positive and balancing se-
lection, respectively. Lastly, we extracted the gene coordi-
nates from the B. terrestris gene feature file (gff3) obtained
from Ensembl Metazoa (Howe et al. 2021) for the bumble-
bee canonical immune genes (Sadd et al. 2015) and used
bedtools intersect (v.2.30.0; Quinlan 2014) to identify the
presence of such genes in windows of elevated or reduced
nucleotide diversity.

As a complementary measure, we performed a gene-
level analysis using PopGenome. We calculated the number
of segregating sites and length-corrected nucleotide diver-
sity for each gene in the B. terrestris genome. Based on
these measures, we extracted canonical immune genes
with zero diversity (i.e., where there was no evidence of
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SNPs). We further assessed genes that lacked diversity by
calculating the number of reads covering each gene per
sample using samtools depth (v.1.10; Li et al. 2009) finding
no significant difference in read coverage for each gene of
interest compared with the genome-wide mean (t-test;
P>0.05). Lastly, for canonical immune genes that lacked
genetic variation, we examined individual alignment
(BAM) files using the Integrated Genome Viewer (IGV;
v.2.13.2; Robinson et al. 2011) to confirm the lack of called
SNPs.

Extended Haplotype Homozygosity Tests of Recent
Positive Selection

To complement the nucleotide diversity analyses, we per-
formed a haplotype-based analysis to identify regions of ex-
tended haplotype homozygosity (EHH), which may
represent products of “hard” or “soft” selective sweeps.
We used selscan (v.2.0; Szpiech 2021) to calculate nS; (num-
ber of segregating sites by length) scores for each poly-
morphic site in our data set. nS, is calculated using the
number of segregating sites and the length of regions of
EHH (Ferrer-Admetlla et al. 2014). We used selscan
“norm” under default settings to normalize our nS, results
against the background genome. We calculated absolute
nSy (|nSy)) scores to explore patterns attributed to positive se-
lection in line with approaches used in other studies (Colgan
et al. 2022). For each gene on the B. terrestris linkage
groups, we identified the SNP with the highest |nS| score.
We then searched for canonical immune genes that had
an |nS| score>2, a threshold for positive selection
(Ferrer-Admetlla et al. 2014).

Copy Number Variation Analysis of Canonical Immune
Genes

For the purposes of identifying putative duplicated or de-
leted regions of the genome, we followed an approach de-
veloped by Colgan et al. (2022). We first used lumpySV
(v.0.2.13; Layer et al. 2014), a software tool that uses
read pair information to determine evidence for the pres-
ence of copy number variation. Under the authors’ recom-
mendations, we first realigned our filtered reads against the
reference genome assembly using bwa (v.0.7.17-r1188; Li
and Durbin 2009). From the resultant alignment file, we ex-
tracted discordant and split-paired reads using samtools
(v.1.10; Li et al. 2009). We next extracted genomic coordi-
nates for each putative duplicated site and retained only
sites that were either >500 bp or <100,000 bp in length.
Neighboring sites, which overlapped by at least 1 bp,
were sorted and merged using bedtools (v.2.28.0;
Quinlan 2014). For each putative duplicated site, we next
calculated the percentage of ambiguous bases within
each and removed sites where the percentage of ambigu-
ous bases was above 10%. To determine if duplicated sites

had elevated read depth compared with other parts of the
genome, we used bedtools (intersectBed) and samtools
(depth) to calculate the number of reads aligned to each
base within each putative duplicated region. We then cal-
culated the median read depth for each genomic region
within each individual using R (v.3.6.3). After this, we com-
pared the median read depth per site against the genome-
wide median read depth retaining sites whereby read depth
was more than three standard deviations from the
genome-wide median. For putative deleted sites, we exam-
ined the overlap of putative sites with canonical immune
genes. We generated individual BAM files per site with bed-
tools intersectBed and calculated read depth per individual
bee. Using these calculations, we examined loci with zero
read depth, suggestive of a deletion in that individual. We
only retained deletions found in at least two individuals.
To identify copy number variation in immune genes, we
parsed both the list of putative duplicated and deleted sites
for canonical immune genes.

Episodic Selection Analysis for Canonical Immune Genes

To identify macroevolutionary signatures of long-term (or
episodic) selection, we performed a comparative genomic
analysis using single-copy orthologues of all genes present
in the reference genome assembly of B. terrestris, as well
as ten other bee species from across three different bee fam-
ilies (Apidae: A. mellifera, Habropoda laboriosa, Ceratina cal-
carata, Eufriesea mexicana; Megachilidae: Megachile
rotundata, Osmia bicornis, Osmia lignaria; and Halictidae:
Dufourea novaeangliae, Megalopta genalis, Nomia melan-
deri). We identified single-copy orthologues using
OrthoFinder (v.2.5.2; Emms and Kelly 2019) using the long-
est predicted protein for each protein-coding gene present in
each of our 11 bee species of interest. The branch-site mod-
els aBSREL (Smith et al. 2015) and BUSTED (Murrell et al.
2015), implemented in HyPhy (v.2.5.39; Pond and Muse
2005), were run to examine sites with signatures of episodic
positive selection among the canonical immune genes. The
sequence alignments and the phylogenetic trees required
were inferred using MUSCLE (v.3.8.1551; Edgar 2004) and
fastTree (v.2.1.11; Price et al. 2010), respectively. In addition,
a modification of BUSTED (conservation model) was run to
examine the presence of purifying or negative selection act-
ing on canonical immune genes.

Gene Ontology Term Enrichment Analysis

We performed GO term enrichment analysis on canonical
immune genes with signatures of recent selection using
topGO (v.2.38.1; Alexa and Rahnenfiihrer 2009) using
scripts previously developed by Colgan et al. (2019).
Given the low-resolution GO terms assigned to B. terrestris
genes, we assigned GO terms from D. melanogaster ob-
tained from Ensembl Metazoa Biomart (Kinsella et al.
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2011) to their bumblebee homologues. We performed a
Fisher's exact test (P<0.05; node size =50) for immune
genes in genomic regions of significantly low nucleotide di-
versity. In this analysis, we used the “weight01” algorithm
for topGO and ran the analysis separately for each GO cat-
egory (“biological process,” BP; “molecular function,” MF;
and “cellular component,” CC).

Supplementary material

Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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