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Abstract

The honeybee gut microbiome is thought to be important for bee health, but the role of the individual members is poorly
understood. Here, we present closed genomes and associated mobilomes of 102 Apilactobacillus kunkeei isolates obtained
from the honey crop (foregut) of honeybees sampled from beehives in Helsingborg in the south of Sweden and from the
islands Gotland and Aland in the Baltic Sea. Each beehive contained a unique composition of isolates and repeated sampling
of similar isolates from two beehives in Helsingborg suggests that the bacterial community is stably maintained across bee
generations during the summer months. The sampled bacterial population contained an open pan-genome structure with
a high genomic density of transposons. A subset of strains affiliated with phylogroup A inhibited growth of the bee pathogen
Melissococcus plutonius, all of which contained a 19.5 kb plasmid for the synthesis of the antimicrobial compound kunkecin
A, while a subset of phylogroups B and C strains contained a 32.9 kb plasmid for the synthesis of a putative polyketide anti-
biotic. This study suggests that the mobile gene pool of A. kunkeei plays a key role in pathogen defense in honeybees, pro-
viding new insights into the evolutionary dynamics of defensive symbiont populations.
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Significance

The contribution of the beehive microbiota to the health of honeybees is poorly understood. The bacterium Apilactobacillus
kunkeeiis highly abundant in the honey crop and the honeybee food products. By comparing the genomes and mobilomes of
more than 100 novel A. kunkeeiisolates, we found that some strains contained plasmids for molecular defense systems. Ourin
vitro studies confirmed that strains that contained the plasmid-encoded biosynthetic gene cluster for enzymes involved in the
synthesis of kunkecin A inhibited growth of the bee pathogen Melisococcus plutonius. This plasmid was stably maintained in
strains obtained from one of four beehives throughout the summer months. We propose that A. kunkeei is a defensive sym-
biont of honeybees and that its mobilome provides a dynamic protection system against M. plutonius.
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Introduction

Symbiotic relationships between bacteria and eukaryotes
are common in nature, affecting the physiology, develop-
ment, behavior, and growth habitat of the host. Many in-
sects house nutritional symbionts, which serve as small
bacterial factories for the production of amino acids, vita-
mins, or other compounds lacking in the host diet (re-
viewed in Dale and Moran 2006; Toft and Andersson
2010; Bennet and Moran 2015). Most obligate nutritional
symbionts have undergone reductive genome evolution
and massive gene loss, whereas genes that serve host—
beneficial functions have evolved under strong selective
pressures.

Defensive symbionts, which provide protection against
parasites and pathogens, are also widespread in insects
(reviewed in White and Torres 2009; Clay 2014; Ford
and King 2016; King 2018; Vorburger and Perlman
2018). These bacteria offer protection from infectious dis-
eases by secreting antimicrobial compounds and/or by
stimulating the host immune system (reviewed in Van
Arnam et al. 2018). The symbiotic relationships are more
complex and dynamic than those of obligate nutritional
symbionts, and the genomes of defensive symbionts are
large. However, one-third of the protein coding genes in
the 7 Mb genome of the vertically inherited actinobacter-
ial symbionts of solitary beewolf wasps contain frameshift
mutations, suggesting that it is an early stage of genome
reduction (Nechitaylo et al. 2021). In Lagria beetles, one
strain of Burkholderia gladioli has a genome of about
2.3 Mb, whereas other coexisting strains of the same spe-
cies have genomes of 8.5Mb (Floréz et al. 2018).
Advanced stages of genome reduction are very rare but
has been observed in Candidatus Profftelia armature
which lives inside bacteriocytes in its psyllid host and has
a drastically reduced genome of only 465 kb, 15% of
which contain genes for the synthesis of a polyketide toxin
(Nakabachi et al. 2013).

The molecular defense systems may be encoded
by horizontally acquired chromosomal genes, as in
Candidatus Profftelia armature (Nakabachi et al. 2013), or
associated with mobile elements, such as plasmids in
Pseudonocardia symbionts of fungus-growing ants
(Gerardo and Parker 2014; Van Arnam et al. 2015), or
phages, as in the Hamiltonella symbionts defending aphids
against parasitoid wasps (Degnan and Moran 2008; Oliver
etal. 2009). Yet, very little is still known about the mobility
of host-selected bacterial defense systems, and the evolu-
tionary dynamics of defensive symbiont populations have
rarely been explored beyond comparisons of 165 rRNA
and genome sequence identities.

Honeybees provide an attractive model system for evolu-
tionary studies of host-associated microbial communities
and their influence on host health (Engel et al. 2016;

Kwong and Moran 2016; Zheng et al. 2018; Nowak et al.
2021). Honeybees are social organisms who share their
food sources (nectar and pollen) and nurse the next gener-
ation of bees in a collaborative manner. They establish col-
onies comprising 30,000-80,000 adult workers. As in
human societies, their social life style makes the colonies
vulnerable to infections by viruses, parasites and bacterial
pathogens. The most common infectious disease agents
of honeybees are microsporidians and other fungi, RNA
viruses transmitted by the Varroa mite, and bacteria such
as Paenibacillus larvae and Melissococcus plutonius, which
causes larval foulbrood disease (reviewed in Funfhaus et al.
2018; Li et al. 2018a, 2018b). Altogether, these infections
pose severe threats to honeybee colonies worldwide and
are of great economic concern for farmers and the global
commercial honeybee industry.

Honeybees use a variety of defense mechanisms to
tackle the threats from infectious diseases, including
changes in social behavior, establishment of physical bar-
riers in the gut and induction of apoptosis and immune re-
sponse systems (Doublet et al. 2017; Li et al. 2018a,
2018b). Some protection against infectious diseases may
also be obtained from the gut microbiome, which consists
of about 108 to 107 bacterial cells per worker bee. The core
bee gut microbiome consists of only a few bacterial genera,
including several species of Snodgrasella, Gilliamella,
Lactobacillus and Bifidobacterium (Martinson et al. 2011;
Engel et al. 2012, 2014; Moran et al. 2012; Sabree et al.
2012; Jones et al. 2017; Ellegaard and Engel 2019). A
few additional, but less prevalent species have also been
identified, such as Frischella perrara, which solely infects
the pylorus (Engel et al. 2013). The establishment of the
core lineages in the gut coincided with the diversification
of eusocial corbiculate bees from solitary bees (Kwong
etal. 20173, 2017b).

The composition of the gut microbiome in worker bees
has been shown to be influenced by infections of M. plu-
tonius (Erban et al. 2017), as well as by the administration
of the honeybee gut bacterium Snodgrassella alvi and the
protozoan parasite Lotmaria passim (Schwarz et al.
2016). Comparative studies of bees with and without a
microbiota provided support for the hypothesis that the
gut microbiome exerts an effect on the host immune sys-
tem (Kwong et al. 2017a, 2017b). Frischella perrara in
particular has a strong effect on the immune system, pos-
sibly indicating that it is a pathogen rather than a mutual-
ist (Emery et al. 2017). However, the mechanisms
involved and the impact of the individual members of
the gut microbiome on the health of individual worker
bees are still poorly understood (discussed in Engel
et al. 2016).

Apilactobacillus kunkeei (formerly named Lactobacillus
kunkeei) is a fructophilic lactic acid bacterium (Endo et al.
2012) and the dominant bacterial species in the honey
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crop (Vasquez et al. 2012), which is the first stomach (or
sac) in the gut used for storage and transport of nectar to
the hive. Apilactobacillus kunkeei has also been found on
flowers as well as in the honeybee food products, such as
fresh honey, bee bread, and royal jelly (Olofsson and
Vasquez 2008; Vasquez and Olofsson 2009; Anderson
et al. 2013; Endo and Salminen 2013; Tamarit et al.
2015; Anderson and Ricigliano 2017). Because of its broad
prevalence in the food sources of honeybees, A. kunkeei
has often been viewed as an environmental hive bacterium
rather than a core gut symbiont (Anderson et al. 2013;
Anderson and Ricigliano 2017; Kwong et al. 2017a,
2017b). Yet increasingly, it is recognized that A. kunkeei
may be a key player in the defense against pathogens
and parasites in honeybee colonies.

For example, it has been shown that A. kunkeei can in-
hibit the growth of the bacterium P. larvae (Forsgren
et al. 2010; Butler et al. 2013; Kacaniova et al. 2020), the
microsporidian Nosema ceranae (Arredondo et al. 2018),
as well as the fungus Ascosphaera apis (lorizzo et al.
2020). Growth inhibition of P. larvae was also observed
when cell-free supernatants of A. kunkeei were used,
suggesting that the antimicrobial effects were caused by
secreted metabolites and/or proteins (Lamei et al. 2019).
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Fic. 1.—Origin of samples and A. kunkeei strain code nomenclature.
Schematic illustration of the origins of the cultivated A. kunkeei strains ob-
tained from honeybee hives located on the islands Aland and Gotland in
the Baltic Sea and from hives sampled between May and August in
Helsingborg, Sweden. Numbers below honeybees represent the number
of A. kunkeei strains sampled from each bee. The bacterial strains from
Aland and Gotland were named indicating the island (e.g., G0104 or
A0901), the host bee (e.g., G0104) and the bacterial isolate (e.g.,
G0104). The bacterial strains obtained from Helsingborg were named fol-
lowing an alphanumerical system indicating the site (e.g., H3B2-04M), the
hive number (e.g., H3B2-04M), the host bee (e.g., H3B2-04M), the bacter-
ial isolate (e.g., H3B2-04M) and the month in which the sample was col-
lected (e.g., H3B2-04M). Abbreviations for months; M=May, J=June,
X=July, A=August.

Recently, a strain of A. kunkeei FF30-6 that exhibits anti-
bacterial activity (Endo and Salminen 2013) was found
to contain a plasmid (pKUNF330) that codes for enzymes
involved in the synthesis of a novel antimicrobial com-
pound, named kunkecin A (Zendo et al. 2020). This me-
tabolite has a narrow antimicrobial spectrum with high
activity against M. plutonius (Zendo et al. 2020), suggest-
ing that A. kunkeei strains hosting this plasmid serve a role
as defensive symbionts of honeybees.

The few genomes sequenced until now, only one of
which is closed (Asenjo et al. 2016), indicate extensive
gene content diversity among strains despite near 16S
rRNA identity (Tamarit et al. 2015). Notably, the A. kunkeei
genome is functionally structured such that genes encoding
metabolic functions are located near the origin of replica-
tion, whereas genes for basic information processes are lo-
cated around the terminus (Tamarit et al. 2015). Despite
the many advances that the genomic studies have offered,
it is not known if the plasmid for kunkecin A biosynthesis is
widespread in the A. kunkeei population and if additional
plasmids with defensive functions are circulating in the
honeybee growth niche.

In this study, we compare the closed genomes and the
associated mobilomes of 102 new A. kunkeei isolates along
with re-sequenced genomes of A. kunkeei Fhon2 and
Apilactobacillus apinorum Fhon13. The novel strains were
sampled from the honey crop of honeybees in the south
of Sweden (Helsingborg), as well as from bees at two geo-
graphically isolated islands in the Baltic Sea (Aland and
Gotland). The Gotland bees are a mixture of European an-
cestries caused by importation from other parts of Europe
and fairly typical of managed honeybees all over Sweden
(Wallberg et al. 2014). However, whereas the Gotland
bees belong to a bee population that lives in contact with
the Varroa mite and has developed a natural resistance to
it, the bees from Aland come from a Varroa mite-free
area (Fries et al. 2006; Lattorff et al. 2015; Thaduri et al.
2018). Thus, the sampled honeybee populations have
evolved under distinct ecological settings. We present an
overview of the mobile gene pool in the A. kunkeei popu-
lation and discuss its role in food preservation and health
in honeybee colonies.

Results

Genome Sequencing of 102 Novel A. kunkeei Isolates

Bacterial colonies were isolated from the honey crop of
honeybees sampled from four beehives (fig. 1). In total,
102 novel bacterial isolates were obtained, of which 61
isolates were from Helsingborg, 17 from Aland and 24
from Gotland. At all sites, 1-7 bees were collected per bee-
hive and sampling time point, of which 1-14 bacterial col-
onies per bee were isolated (supplementary table ST,
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Supplementary Material online). Samples from beehives in
Helsingborg were taken as a time series from May to
August. The generation times of the new A. kunkeei iso-
lates in fMRS media ranged from 34 to 61 min, with an
average of 48.3 min (calculated from the mean of the
mean growth rate for each isolate) (supplementary tables
S2 and S3, Supplementary Material online).

The genomes of the novel isolates as well as the re-
grown strains A. kunkeei Fhon2 and A. apinorum
Fhon13, altogether 104 genomes, were sequenced and as-
sembled into single contigs with sizes ranging from 1.49 to
1.64 Mb (mean 1.57 Mb) (supplementary table S3,
Supplementary Material online). The genomes contained
5 rRNA operons, 65-72 tRNA genes and 1,345-1,504
(mean 1,430) protein coding genes (supplementary table
S3, Supplementary Material online). Plasmids and phage-
plasmids of 20-40 kb were identified in 40 isolates
(supplementary table S3, Supplementary Material online).
The ratios of sequence read coverage over these elements
compared with the chromosome were on the average
equal to or lower than one for each type of plasmid and
phage-plasmid (supplementary fig. S1, Supplementary
Material online).

The Diversity of the Sampled Bacterial Isolates is Specific
for Each Beehive

Pairwise 16S rRNA sequence identities were calculated for
each of the 102 novel isolates in comparisons to A. kunkeei
Fhon2 and A. apinorum Fhon13. The values ranged from
99.4% to 100% to A. kunkeei strain Fhon2 and from
98.4% to 99.2% to A. apinorum strain Fhon13
(supplementary table S3, Supplementary Material online).
Moreover, a maximum likelihood phylogenetic tree
(fig. 2; supplementary fig. S2, Supplementary Material on-
line) based on a concatenated alignment of 682 proteins
(supplementary table S4, Supplementary Material online)
showed that all isolates obtained in this study clustered
with the previously described A. kunkeei strains to the ex-
clusion of A. apinorum Fhon13.

The tree topology indicated that 95% of the novel A.
kunkeei isolates belonged to three main clades, corre-
sponding to the previously suggested phylogroups A, B,
and C (fig. 2; supplementary fig. S2, Supplementary
Material online). The remaining four isolates formed two
deeply diverging lineages, here named phylogroups E and
F. The average nucleotide identity (ANI) values for strain
comparisons between phylogroups A, B and C were about
95-96%, while pairwise comparisons of these strains to
those classified into phylogroups E and F were in the range
of 90-93% (supplementary table S5, Supplementary
Material online). Thus, based on the 16S rRNA analysis
alone, all novel isolates should be classified as strains of
the A. kunkeei species, while the ANI values suggest that

the four isolates from Aland in phylogroups E and F should
be considered as belonging to a different species. For now,
we have named them as novel strains of the A. kunkeei spe-
cies, while awaiting taxonomic evaluation.

The large majority of isolates obtained from honey-
bees from the island Gotland belonged to phylogroup
A, while a few represented a rare variant in phylogroup
B obtained from a single bee that was sampled more
deeply. Samples from the island Aland contributed iso-
lates from most phylogroups and the sampled bees con-
tained mostly isolates from two and sometimes even
three different phylogroups, indicative of a more diverse
strain co-occurrence profile. The A. kunkeei isolates ob-
tained from Helsingborg were evenly distributed be-
tween the A and C phylogroups in addition to a few
isolates affiliated with phylogroup B. However, there
was a bias such that the A-group strains were more
abundant in isolates cultivated from beehive 3, whereas
the C-group strains dominated among isolates obtained
from beehive 4. The community profiles of the isolates
from Helsingborg were largely specific for each of the
two beehives and remarkably stable during the summer
months (May—August).

The Pan-Genome Structure is Open

The pan-genome structure of the A. kunkeei population
was examined based on 2,656 protein families
(supplementary table S4, Supplementary Material online)
that contained proteins encoded by chromosomal genes
in the 104 isolates with closed genomes (fig. 3A). In add-
ition to the 1,134 protein families shared by all isolates,
the “soft-core” proteome (shared by 95-99% of the
strains) consisted of 97 families, the “shell” proteome
(shared by 15-95% of the genomes) contained 315 fam-
ilies, and the “cloud” proteome (shared by 0-15% of the
genomes) included 1,110 families, of which 620 were spe-
cific for a single strain. The cumulative number of families
continued to increase with the addition of new isolates,
showing no sign of flattening (fig. 3B). The core proteins
encoded by genes present in all genomes were mostly in-
volved in information processes and metabolic systems,
while defense systems and mobile genetic elements were
over-represented among the shell and cloud proteins (fig.
3G, supplementary table S4, Supplementary Material on-
line). Thus, the sampled A. kunkeei community retained
an open pan-genome structure despite being represented
by over 100 genomes, which suggests high ecological plas-
ticity in the species.

The Genomes Contain Prophages and a High Density
of Transposons

Most genomes contained a prophage of 35-50 kb located
at either of two sites around the terminus of replication
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supported by 100% by both methods are highlighted with filled circles. For ease of visualization, the branch to A. apinorum Fhon13 is not displayed. The
full tree, including A. apinorum Fhon13 and the statistical support values for all nodes are shown in supplementary figure S2, Supplementary Material online.
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(between positions ~600,000 and ~1,000,000, respective-
ly) (fig. 4; supplementary fig. S3, Supplementary Material
online). Furthermore, all genomes contained a phage de-
fense island, which encoded either a CRISPR-Cas system
or a restriction-modification system, or a prophage as in
the MP2 genome (supplementary fig. S4, Supplementary
Material online).

On average, we identified 52 transposase genes per gen-
ome (ranging from 2-90 per genome), many of which were
found in pairs and belonged to the 1S3 family (subgroup

IS150) (fig. 4; supplementary fig. S3, Supplementary
Material online). A plot of the average number of transpo-
sases along 34 reference genomes (selected to represent
groups of genomes with ANI values of 99.9%) revealed
multiple transposon-dense areas (fig. 44). In the chromo-
somal half that flanks the origin of replication, these were
often associated with chromosomal segments that were
variable in gene content (fig. 4B; supplementary fig. S3,
Supplementary Material online), suggesting that much of
the genomic variability in the A. kunkeei population is
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due to transposon-mediated activities. Indeed, we identified
genomic heterogeneity within some of the isolates in the
form of transposon-containing contigs that were homolo-
gous to chromosomal segments. One such contig in strain
H3B2-03M contained genes that were homologous to genes
for enzymes involved in exopolysaccharide synthesis and bio-
film formation located in a chromosomal segment of
30.3kb flanked by transposons. This strain segregated
upon repeated culturing and plating into colonies with dif-
ferent growth kinetics (supplementary fig. S5 and
supplementary table S2, Supplementary Material online).
Resequencing showed that the extrachromosomal contig
was retained in one colony, but lost in two colonies of which
one had also lost the 30.3 kb chromosomal segment
(supplementary table S3, Supplementary Material online).

Key Pathogen Defense Systems are Encoded by Plasmids

We identified three plasmids and two phage—plasmids in
the 20-40 kb size range that contained a gene for the

replication protein RepA located next to a gene for the plas-
mid partitioning protein ParA (fig. 5; supplementary table
S6, Supplementary Material online). The three plasmids
contained genes for accessory mobile elements, such as
IS3 family transposases and the Tn3 family resolvase, as
well as genes for adhesins or enzymes putatively involved
in the synthesis of antibiotics, as detailed below. The two
phage—plasmids contained phage genes for the production
of phage particles, host cell lysis and infection in addition to
the repA and parA genes (supplementary table S6,
Supplementary Material online). The phage proteins
showed homology to phage protein families pLP39 and
p48, respectively, which have been identified previously in
other Lactobacillus species (Pfeifer et al. 2021). In addition,
we identified smaller replicons in the 7-10 kb size range,
some of which contained a gene for the rolling-circle initi-
ator protein RepB as well as genes coding for macrolide ex-
port and ESX secretion systems or DNA methylases and
DNA restriction enzymes.
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The 19.5 kb pKUN plasmid contained a cluster of eight
consecutive genes for the synthesis of kunkecin A, a
nisin-like antibiotic (fig. 5A; supplementary table S6,
Supplementary Material online). The cluster included genes
for the kunkecin A precursor peptide, the leader peptidase,
proteins involved in the modification and transport of the
antibiotic and proteins conferring self-immunity, as in the
plasmid described in (Zendo et al. 2020). Downstream of
this gene cluster, we identified a gene coding for a protein
with a histidine kinase domain and a gene for a protein with
a helix-turn-helix motif. We suggest that these two genes
code for homologs to the NisR/NisK two-component regu-
latory system, which were previously thought to be missing
from the kunkecin A biosynthetic gene cluster (Zendo et al.
2020).

The 32.9 kb plasmid was named pPKS because it con-
tained a cluster of genes for polyketide synthesis (fig. 5B;
supplementary table S6, Supplementary Material online).
This plasmid contained three genes for the beta-ketoacyl
synthetase subunits KSa and Ksp and the acyl carrier pro-
tein, which constitute the minimal polyketide synthase
complex. The cluster also contained genes for enzymes in-
volved in methyl transfer, decarboxylation and cyclization
of polyketide antibiotics. Additionally, the plasmid con-
tained three genes coding for proteins with high sequence
similarity to ATP-grasp domain proteins in Streptococcus
and Lactobacillus species (1e9°).

The 33 kb plasmid was named pLPX because it con-
tained a 4 kb gene coding for a surface protein with the
cell-wall anchoring LPXTG motif (fig. 5C; supplementary
table S6, Supplementary Material online). The gene for
the LPxTG-containing protein was located next to a gene
for a serine recombinase involved in site-specific DNA inver-
sions, suggesting that its expression may be controlled
by phase variation. The gene coding for the protein with
the LPxTG motif was homologous to more than ten

chromosomal genes in the A. kunkeei population coding
for proteins of variable sizes, of which four to six different
gene variants were present in each genome (fig. 6A).
Different proteins containing the LPXTG motif were located
at the same chromosomal site in different strains, indicative
of replacement events within and across phylogroups (fig.
6B and C).

Next, we compared the presence of plasmids with the
ability of the strains to inhibit growth of M. plutonius. For
this analysis, we selected a set of 47 strains that represent
the genetic diversity of all isolates (see fig. 4), including
31 strains that did not contain the pKUN plasmid and an-
other 16 isolates that contained the plasmid. Fifteen of
the 16 isolates that contained the pKUN plasmid showed
growth inhibition of M. plutonius (fig. 7; supplementary
fig. S6 and supplementary table S7, Supplementary
Material online). Strain H1B1-05A was the sole isolate
that contained the pKUN plasmid but was unable to inhibit
growth of M. plutonius. Notably, this was also the only iso-
late in which one gene in the biosynthetic gene cluster was
truncated. None of the A. kunkeei reference strains without
the pKUN plasmid were able to inhibit growth of M. pluto-
nius (supplementary fig. S7 and supplementary table S7,
Supplementary Material online). Based on these results,
we conclude that the plasmid-encoded biosynthetic gene
cluster is responsible for growth inhibition of M. plutonius.

Finally, we examined the phyletic distribution patterns of
the extrachromosomal replicons (fig. 8; supplementary
table S6, Supplementary Material online). The pKUN plas-
mid was solely identified in phylogroup A strains from
Helsingborg, 13 of 16 of which was sampled from hive 3
(fig. 8; supplementary table S6, Supplementary Material
online). The pPKS plasmid was solely identified in phy-
logroup B and C strains from Helsingborg, 12 of 13 of
which were sampled from hive 4. Likewise, the distribution
pattern of the two phage—plasmids was phylogroup-
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specific: one was found in isolates of phylogroup A, while
the other was identified in isolates from phylogroups BC
and E. Additionally, three phylogroup A isolates from
Helsingborg and three phylogroup B isolates from
Gotland contained the pLPX plasmid for surface attach-
ment. In contrast to these distinct distribution patterns,
the smaller 7-10 kb replicons were broadly present in iso-
lates from all phylogroups and beehives. Generation times
were highly variable across isolates irrespectively of their
mobile element repertoires (fig. 8; supplementary tables
S2 and S3, Supplementary Material online).

No PCR tests were performed to test for infections in the
hives, but all bees from which bacterial samples were ob-
tained were healthy at the time of sampling. The identifica-
tion of antibiotic-producing A. kunkeei isolates in samples
obtained from the two beehives in Helsingborg may indi-
cate previous exposure to M. plutonius or other pathogens,
in contrast to the lack of such isolates from the mite-free
and mite-resistant bees at Aland and Gotland, respectively.

Discussion

Insects use bacterial symbionts for the supply of nutrients
that are lacking in their diet or as antimicrobial defense sys-
tems to tackle the threats from infectious disease agents.
There is much hope that understanding the ecology and
evolution of the honeybee gut microbiome will help pre-
vent the dramatic losses of managed honeybee colonies
in recent years. Due to its identification in the honeycrop
and food products in the beehive, A. kunkeei is considered
to be a core component of the beehive and has been sug-
gested to defend the bees against microbial pathogens. In
this paper, we compared the genomes of 104 A. kunkeei
isolates, including 102 novel genomes and their associated
mobilomes. Growth inhibitory effects of the larvae-
infecting bee pathogen M. plutonius were observed for
15 of these isolates, all of which contained a plasmid for
the synthesis of kunkecin A. We also identified a novel plas-
mid coding for enzymes putatively involved in the synthesis
of a polyketide antibiotic. As such, the results strongly
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Fic. 7.—Spot-on-lawn assay for assessing inhibition of M. plutonius by
A. kunkeei. Cell-free supernatants of the A. kunkeei strains with predicted
pKUN plasmids were added on DSM1582 agar plates with pre-streaked
lawns of M. plutonius. The figure shows the presence or absence of inhib-
ition zones for the three biological replicates from each strain. The number
in parenthesis indicates how many of the biological replicates demon-
strated inhibitory potency against M. plutonius. Raw images are shown
in supplementary figure S6, Supplementary Material online and the data
is summarized in supplementary table S7, Supplementary Material online.

suggest the hypothesis that A. kunkeei is a defensive sym-
biont of honeybees.

The comparison of isolates from four different beehives
showed that each hive contained a unique composition of
strains. Importantly, the same phylogroup strains and type
of plasmids were repeatedly sampled from each of the two
beehives in Helsingborg during the summer months, des-
pite a continuous turnover of bees and bacterial cells in
the hive. This suggests that A. kunkeeli, like the stable mem-
bers of the honeybee gut microbiome (Powell et al. 2014;
Kwong and Moran 2016), is mainly transmitted through
contacts within the hive. Likewise, antibiotic-producing
Actinobacteria associated with fungus-farming ant
lineages are vertically transmitted across ant colony genera-
tions (Li et al. 2018a, 2018b). In contrast, environmental
symbionts like Burkholderia gut symbionts of stinkbugs
are obtained from the environmental microbial pool for
every generation (Kikuchi et al. 2011).

Nevertheless, previous studies have shown that A. kun-
keei strains do not co-speciate with their hosts, suggesting
that horizontal transmission of bacteria occurs across sites
and host species in the long-term (Tamarit et al. 2015).
Likewise, the long-term evolutionary history of the
ant-Actinobacteria symbiosis includes horizontal transmis-
sion, multiple losses of symbionts, and convergent anatom-
ical adaptations to support the interactions of hosts and
symbionts (Li et al. 2018a, 2018b). Thus, although closely
related defensive symbionts may show co-divergence
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supplementary table S6, Supplementary Material online. Generation times

are based on data from multiple experiments per isolate as presented in

supplementary table S2, Supplementary Material online. One strain marked
with an asterisk had multiple isolates sequenced.

with their hosts due to vertical transmission, co-divergence
is typically not seen for distantly related organisms due to
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losses and sporadic horizontal events
(Vorburger and Perlman 2018).

Chemical warfare is a common mechanism whereby
symbionts protect their hosts from infections, and the
plasmid-encoded molecular defense systems are likely to
be adaptive for both A. kunkeei and the honeybees. The
pKUN plasmid for kunkecin A biosynthesis was mostly asso-
ciated with phylogroup A strains from Beehive 3 in
Helsingborg, while the pPKS plasmid was mostly associated
with phylogroups B and C strains from Beehive 4 in
Helsingborg. None of the plasmids for antibiotic synthesis
were identified in samples from either Gotland or Aland.
It is thus likely that selection for plasmids involved in the de-
fense against bee pathogens has driven strains associated
with phylogroups A, B and C to high abundances in the
beehives located at Helsingborg, while the more diverse
bacterial community sampled from the beehive at Aland
may have evolved under no or less selection for
host-resistance against said pathogen.

The role of geography and phylogeny for horizontal
gene transfer and how conditions of rampant gene ex-
change affect bacterial speciation processes are issues of
much debate (Arevalo et al. 2019; Greenlon et al. 2019;
Vanlnsberghe et al. 2020). Local emergence of infectious
disease agents may generate geographic structures in de-
fensive symbiont populations as observed for A. kunkeei,
although most genotypes may be present at most sites.
Indeed, selective sweeps driven by antibiotic-producing
plasmids may explain the overall abundance of phylogroup
A and C strains, as well as the geographic distribution pat-
tern of bacterial isolates and plasmids. Although all bees
were healthy at the time of sampling, it is tempting to
speculate that the beehives at Helsingborg may have
been exposed to bacterial pathogens more recently than
the beehives at Aland or Gotland. We do not know if the
measures taken to limit the spread of mite infections at
Aland have also limited the spread of bacterial pathogens,
but it is intriguing to note that the A. kunkeei isolates from
this island were genetically more diverse than isolates from
the other beehives. In the long-term, host-selected expan-
sion of microbial defense systems could lead to segregation
of populations into distinct gene-flow units and thereby
drive niche-specialization and speciation. Apilactobacillus
kunkeei may thus be used as a model system for studies
of niche-specialization and speciation processes in defen-
sive symbiont populations.

It is also of interest to note that A. kunkeei circulates
among several microhabitats in the beehive and growth
of the bacterial population may not necessarily occur in
the same habitat as antibiotic synthesis. Such a separation
of growth from antibiotic synthesis has been observed for
example in the defensive symbiont of beewolf digger
wasps, which grows in the antennae of adult female wasps
but produces antibiotics in the brood cells and larvae

acquisition

(Kaltenpoh et al. 2010; Kroiss et al. 2010). Furthermore,
some polyketides, such as actinorhodin produced by
Streptomyces coelicolor (Wright and Hopwood 1976) are
synthesized under oxygen-rich conditions at high pH while
the compound itself is most active at low pH (Mak and
Nodwell 2017). It is thus tempting to speculate that the
antibiotic synthesized by enzymes encoded by the pPKS
plasmid may be most active in microhabitats of low pH,
such as in the fresh honey and royal jelly. Restricting the ac-
tivity of the antimicrobial compounds to the honeybee food
products may be a mechanism to target pathogens that in-
fect the larval food without harming other members of the
honeybee microbiome, provided that the antibiotics are not
stable enough to persist in the bee food.

Bombella apis is also found in multiple and similar micro-
habitats within the hive, such as the nurse crop, nectar, lar-
val diet and royal jelly. It is shown that B. apis can synthetize
all essential amino acids and secrete lysine, suggesting that
this bacterial species may serve as a nutritional symbiont of
honeybee larvae (Parish et al. 2022). Thus, B. apis and A.
kunkeei may jointly support larval development by comple-
menting the larval diet and protecting it against infections.
Social insects provide a model for how the transmission of
infectious disease agents may be reduced in animal com-
munities with high population densities by incorporating
beneficial microbes into the host—parasite co-evolutionary
arms race. At the more advanced stages of these interac-
tions, the defensive symbionts may take over the interac-
tions with the pathogens, thereby relaxing selection on
the host-derived immune system.

Taken together, the results presented in this study sug-
gest that the A. kunkeei community serves an important
role in bee health by protecting the larvae and their diet
against infections. Future studies should be targeted to-
wards characterizing the putative antibiotics, the micro-
habitat in which they are synthesized and their mode of
action on known bee pathogens. We have currently no evi-
dence to suggest that the honeybees regulate the mobi-
lome and other activities of A. kunkeei, nor that the
adoption of defensive symbionts has had an impact on
the honeybees own immune system against infectious dis-
ease agents, but this is an interesting avenue for further
studies. Alternatively, selection may simply have favored
bees containing the best fitted A. kunkeii strains. The avail-
ability of more than 100 A. kunkeei isolates with different
gene complements and plasmids now enable studies to ad-
dress the long-standing debate about whether horizontally
transferred genes are mostly neutral, deleterious or adap-
tive (discussed in Rocha 2018). Importantly, the results sug-
gest that the complex interactions of hosts, defensive
symbionts and pathogens cannot be adequately under-
stood unless the dynamics of the mobile gene pool of
the symbionts are incorporated into the models.
Understanding these interactions will be important for
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the design of engineered strains and plasmids to improve
the health of honeybees.

Materials and Methods

Sample Collection, Bacterial Cultivation and Inhibition
Studies

Honeybees from the subspecies Apis mellifera were col-
lected from beehives located on the islands Aland and
Gotland as well as near Helsingborg, Honeybees from
Aland and Gotland were stored at —80 °C. Prior to dissec-
tion, honeybees were thawed and placed individually in
2 ml ethanol. Honeybees from Helsingborg were dissected
immediately after collection as described in (Olofsson and
Vasquez 2008; Vasquez and Olofsson 2009). The honey-
crops were extracted and homogenized in PBS and spread
on MRS agar (Sigma Aldrich), supplemented with 0.5%
fructose and 1.5% glycine (samples from Aland and
Gotland) or 2% fructose 0.1% cysteine (samples from
Helsingborg). Bacterial isolates were obtained after incuba-
tion at 35 °C and 5% CO, for 2-3 days and re-isolated to
obtain pure isolates in the same growth media. The isolates
were examined by PCR and Sanger sequencing using uni-
versal 16S rRNA primers and MALDI-TOFMS protein profil-
ing as described in (Olofsson et al. 2014).

For estimates of generation times, the A. kunkeei strains
were first grown on MRS agar plates supplemented with
0.5% D-Fructose (fMRS agar) overnight at 35 °C, 5%
CO,. To obtain biological replicates, several single colonies
were picked per strain to inoculate liquid MRS medium
(+0.5% D-Fructose, fMRS medium) and two rounds of pre-
cultures were incubated for 18 h at 35 °C, 5% CO, after
which the concentration of the cell suspensions was ad-
justed to OD600 =0.005 in fresh MRS in multi-well plates
and the absorbance at A=600 nm was monitored in
10 min intervals for up to 24 h on a Bioscreen C MBR at a
temperature of 35 °C (Oy Growth Curves Ab Ltd).
Cultures were kept on ice during sample preparation.
Biological triplicates of A. kunkeei strain A1401 were in-
cluded as a positive control in every experiment.
Non-inoculated MRS medium served as negative control.
Raw data was log-transformed, background corrected,
trimmed after 10 h and the growth dynamics were deter-
mined in R (R Core Team) using the growthcurver package
(Sprouffske and Wagner 2016).

To test the inhibitory potency of A. kunkeei against M.
plutonius (DSM29964), cell-free supernatants were iso-
lated from 47 A. kunkeei strains. The strain collection in-
cluded 33 representative strains shown in figure 4B,
excluding A. kunkeei MP2, and, in addition, 14 A. kunkeei
strains with predicted pKUN plasmids. Apilactobacillus kun-
keei strains H1B1-05A and H3B1-04J with predicted pKUN
plasmids were part of the representative strain collection.

To obtain the cell-free supernatant, the bacterial cells
were cultivated as described for the growth analysis.
After the final batch cultivation in fMRS medium for 18 h
at 35 °C, 5% CO, cells were pelleted by centrifugation
(4,500 x g, 10 min, 4 °C) and the supernatant was passed
through 0.2 pm membrane filters. Melissococcus plutonius
(DSM29964) was cultivated in DSM 1582 medium at 30 °C
for 3 days under anaerobic conditions. Anaerobic growth
conditions were created in an Anaerocult jar (Millipore)
using Anaerocult A bags and monitored using Anaerotest
Strips. For the inhibition studies, M. plutonius was diluted
to a cell concentration corresponding to OD600 of 0.05-
0.2 and evenly spread on DSM 1582 agar plates. In a
spot-on-lawn assay, 10 pl of A. kunkeei cell-free superna-
tants were added upon the M. plutonius cell lawn and
plates were incubated anaerobically at 30 °C for at least 2
days. Inhibition was assessed if a clear inhibition zone was
observed after cultivation. Experiments were performed
with biological triplicates, cell-free supernatants from
strains H3B1-09M and H3B1-10M were used as positive
control and fMRS medium was included as a negative
control.

Genome Sequencing, Assembly, and Annotation

The genomes of the 102 novel A. kunkeeiisolates as well as
the genomes of the previously isolated A. kunkeei Fhon2
and A. apinorum Fhon13 strains were sequenced with
PacBio RS Il and PacBio Sequel technologies. The reads
from each sequencing run were assembled into closed gen-
omes with HGAP3 or HGAP4 (Chin et al. 2013), as detailed
in (supplementary table S1, Supplementary Material on-
line). MUMmer v3.23 (Kurtz et al. 2004) was used to rule
out mis-assemblies. Pairwise ANI values between chromo-
somes were calculated using FastANI v1.2 with default
parameters.

The manually annotated genome of A. kunkeei Fhon2
(Tamarit et al. 2015) was used as reference by the Prokka
v1.14.6 annotation pipeline (Seemann 2014) and comple-
mented by searches against all bacterial sequences in
UniProtkB  (The UniProt Consortium 2020). The
eggNOG-mapper v2.1.2 (Huerta-Cepas et al. 2016) and
InterProScan v5.51-85.0 (Jones et al. 2014) were applied
to the genomes using default parameters. All genomes
were scanned for transposable elements, deduced from
prokka, eggNOG, and InterProScan functional predictions.
Proteins were sorted into Clusters of Orthologous Groups
(COGs) using BLASTP against the COG2020 database
(Galperin et al. 2021) and discarding overlapping hits.
Prophages were predicted using PHASTER with Prophage/
Virus database as of December 22, 2020 (Arndt et al.
2016).

Extrachromosomal elements were assembled with Flye
v2.8.3-b1725 (Kolmogorov et al. 2019) with the —plasmid
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parameter and —asm_coverage set to 100, 150, 200, and
500. The resulting non-chromosomal contigs were
grouped based on a combination of shared gene content,
reciprocal blast hits, and ANl values. For each strain contain-
ing elements assigned to a given group, the contig with the
length closest to the median length of that group was se-
lected as the reference assembly. The two phage—plasmids
were classified by taking protein sequences from one
representative each and using protein BLAST against
all phages described in (Pfeifer et al. 2021) and counting
hits. Plasmids and phage—plasmids of 20 kb or more were
ordered using the repA, parE, and repB genes.
Extrachromosomal contigs solely present in a single strain
often contained transposons and homologs to chromo-
somal genes. These elements were not further examined
in this study, except for the transposon-containing contig
identified in the assembly of isolate H3B2-03M.

Phylogenetic Analyses

The previously published closed genome of A. kunkeei
strain MP2 (Asenjo et al. 2016) and the non-closed gen-
omes of 15 A. kunkeei strains (Djukic et al. 2015;
Porcellato et al. 2015; Sun et al. 2015; Tamarit et al.
2015) (supplementary table S8, Supplementary Material
online) were re-annotated using the Prokka v1.14.6 anno-
tation pipeline (Seemann 2014) for consistency with the
102 novel genomes. The inferred proteomes of the 102 no-
vel A. kunkeei genomes, the A. kunkeei Fhon2 and A. api-
norum Fhon13 genomes, and the 16 previously sequenced
A. kunkeei genomes were sorted into protein families using
OrthoMCL v2.0 (Li et al. 2003).

For the phylogenetic analysis, we selected a subset of
core protein families present in all A. kunkeei strains and
A. apinorum Fhon13 after exclusion of protein families
with multiple members in any single genome, proteins
shorter than 100 amino acids, and proteins inferred to be
recombinant by all tests in the software PhiPack v1.1
(Bruen et al. 2006). The selected proteins were individually
aligned with mafft-linsi v7.453 (Katoh et al. 2002) allowing
regions with gaps (option —leavegappyregion). Sequences
were trimmed using trimal v1.4rev15 (Capella-Gutiérrez
et al. 2009) with automatic detection of optimal thresholds
(-gappyout) and concatenated. A phylogenetic tree was in-
ferred with 1Q-Tree v1.6.10 (Nguyen et al. 2015), using the
LG + F + R5 substitution model, selected using ModelFinder
(Kalyaanamoorthy et al. 2017). A total of 1,000 ultrafast
bootstrap (option -bb 7000) and SH-like (option -alrt
1000) pseudoreplicates were performed to assess branch
support and stability. Apilactobacillus apinorum strain
Fhon13 was used to root the tree.

For the pan-genome analysis, we selected protein fam-
ilies containing proteins encoded by chromosomal genes
in at least one of the 104 A. kunkeei isolates with closed

genomes. The protein families were classified as core, soft-
core, shell, and cloud depending on whether they con-
tained proteins in all 104 isolates (100%), >99 (95%),
>16 (15%), or <15 isolates, respectively.

Supplementary Material

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