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Abstract

Background Contrasting hypotheses suggest that the number of biotic interactions per species could

either increase towards the equator due to the increasing richness of potential interaction partners (Neutral theory),
or decrease in the tropics due to increased biotic competition (Latitudinal Biotic Interaction Hypothesis). Empirical
testing of these hypotheses remains limited due to practical limitations, differences in methodology, and species
turnover across latitudes. Here, we focus on a single species with a worldwide distribution, the honey bee (Apis mellif-
era L), to assess how the number of different types of interactions vary across latitudes. Foraging honey bees interact
with many organisms in their local environment, including plants they actively select to visit and microbes that they
largely encounter passively (i.e., unintentionally and more or less randomly). Tissue pieces and spores of these organ-
isms are carried to the hive by foraging honey bees and end up preserved within honey, providing a rich record

of the species honey bees encounter in nature.

Results Using honey samples from around the globe, we show that while honey bees visit more plant taxa at higher
latitudes, they encounter more bacteria in the tropics.

Conclusions These different components of honey bees'biotic niche support the latitudinal biotic interaction
hypothesis for actively-chosen interactions, but are more consistent with neutral theory (assuming greater bacterial
richness in the tropics) for unintentional interactions.
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Background

Each species interacts with a subset of the other species
present in its environment, but the size of that subset is
expected to vary strongly with latitude [1]. In part, this
is due to the general trend of greater species richness in
the tropics for many taxa [2—7]. As a null model, Neutral
Theory proposes that a species’ interaction partners are a
random sample of those available [8]. Therefore species
should have more interaction partners in the species-rich
tropics. Alternatively, the Latitudinal Biotic Interaction
Hypothesis posits that higher species richness and nar-
rower ranges of abiotic conditions in the tropics may
result in fewer, but stronger, biotic interactions towards
the Equator [9-11]. Although there is some support for
stronger herbivory, carnivory, and plant-pollinator mutu-
alism towards the tropics [10, 12-15], other studies show
little or no evidence of such a trend [16—20]. The gener-
ality of the relationship between biotic interactions and
latitude thus remains debated.

An important reason for differences in findings are
differences in methodology — not least in the differ-
ences in how biotic interactions are measured [14, 21].
The “strength” of biotic interactions has been described
using metrics ranging from plant investment in second-
ary compounds through bite marks in play dough to
counts of observed interactions [20, 22]). Moreover, stud-
ies comparing generalism in communities sampled over
a large geographic area will unavoidably confound effects
of changes in richness with effects of changes to the com-
position of the local species pool, especially where the
true richness and/or composition of the local commu-
nity is not known at all locations. Differences in species
traits due to changes in community composition (such as
a larger proportion of vertebrate pollinators in the trop-
ics) could explain some cases of greater generalism in the
tropics without referring to either Neutral Theory or the
Latitudinal Biotic Interaction Hypothesis [20].

One way to resolve some of these methodological
issues is to characterize the set of interaction partners
of a single focal species with a near-global distribution,
yielding a truly comparable measure of niche breadth
over latitude. The honey bee (Apis mellifera L.) offers
an ideal target for this type of a study. Native to Africa,
most of Europe, and the Middle East [23-25], this spe-
cies has been anthropogenically introduced to widely
variable biotic settings around the world ([26]; Fig. 1D).
Apis mellifera shows several evolutionary lineages, each
with multiple subspecies. One of these lineages covers
most of Africa, while others occur in Europe and in the
Middle East [25, 27]. Despite the many subspecies with
adaptations to different environments, most managed
honey bees are mixtures of different subspecies [28].
Moreover, despite differences among subspecies, all A.

Page 2 of 14

mellifera show the same colony-level behaviour with
thousands of foragers collecting nectar and pollen for
feeding the adults, rearing larvae, and storage for times of
resource shortage [23]. This stored honey provides a rep-
resentative sample of honey bees’ interactions with other
species.

Honey harvesting by beekeepers typically takes place
after an active foraging season of the honey bees, before
a period of dearth due to cold, drought, or excessive
rains. On the other hand, honey bees consume honey
during inactive periods. Honey is also consumed during
the active foraging season, whenever nectar availability
is lower or resource demand is high. Thus, stored honey
provides a time-integrated sample of the colony’s inter-
actions over a time period extending over approximately
the past two months [23, 29, 30]. As well as providing
convenient interaction sampling, the honey bee is an
important model system because of its immense impor-
tance as a crop and wild plant pollinator [31, 32].

Importantly, not all interactions are alike: some are
actively sought out by at least one of the species involved,
whereas others represent chance encounters with other
taxa. In this context, honey bees allow us to test whether
the Latitudinal Biotic Interaction Hypothesis holds for
different types of interactions. Honey bees actively select
a variety of plants to forage on, for both nectar and pol-
len, from the available flowering plant pool [29, 33-35].

Bee interactions with microbes are more varied: honey
bees interact with microbes in their guts [36, 37], in
hives [38, 39], on flowers [40, 41], and in the broader
environment, including air, water, and soil. Honey bees
encounter these microbes while walking on soil, drinking
from various water sources, scouting and foraging [42,
43], or more rarely inherit them within the hive [36, 37].
These microbes have a variety of effects on honey bees,
but are generally encountered without being selected
by the honey bees [44—46]. The obvious exception are
five species of gut bacteria that are passed down within
the colony [36, 37]. Conveniently, both honey bee-plant
and honey bee-microbe interactions can be resolved by
examining DNA traces in honey samples [30, 46—48].
This offers a common methodology for measuring bee
interactions with both plants and bacteria.

The distinction between different ways of accumulat-
ing interaction partners (above) allows us to generate a
series of predictions. Overall, we expect to find different
trends in the number of interaction partners with respect
to each group of interaction partners, since honey bees
tend to choose plant partners actively while encounter-
ing most bacteria passively. For flowering plants, spe-
cies richness generally increases towards the tropics [49]
together with increasing primary productivity [5, 50].
Therefore, the number of plant species found in honey
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Fig. 1 In general, flowering plant richness decreases with increasing latitude (A). However, the number of plants a focal species (here, the honey
bee) interacts with (its niche breadth) could covary with this decline in multiple ways. If the species is a wide generalist, with interactions
representing a random sample of the potential partners, then the niche breadth should follow the pattern of species richness aligning

with the Neutral Theory (B). Alternatively, the species may focus on fewer species in the tropics but interact more strongly with each species,

as proposed by the Latitudinal Biotic Interaction Hypothesis. This would lead to greater generalism at higher latitudes (C). We use the honey bee
Apis mellifera as our focus to explore latitudinal gradients in niche breadth because of the global distribution of this species - as seen in global
distribution data available through GBIF (D; [26]) shown by the yellow dots on the map. Note that A. mellifera’s occurrence is more comprehensive
than shown by GBIF records, covering most of the world [27]. In particular, note that A. mellifera occurs, and our dataset includes records from, much
more of Africa than is included in the GBIF record. The red dots indicate the location of samples used in the current study (D)

can be used to test the scenarios described in Fig. 1. If
honey bees interact with more plant species as richness
increases (Fig. 1A), that would translate into increas-
ing generalism towards the tropics (Fig. 1B), and honey
from the tropics should include DNA from more plants.
In contrast, if specialization increases due to higher com-
petition at lower latitudes, then we would expect honey
bees to interact with fewer plant species in the tropics
(specialisation, Fig. 1C).

Among microbes, latitudinal trends in richness are
poorly explored, with no global synthesis available
to date (but see [51-56]). Early reports show varying
trends for different taxonomic or functional groups of
microbes [57-59], but overall, we may assume greater
bacterial richness at lower latitudes following the trend
in other organism groups due to higher productiv-
ity towards the equator [5, 50]. As most interactions

between honey bees and bacteria will result from random
encounters in their environment (“environmental sam-
pling”; [42, 43]), the system should conform with Neu-
tral Theory (Fig. 1B; [8]). That is, we expect the number
of bacteria present in honey to be a consistent propor-
tion, though not a complete record, of true bacterial rich-
ness [46, 48]. If the richness of microbes increases with
decreasing latitude, then we may predict a higher over-
all number of microbial interaction partners towards the
tropics. The obvious exception should be gut bacteria,
which are actively passed on through the colony [36, 37].

In this study we use a global collection of DNA
extracted from honey samples to test the hypotheses
advanced above, and thereby answer the following ques-
tions: 1) Does the niche breadth of the honey bee vary
over latitude in terms of the plants selected to visit?
2) Does the niche breadth of the honey bee vary over



Cirtwill et al. BMC Ecology and Evolution (2025) 25:24

latitude in terms of the bacteria inherited and randomly
encountered? 3) Do latitudinal trends vary among bacte-
rial groups, given earlier reports of differential trends in
different bacterial clades? To search for such variation,
we compare bacterial families containing genera and spe-
cies strongly associated with honey bees and that were
well-represented within our dataset.

Methods
Sampling, DNA laboratory and bioinformatic analyses
Samples
To study the plant usage and microbes encountered by
the honeybees across different latitudes, we sourced
honey samples from beekeepers from twenty-one coun-
tries across the world (Fig. 1; number of samples per
country in Table SI). The samples presented honey har-
vested by one or multiple beekeepers from a region,
within two to three months of active honey collecting
by honeybees in each region. The number of hives from
which the honey was harvested, along with the type of
bee hives and honey extraction method, was recorded.
Before extracting the DNA, the samples were preproc-
essed. Two times 10 g of honey was diluted to 30 ml of
DNA clean water (MilliQ, Merck KGaA, Germany)
in a 50 ml tube. The honey was let to dissolve into the
water for 30 min in 60°. The samples were then centri-
fuged at 8000 G for 60 min (Centrifuge 5810 R, Eppen-
dorf, Germany), after which most of the supernatant was
discarded and the pellet was transferred to a 2 ml tube.
The 2 ml tube was further centrifuged at 11 000 G for 5
min and the remaining supernatant was removed. The
preprocessed samples were stored in freezer until DNA
extraction.

DNA extraction, target amplification, sequencing library
preparation and sequencing

The total DNA was extracted with the DNeasy Plant
Mini Kit (Qiagen, Germany), with following modifica-
tions. First, the pellet was resuspended in 4001 of buffer
AP1, and then 4l RNase, 44l proteinase K (20mg/ml,
Macherey-Nagel) and one 3 mm tungsten carbide bead
was added to each sample tube. The sample was then
disrupted 2 x 2 min 30 Hz (Mixer Mill MM 400, Retsch,
Germany). DNA extraction then followed the protocol
with the exception of skipping the QIAshredder column
step to avoid loss of DNA. With each batch of samples
extracted, a blank DNA control was included. In the
laboratory all the steps before the amplifications were
done in a laminar hood wiped with ethanol and cleaned
of DNA with 1 hour UV light every night. We only used
DNA-free tubes, pipette tips, and PCR plates as well as
DNA-free water.
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The initial amplifications were done with a total vol-
ume of 10 pl, each containing 5 ul MyTaq Red Mix
(Bioline, London, UK), 1.3 pl DNA-free water, 0.3 pl
of each primer (10 pM) and 3 pl of DNA extract. PCR
cycling conditions were as follows, with primer-specific
annealing temperatures using tagged primers (Table S2),
allowing the attachment of the sequencing primers and
indexes in the second PCR. For plants with primers ITS2-
F and ITS2-R [60, 61] annealing was at 47°C) and for bac-
teria with primers 16S_515FB and 16S_806RB [62, 63]
annealing was at 50°C.

The initial denaturation was for 3 min at 95°C, fol-
lowed by 28 cycles of 30 s at 95°C (denaturation), 30 s at
47-55°C (annealing), 30 s 72°C (extension), and ending
with final extension for 7 min at 72°C. To minimize ini-
tial bias of amplification, each reaction was carried out as
two replicates. All the amplicons were checked on a 1%
agarose gel and imaged with a BioRad imager to check
the reaction had worked and the DNA and PCR controls
were clean. The PCR replicates were combined before
library-PCR as 1.3 pl of each PCR product replicate.
[lumina-specific adapters and combinatorial indexing,
unique dual-index combinations for each sample, was
used [64]. The library PCR had a total volume of 10 pl,
each containing 5 pl MyTaq Red Mix (Bioline, London,
UK), 0.3 pl of reverse primer (10 uM), 2.1 pl of forward
primer (1.43 pM) and 2.6 pl of the locus-specific com-
bined 1st PCR product. PCR cycling conditions were as
follows, the same for all gene regions for the library PCR.
Starting with 4 min at 95°C to denature, followed by 15
cycles of 20 s at 98°C, 15 s at 60°C and 30 s at 72°C, and
ending with 3 min at 72°C. DNA libraries were pooled
per gene region and per 96 samples, and concentrated
using a SPRI bead protocol. The concentrated pooled
sample was loaded on 1% agarose gel (Agarose tablets
+ TAE) and run with 90 V for 120 minutes. The target
bands were cut on UV light and the pooled sample was
cleaned from gel with the PCR and Gel CleanUp Kit
(Macherey-Nagel), diluted in 2 x 20 pl of the elution
buffer provided in the kit. The DNA concentration of the
cleaned pools were measured with Qubit 2.0 (dsHS DNA
Kit, ThermoFisher Scientific).

Based on the compatible lengths of the targeted gene
regions, the pools of 96 samples were combined in equi-
molar ratios and sequenced in three MiSeq sequencing
runs with v3 chemistry with 600 cycles and 2 x 300 bp
paired-end read length.

Bioinformatics

Bioinformatics processing of reads followed Kaunisto
et al. [65]. For the bioinformatics processing the reads of
all samples were combined per gene region. The process-
ing of reads was started by truncating the reads to 220
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bp for 16S and 240 bp for ITS2. This was done to cut
off lower quality ends before merging the paired ends
for each gene region using VSEARCH [66] with a maxi-
mum of 80 differences allowed for overlap and a mini-
mum assembly length of 150 bp. The merged reads were
quality controlled by fastq_maxee, with maxee = 3. The
merged and quality controlled reads were only retained
if they contained the expected primers at each end.
Primers were removed using cutadapt with a maximum
of 0. 2 error rate for primers, and reads were kept with
minimum length of 100 bp after primer removal. The
reads were dereplicated and singletons were removed.
The reads were denoised to zero-radius operational
taxonomic units (ZOTU) using with unoise3 with USE-
ARCH [66]. A ZOTU table was built and the taxonomic
assignation of ZOTUs was done by comparison against
a specific reference database for each gene region with
VSEARCH. 16S for bacteria were compared against
the 16S RDP reference database, version 18 [67], and
ITS2 for plants against an ITS2 reference database from
PLANTITS, accessed 21.3.2022 [68]. The assignment of a
ZOTU to a taxon was accepted if the SINTAX probabil-
ity [69] was > 0.9, at each taxonomic level.

To remove possible misassigned reads and false posi-
tives, due to contamination, we further filtered the reads
in ZOTUs (following e.g., [70, 71]). As small numbers of
reads were found in all controls, reads were removed if
they were less than the maximum number of reads from
the DNA extraction or PCR negative controls from all the
samples for each ZOTU. ZOTUs with less than 0.05% of
the total read number of that sample were removed, as
well as ZOTUs with less than 10 reads were removed.

Statistical methods overview

We were primarily interested in how honey bee niche
breadths, as measured using plants (which are selected
as resources to visit) and bacteria (mainly encountered
haphazardly within the environment) vary over latitude.
After determining that the other sample characteris-
tics we collected covaried significantly with latitude (see
Appendix S2) and that niche breadth covaried with the
total number of DNA reads obtained from a sample (see
Appendix §3), we chose to test the latitude-niche breadth
relationship using quasi-Poisson regressions relating
niche breadth (number of ZOTU, genera, or families
identified in a sample) to absolute latitude and the log of
total reads in the sample. We fit these regressions sepa-
rately for plant and bacteria ZOTUs, genera, and fami-
lies (six models) using the R [72] base function ‘glm’ To
test whether these relationships differed between hemi-
spheres, we fit an additional set of six models including
absolute latitude, hemisphere, their interaction, and log
of total reads. For plants (and bacteria), there were 167
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(170) samples from the northern hemisphere and 84 (83)
from the southern hemisphere.

Finally, because the richness trends of bacteria over
latitude are not well-known and may differ between
groups, we examined latitudinal gradients within a few
focal families. We chose families that contain either
bacterial genera or species with known strong asso-
ciations with honey bees, such as beneficial or disease-
causing taxa and that were well-represented in our
dataset (i.e., were found in >50% of all samples). The
families chosen were Acetobacteraceae, Clostridiaceae,
Enterobacteriaceae, Enterococcaceae, Lactobacillaceae,
Moraxellaceae, Orbaceae and Paenibacillaceae. Parasac-
charibacter abium is a bacterium living commonly in
hives and also other Acetobacteraceae species are asso-
ciated with honey bees, being beneficial to them in fight
against disease causing agents [73, 74]. Clostridium botu-
linum, a member of Clostridiaceae, is an environmental,
pathogenic bacterium transported by honey bees and
found commonly in honey [75]. Multiple species of the
genus Enterobacter (Enterobacteriaceae) occur in honey
bee guts and may be both beneficial or detrimental to
honey bees, depending on the conditions [76]. Species
of Enterococcus (Enterococcaceae) are often found in
honey bee guts as well, likely contributing to digestion
[77]. Two species of the genus Lactobacillus (Lactobacil-
laceae) are found ubiquitously in honey bee guts and one,
Apilactobacillus kunkeii, commonly in honey as well as
living in the nectar and nectar sacs [39, 46]. Within the
family Moraxellaceae, the species Acinetobacter apium
is found in bee guts [78] while other species of Acineto-
bacter are found in nectar [79]. Frischella perrara and
Gilliamella apicola (Orbaceae) are also among the core
members of the honey bee gut microbiota [39]. Paeniba-
cillus larvae, representing the family Paenibacillaceae, is
the bacterium causing a severe bee disease, the American
foulbrood [80]. We thus fit an additional round of eight
quasi-Poisson regressions relating the number of ZOTUs
in each focal bacteria family to absolute latitude and the
log of total reads.

Results

Data overview

Plant DNA was amplified and successfully sequenced
from 251 honey samples. Bacterial DNA was recovered
from 253 samples, with 250 samples yielding both plant
and bacterial DNA sequences. Across all samples, there
were 2,214,404 reads of plant DNA, assigned to 2,760
unique ZOTUs (zero-radius operational taxonomic
units; unique DNA sequences [81]) in 124 families. For
bacteria, 2,449,012 reads were assigned to 3,226 unique
ZOTUs in 194 families. Almost all plant and most bacte-
rial DNA could be assigned to family (97.8% and 76.8% of
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ZOTUs, 95.5% and 87.2% of reads, respectively). Some-
what less plant and bacterial DNA could be assigned to
genus (85.3% and 49.1% of ZOTU and 86.9% and 71.6% of
reads, respectively).

We primarily focused on the extent to which honey bee
niche breadth varied over latitude. As additional poten-
tial sources of variation in observed niche breadth, we
also recorded year of sampling, number of hives from
which the honey was pooled for the sample, number of
beekeepers from which the honey was pooled for the
sample, hive type, method of honey extraction, coun-
try, and longitude. However, all of these other covariates
were significantly confounded with latitude (Appendix
§2), largely due to the clustering of similar values of the
predictors to particular latitudes. As this confounding
presented problems of identifiability in models including
latitude and other predictors, we first tested for trends
with respect to latitude alone, then examined whether
these additional predictors could account for residual
variation in the data. In addition, sequencing depth may
affect the detectability of interaction partners. Indeed,
the number of plants or bacteria recovered from a sample
was correlated with the total number of reads obtained
from the sample in question (Appendix S3). We therefore
focused on overall trends in niche breadth with respect to
latitude, identified using quasi-Poisson regression mod-
els of group-specific richness to the logarithm of total
reads and absolute latitude. After examining the overall
trends, we tested whether these trends varied with year
of sampling, number of hives, hive type, and method of
harvest. These other factors did not have major effects on
trends in niche breadth over latitude, except where sam-
ples with a certain factor value were clustered in a nar-
row range of low latitudes (Appendix $4). This concerned
in particular the top-bar hives and the hives from which
honey was extracted by squeezing. We examined trends
in honey bee niche breadths measured using plant and
bacterial ZOTUs, genera, and families. Since the results
were largely consistent across taxonomic levels for both
kingdoms, we present results for ZOTUs in the main
text and results for genera and families in Appendix S5.
To account for the possibility that over-representation of
some countries in our dataset could influence our results,
we conducted a rarefaction analysis of the models relat-
ing niche breadth to absolute latitude and log(reads).
This analysis showed very little effect of geographically-
aggregated sampling on our conclusions (Appendix S6).
Separately, to assess whether the trends we find in the
sampling around the world are consistent within the
native range of Apis mellifera (Africa, Middle East and
most of Europe, following Requier et al. [25, 27]), we fit
an additional round of models relating niche breadth to
absolute latitude and log(reads) using only the samples
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collected within this range. This analyses confirmed all
the trends obtained when using the full dataset (Appen-
dix §7).

Does the niche breadth of the honey bee vary over latitude
in terms of plant and bacterial interaction partners?

Niche breadth defined as number of plant ZOTUs per
honey sample increased significantly with increasing
latitude (Fig. 2A; Table 1), while niche breadth based on
bacterial ZOTUs decreased significantly with increasing
latitude (and was thereby highest in the tropics; Fig. 2B).
For both kingdoms, these trends were significant in the
Northern and Southern hemispheres, though the trend
was much weaker for bacteria in the Southern hemi-
sphere (Fig. 2C-D; Table 2). This appears to be due to
particularly high niche breadth just north of the Equator,
whereas we have few samples from equivalent latitudes in
the southern hemisphere.

Do latitudinal trends vary among bacterial groups

of known impacts?

The number of Paenibacillaceae and Lactobacillaceae
ZOTUs in honey declined significantly with increasing
latitude, while the richness of other focal families did not
show any clear latitudinal trends (Fig. 3, Table 3). This
suggests that latitudinal gradients in bacteria richness
vary between taxonomic groups.

Discussion

The Latitudinal Biotic Interaction Hypothesis predicts
a general increase in the strength of biotic interactions
and a corresponding decrease in niche breadth towards
the Equator [10]. When exploring this pattern using the
honey bee Apis mellifera as a model species, we found
different patterns in associations with different king-
doms. Honey bees visited more plants at higher latitudes
(i.e., a wider niche), but were associated with more bacte-
ria in the tropics. In both cases, our results could reflect
differences in foraging behaviour among honey bee sub-
species [23] as bee subspecies have different ranges [27].
It is also possible that there are differences in niche
breadth patterns between the native and introduced
range of A. mellifera, although we found the same results
for samples collected within the native range and our
full dataset (Appendix S7). Identifying the subspecies in
each hive and the extent to which their foraging may be
affected by adaptation to local plants [27] would be inter-
esting directions for future research, but do not provide a
ready explanation for the differences we observe between
numbers of plants and bacteria represented in honey.
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Fig. 2 The niche breadth of the honey bee varied significantly over latitude, though the trends differed depending on whether we define

niche breadth using the number of plant (A, C) or bacteria (B, D) ZOTUS identified in a honey sample. A Honey bees visited more plant ZOTUs
towards the poles (i.e, broader niches), and C the strength of this trend was similar in the Northern (blue circles) and Southern (orange diamonds)
hemispheres. B Honey bees encountered fewer bacterial ZOTUs towards the poles (i.e,, narrower niches), though this trend was much weaker
(but still significant) in the Southern hemisphere. The curves represent fitted values from a model including the log of the total number of reads
to account for increasing detectability with increasing sequence yield. The solid line represents the fit for the mean number of reads for each
taxonomic group and the dotted lines represent the 25% and 75% quantiles. For the mean number of reads, we also show results for each
hemisphere separately

Table 1 Results for quasi-Poisson regressions of ZOTU per honey sample against absolute latitude and the log of total number of

reads

Absolute latitude log(Reads)
Group B F p B F p
Plants 9.78 x 1073 428 <0.001 3.03 x 107! 22.7 <0.001
Bacteria —2.07 x 1072 61.3 <0.001 2.31 x 107! 7.00 0.009

Shown are coefficients, F-statistics, and p-values for absolute latitude and log(total reads). Regarding coefficients, note that in a quasi-Poisson regression,
y = elMercePt+h For genera and families, see Appendix S5, Tables S70-11

These contrasting trends are instead likely to reflect dif- Honey bees’ plant usage aligns with the Latitudinal Biotic
ferences in actively-chosen vs. chance interactions. Interaction Hypothesis
In our global dataset, more plant ZOTUs and genera
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Table 2 Results for quasi-Poisson regressions of ZOTU per honey sample aganst absolute latitude (abs(lat)), log(total reads),
hemisphere, and the interaction between latitude and hemisphere

Plants Bacteria

df F P df F P
abs(lat) 1,246 849 <0.001 1,248 322 <0.001
log(reads) 2,246 19.9 <0.001 2,248 10.5 0.001
Hemisphere 1,246 52.1 <0.001 1,248 223 <0.001
abs(lat):Hemisphere 1,246 0.803 0.371 1,248 6.21 0.013

Shown are coefficients, degrees of freedom, F-statistics, and p-values. Significant terms (<0.005) are indicated in bold

Acetobacteraceae Clostridiaceae

F=0.32€; p=0.568 A F=0.006; p=0.939 B

Enterobacteriaceae Enterococcaceae
30 F=4.83; p=0.029 C F=0.204; p=0.675 D
20 — -
> 10 |- -
Iz ane s Sesfelil o
o o ] el == = = — — —gf |
© Lactobacillaceae Moraxellaceae
D
F=20.9; p<0.001 F=0.632; p=0.427
5 a0 P E| | P F
N
[ J
Orbaceae Paenibacillaceae
F=1.18; p=0.280 G PY F=15.3; p<0.001 H

Absolute latitude Absolute latitude
Fig. 3 Latitudinal trends in the richness of focal bacterial groups encountered by honey bees. Shown are the number of ZOTUs recovered
per honey sample for bacterial families (coloured circles). Black lines indicate fits of models relating ZOTU richness in the focal family to absolute
latitude and the log number of reads in the sample. For simplicity, we show results for the mean number of reads per sample, across all samples
which included the focal family). Dashed lines indicate non-significant trends. For the effect of absolute latitude in each model, we provide
pseudo-F and p-values as insets. These values were derived from anova tests
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Table 3 Results for quasi-Poisson regressions of ZOTUs within selected bacterial families against log(total reads, absolute latitude,

hemisphere (categorical), and their interaction

Absolute latitude log(Reads)

Taxon B F p B F p
Acetobacteraceae —0.00303 0.326 0.568 0.191 343 0.065
Clostridiaceae 0.000193 0.006 0.939 0.126 0.258 0613
Enterobacteriaceae 0.00265 4.83 0.0295 0.370 14.5 <0.001
Enterococcaceae 0.00488 0.204 0.675 -1.43 14.0 0.020
Lactobacillaceae —0.0210 20.9 <0.001 0.597 14.7 <0.001
Moraxellaceae —-0.00204 0.632 0427 0.639 27.0 <0.001
Orbaceae —0.00338 1.18 0.280 0.0434 0.185 0.668
Paenibacillaceae —0.0474 15.3 <0.001 0.606 3.19 0.078

Shown are coefficients, F-statistics, and p-values. Regarding coefficients, note that in a quasi-Poisson regression, y = elntercept+p_ Significant trends (<0.05) are

indicated in bold

were found in honey samples at higher latitudes. The
observed increase in number of taxa was modest, but sig-
nificant, with approximately 3.5 additional plant ZOTUs
or one additional plant genus visited when moving 10 of
absolute latitude towards the poles (Table 1; assuming
the mean number of reads per sample). The observed
increase in number of families was even smaller, and may
be due to the spatial aggregation of our data (see Appen-
dix S6). As honey bees select individual plants to visit
rather than higher-order taxa, it is not surprising that
trends in niche breadth based on plants are strongest at
the level of ZOTUs and weakest for families. Although
we do not test the strength of plant-honey bee interac-
tions directly, this increase in niche breadth towards the
poles is consistent with the Latitudinal Biotic Interaction
Hypothesis, which predicts fewer but stronger inter-
actions in the tropics [10]. The observed pattern is also
consistent with reports of plants having fewer flower-
visitors towards the Equator [15], but it contrasts with a
recent global review which suggested tropical pollinators
tend to be more generalist [20]. This disparity, however,
is likely due to confounding changes in the composition
of the pollinator fauna with changes in latitude. Towards
the tropics, we see an increasing representation of verte-
brates and social insects among pollinators [20]. Overall,
our findings underline the importance of making a con-
sistent, apples-to-apples comparison of niche breadth
over latitude.

The widening range of plant usage towards the poles
contrasts markedly with the expectation from Neutral
Theory. If honey bees interacted with a constant, ran-
dom subset of all plants available, then we would expect
higher number of interaction partners where flowering
plant richness is higher [8, 82]. Under this scenario, we
would expect broader niches in the tropics rather than
the narrower niches empirically observed.

Arguably, our finding of increasing specialisation
towards the tropics is actually based on a conserva-
tive test. First, the plant interaction partners of honey
bees will include some proportion of passively-attracted
interaction partners. Honey bees will encounter some
wind-dispersed pollen in the environment [46, 83], add-
ing noise to the data on presumptively actively-attracted
interaction partners. Second, the latitudinal trend in
flowering plant richness [5, 7, 84] is not universal. The
overall pattern is disrupted by low richness in tropical
deserts and high richness in temperate hotspots, such as
the South African Cape region [85] and the temperate
forest in southern Chile [86]. Thus, finding a consistent
trend of widening niches towards higher latitudes despite
variation in the underlying pattern of plant richness, and
some noise from wind-pollinated taxa, does attest to a
strong ecological signal of latitude.

An important factor contributing to the number of
plant species visited at any latitude is honey bee behav-
iour. Honey bees select flowers both individually and
as a colony, and use communication among foragers to
share information about available resources [87]. For-
agers scout the area around the hive and inform the
colony of the best nectar sources, with a preference
for those closer to the hive [34]. They then tend to pre-
fer plants with higher nectar volume and higher sugar
content of the nectar [88]. If a few nearby plant taxa
provide abundant, high-sugar nectar, the overall rich-
ness of flowering plant taxa may have little impact on
honey bee interactions. This choice to focus the nectar
foraging on a single or few abundant plant taxa may be
caused both by native, wild plants or crop plants being
abundant in the proximity of the hive [89]. Large fields
of nectar-producing crop plants, such as oilseed rape or
sunflower, are known to attract honey bees and guide
their foraging towards these crops, although honey
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bees’ preferences for these crops depends on the other
plants available [90, 91]. In a similar manner, abun-
dantly-flowering wild plants such as raspberry or wil-
low can be the main nectar source for honey bees [29,
83]. If large crop fields or highly-abundant wild plants
occur more often towards the tropics, this could
explain the decrease in interaction partners towards
equator. However, we are not aware of any evidence
for such a pattern. In this context, vegetation mapping
in the vicinity of the hives from which the honey sam-
ples originate would be an extremely useful addition to
future studies. This would allow for a direct comparison
of the availability of flowers to the flowers chosen by
honey bees, across latitudes.

As well as local plant abundance, honey bee niche
breadths will depend on local flowering periods. Broader
niches at higher latitudes could result from shorter
flowering periods if honey bees at high latitudes need
to switch plants more often through the season than
do tropical honey bees. While in general plant flower-
ing and bee foraging are restricted to a few months at
high latitudes, peak flower abundance for different spe-
cies is likely to be on different days or weeks. Following
the logic of floral abundance outlined above, this could
result in rapid switching between different plant species
to take advantage of peak nectar availability. In the trop-
ics, where temperature is less restrictive for both flow-
ering and foraging, some plants may flower for a much
greater proportion of the year and offer honey bees a reli-
able long-term resource. We are not aware of any global
comparison of flowering times across latitudes, but such
an analysis would offer a key contribution to understand-
ing how local plant richness translates to short-term
resource availability for pollinators.

Longer honey storage within the hive could also con-
tribute to the trends we observe, if honey bees select
similar numbers of the best-quality resources at any
given time regardless of latitude, these resources have
higher temporal turnover at higher latitudes, and honey
samples from high-latitude hives include honey stored
over a longer period than honey in tropical hives which
may be harvested multiple times per year. This possibil-
ity is contradicted by recent research from high latitudes
(specifically, Finland) which reveals a turnover of plant
composition within stored honey over approximately two
months [29, 30]. Turnover in plant composition within
honey reflects ongoing consumption of honey by the
bees themselves and means that a honey sample collected
at the end of the active foraging season represents only
flowering plants used within the last one to two months.
Thus, although honey may be harvested by humans mul-
tiple times per year at low latitudes and only once at high
latitudes, honey bees themselves create a standardised
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sampling window by their own consumption of honey,
making longer honey storage an unlikely cause of the
trends we observe.

Honey bees’ encounters with bacteria is consistent

with Neutral Theory, assuming bacterial richness increases

towards the equator

The richness of bacterial taxa in honey samples increased
strongly towards the equator. This pattern is consistent
with our prediction of more diverse honey bee-microbe
associations at lower latitudes, based on the assumption
that bacteria are more species-rich in the tropics. As
honey bees meet most of the bacteria they are associated
with through chance encounters in the environment [92],
we expected that the number of microbes encountered
should reflect microbial richness in the environment [8,
82].

It is important to reiterate that global trends in bacte-
rial richness are not yet well-documented and prelimi-
nary studies show conflicting results ([93] but see e.g.
[94]). As with plants, we did not empirically sample bac-
terial species richness in the environment. Instead, we
base our assumption about bacterial richness on trends
in other taxonomic groups, which are generally more
species-rich at lower latitudes [5]. There is no obvious a
priori reason why richness in micro- and macro-organ-
isms should show different trends, but we eagerly await
stronger empirical evidence of global bacteria diversity
patterns.

If bacteria are indeed more species-rich in the tropics,
our current results are consistent with Neutral Theory [8,
82]. As honey bees encounter most of their associ-
ated bacteria randomly in the environment, we would
expect them to have more associated bacteria where
the local bacteria community is richer. If our underly-
ing assumption is false and bacterial richness is constant
over latitude or higher towards the poles, this implies
that honey bees are more generalist in regard to associa-
tions with bacteria in the tropics for other reasons. How-
ever, greater generalism in the tropics would also be at
odds with the Latitudinal Biotic Interaction Hypothesis,
which generally predicts fewer but stronger interactions
in the tropics. To find support to either hypothesis, and
to explore the patterns more in detail, more research on
global bacterial diversity trends, as well as the local bac-
terial diversity a particular honey bee colony can poten-
tially associate with, is needed.

Despite the clear overall trend, we observed substan-
tial variation between focal families of bacteria (Fig. 3).
As examples of functionally-important groups, we spe-
cifically examined eight families. Seven of these fami-
lies have known members with strong associations with
honey bees which range from pathogens to symbionts
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living in bee guts or hives [39, 73, 80]. The eighth group
(family Clostridiaceae) includes an environmental
bacterium Clostridium botulinum pathogenic to ani-
mals, transported by honey bees and commonly found
in honey [75]. Among these groups, we found pro-
nounced differences in latitudinal pattern. The number
of Paenibacillaceae or Lactobacillaceae ZOTUs in honey
increased towards equator, whereas the other families
showed constant ZOTU richness across latitudes.
Among the Lactobacillaceae, two species are known to
occur in the guts of all honey bees [37, 95]. The ZOTU
richness within these species is therefore unlikely to vary
across latitudes. Instead, the increase in richness towards
the tropics is likely due to greater richness of other lac-
tic acid bacteria living in nectar [39, 41, 96, 97] or else-
where in the environment [98]. The Paenibacillaceae,
meanwhile, include bee pathogens (e.g.Paenibacillus
larvae and P. alvei) as well as species producing anti-
microbials and insecticides, offering protection against
insect herbivores and pathogens (e.g. against the patho-
gen Clostridium botulinum [99, 100]. As these and the
other focal families we consider have such a wide range
of functions, it is possible that there are various drivers of
richness trends within, as well as between, bacterial fami-
lies. Unravelling these trends is beyond the scope of the
present study but offers a broad field for further studies.

Conclusions

Focusing on the honey bee allowed us to apply a con-
sistent methodology for measuring changes in the rich-
ness of associations with other taxa (niche breadth) over
latitude. Our main finding was that latitudinal trends in
niche breadth varied with the type of interaction. While
the Latitudinal Biotic Interaction Hypothesis posits a
general increase in the strength of biotic interactions
towards the Equator [10], our study suggests that this is
most likely true specifically for actively selected interac-
tion partners; i.e., the plants that the honey bees choose
to visit. For such interactions, the increase in the num-
ber of interaction partners is consistent with the Latitu-
dinal Biotic Interaction Hypothesis, which predicts fewer
(but stronger; not tested here) interactions in the tropics.
However, for interactions resulting from chance encoun-
ters in the environment, latitudinal pattern in interaction
richness was completely different. In this case, our results
fail to reject the Neutral Theory, assuming bacterial rich-
ness increases towards the equator [82, 101]. Since all
our findings relate to a single species with the same fun-
damental niche across the globe, our study is the first to
show how different ecological theories may apply to dif-
ferent types of interactions. With this, the stage is set for
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extended assessments of global patterns in interaction
richness over latitudes.
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