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Abstract

Background Over half of the world’s population lives in urban areas with, according to the United Nations, nearly
70% expected to live in cities by 2050. Our cities are built by and for humans, but are also complex, adaptive biological
systems involving a diversity of other living species. The majority of these species are invisible and constitute the city’s
microbiome. Our design decisions for the built environment shape these invisible populations, and as inhabitants we
interact with them on a constant basis. A growing body of evidence shows us that human health and well-being are
dependent on these interactions. Indeed, multicellular organisms owe meaningful aspects of their development and
phenotype to interactions with the microorganisms—bacteria or fungi—with which they live in continual exchange
and symbiosis. Therefore, it is meaningful to establish microbial maps of the cities we inhabit. While the processing
and sequencing of environmental microbiome samples can be high-throughput, gathering samples is still labor and
time intensive, and can require mobilizing large numbers of volunteers to get a snapshot of the microbial landscape
of a city.

Results Here we postulate that honeybees may be effective collaborators in gathering samples of urban microbiota,
as they forage daily within a 2-mile radius of their hive. We describe the results of a pilot study conducted with three
rooftop beehives in Brooklyn, NY, where we evaluated the potential of various hive materials (honey, debris, hive
swabs, bee bodies) to reveal information as to the surrounding metagenomic landscape, and where we conclude that
the bee debris are the richest substrate. Based on these results, we profiled 4 additional cities through collected hive
debris: Sydney, Melbourne, Venice and Tokyo. We show that each city displays a unique metagenomic profile as seen
by honeybees. These profiles yield information relevant to hive health such as known bee symbionts and pathogens.
Additionally, we show that this method can be used for human pathogen surveillance, with a proof-of-concept exam-
ple in which we recover the majority of virulence factor genes for Rickettsia felis, a pathogen known to be responsible
for“cat scratch fever”.

Conclusions We show that this method yields information relevant to hive health and human health, providing a
strategy to monitor environmental microbiomes on a city scale. Here we present the results of this study, and discuss
them in terms of architectural implications, as well as the potential of this method for epidemic surveillance.
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Introduction

Over half of the world’s human population lives in urban
areas and, according to the United Nations (UN), nearly
70% of us will live in cities by 2050 [1]. Our cities are
built by and for humans, but are also complex, adaptive
biological systems involving a diversity of living spe-
cies [2]. The majority of these species are invisible and
constitute the city’s microbiome. Our design decisions
for the built environment shape these invisible popula-
tions, and we interact with them on a constant basis [3,
4]. A growing body of evidence shows us that our health
and well-being are dependent on these interactions [5].
Indeed, multicellular organisms owe meaningful aspects
of their development and phenotype to interactions with
the microorganisms—bacteria or fungi—with which
they live in symbiosis [6, 7]. Accumulated evidence con-
firms that mammalian phenotypes are related to a com-
bination of an individual’s genotype as well as that of its
microbiota, including disease states such as obesity [8]
and influence on neuro-psychiatric disorders as well [9].
Beyond human consequences, plants’ flowering time has
been found to depend on the soil microbiome [10] and
the useful metabolic compounds in medicinal plants are
possibly synthesized in conjunction with their symbiont
bacteria [11], both traits formerly thought to depend
only on the plant’s genotype. Metagenomic studies such
as these are facilitated by the rapidly decreasing cost of
high-throughput DNA sequencing, and support a grow-
ing understanding that the phenotype of a multicellular
organism depends on both its own genotype and that of
its associated microbes. As capacity for gathering and
analyzing genomic and metagenomic data grows, our
capacity to understand interspecies relationships is grow-
ing alongside it, with the potential of elucidating funda-
mental biological questions of host-symbiont selection
and evolution mechanisms such as testing hologenome
[12, 13] theories of evolution.

Metagenomics is a rapidly growing field that is well-
situated to survey across all domains and kingdoms of
life, including city-scale efforts of urban metagenom-
ics. Microbial classification using high-throughput DNA
sequencing is faster and more comprehensive than cul-
ture-based methods, and has enabled city-wide map-
ping of microbial populations [14—16]. Mapping indoor
environments [3, 17] also provides insights into the rela-
tionship between humans and the indoor microbiome,
which holds promise for designing buildings that opti-
mize this metric. Thus, we are moving away from the
germ-centric paradigm of microbes to the quantification
of a ubiquitous, continuous and commensal map of the
environmental microbiome within which we live, work,
and sleep. While the processing and sequencing of sam-
ples can be high-throughput (with automation, hundreds
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at a time), gathering samples is still very expensive, labor
intensive, and can require mobilizing large numbers of
volunteers to get a snapshot of the microbial landscape
of a city, such as global City Sampling Day (metasub.
org). Moreover, samples collected manually with swabs
represent a limited area: 0.1-0.5m? While this scale of
resolution is important for applications such as tracking
contamination through a hospital, it is not always easily
implemented for city-scale studies and leads researchers
to look for pinch points where samples might be most
meaningful. Examples of this have been MetaSub sam-
pling subways [16], air sampling in indoor environments
[18], or sewers [19, 20].

Setting out to collect a more distributed and compre-
hensive sample of the urban landscape, following con-
versations with artists Timo Arnall and Jack Schulze,
we investigated the potential of using honeybees as
proxy sampling mechanisms for the urban microbiome.
On average, honeybees forage within a 1-2 mile radius
around their hive in rural environments [21] and 0.3-1
miles in urban environments [22], and we hypothesized
that their travel would permit them to interact with vari-
ous microbial environments including air, water, and
mammalian sources in addition to their known plant
targets. We designed a pilot study to test for geo-specific
microbial residues corresponding to all of these environ-
ments within material found in a hive.

Here we describe the results of a pilot study conducted
with three rooftop beehives in Brooklyn, NY, where we
evaluated the potential of various hive materials (honey,
debris, hive swabs, bee bodies) to reveal information as
to the surrounding metagenomic landscape, and where
we conclude that the hive debris are the richest substrate.
Based on these results, we profiled four additional cities
by collecting hive debris: Sydney, Melbourne, Venice and
Tokyo. Here we present the results of this study, and dis-
cuss them in terms of architectural implications, as well
as the potential of this method for epidemic surveillance.

Methods

Hives and collection methods

U.S.A.—Brooklyn

The hives of three independent beekeepers were sampled
in New York City. The first location (AS) were Langstroth
hives located in Astoria, Queens, NY. The second loca-
tion (CH) were Langstroth and Top Bar hives located in
Crown Heights, Brooklyn, NY. The third location (FG)
were Langstroth hives located in Fort Greene, Brooklyn,
NY. Samples of honey, bees, hive debris, and swabs of the
inside of the hive were collected using sterile one-time-
use scrapers and transferred into sterile 50 ml Falcon
tubes. Bee bodies were submerged in isopropyl alcohol
for storage.
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Australia—Sydney and Melbourne

Hive debris from two Langstroth hives in Sydney
(SYD1, SYD2) and two in Melbourne (MEL, SH) were
sampled. Custom collection trays with self-sealing
apertures, designed to be placed under the hives to
collect hive debris, were developed and fabricated at
MIT, and shipped to Sydney and Melbourne for deploy-
ment. Trays were installed for 1 week collections, then
removed and hive debris samples were transferred to
sterile 50ml Falcon tubes.

Italy—Venice

Hive debris from one Langstroth hive at the Palazzo
Mora, Venice, Italy was sampled. Debris were collected
from the hive using a sterile one-time-use scraper and
transferred to 50ml Falcon tube.

Japan—Tokyo

Hive debris amples were collected from 12 hives dis-
tributed over 4 neighborhoods. Samples were collected
with sterile one-time-use scrapers and stored in ster-
ile 50ml Falcon tubes. The locations were Marunouchi
(MA), SO TALH & H 5 100-0005, Mita (MI), &
H5( 108-0073 H A, Marronnier Gate (MR), Y A=I7
—b$RJ#1, and Ginza (GK), $1J# HJL[E 55T 104-0061.

Sample preparation

The general approach to DNA extraction involved a
combination of lysis methods including mechanical,
thermal, and enzymatic disruption to try and ensure
that DNA from plant, microbe, and human sources
would be extracted for sequencing.

Honey
The honey samples were diluted in a 1:1 ratio of grams
of honey to mL of ultrapure water and then vortexed
vigorously. The mixture was then spun down in the
centrifuge at 3900 RCF for 20 minutes, the supernatant
was discarded and the pellet along with

~ 200 pL residual liquid was moved to an Eppendorf,
and placed in the — 20 °C freezer until the DNA extrac-
tion step.

Bee debris

The bee debris was diluted in a 1:5 ratio of grams of bee
debris to mL of ultrapure water. The mixture was then
heated in a water bath at 70 °C for 5 minutes in order
to soften the debris and have it disperse in the liquid
and then spun on the vortex vigorously. The liquid
and solids were then separated, and both were placed
into Eppendorfs and placed in the — 20 °C freezer so
that a freeze-thaw cycle would help disrupt the cell
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membranes. The bee debris material was then ground
with a mortar and pestle to break down any large pieces
of bee debris, and resuspended in 1X PBS to bring all
of the tubes to a final volume of 20 mL. Then material
was then allowed to settle, spun down at 3900 RCF for
20 minutes along with 1-2 grams of 100um glass beads
to further mechanically disrupt the samples. The pellet
and a small amount of the supernatant was then used
for DNA extraction.

Bees

The isopropyl alcohol was drained from the tubes, then
bees were placed in a mortar and pestle that was pre-
chilled to — 80 °C before use. The bees were crushed
vigorously into a paste. The paste was then placed in
Eppendorf tubes and placed in the — 20 °C freezer until
the DNA extraction step.

Swabs

The swabs, Copan Liquid Amies Elution Swab 481C,
were stored in the — 20 °C freezer until the DNA extrac-
tion step.

DNA extraction

The protocol for 3-5 mL of starting material of the Pro-
mega Wizard® Genomic DNA Purification Kit (A1120)
was used, with the following alterations to the standard
protocol: one hour incubation at 37 °C in a shaker after
the neutralization step; the samples were vortexed vig-
orously for about 1-2 minutes after the lysis and neu-
tralization buffer were added to mechanically disturb the
material; following this a phenol/chloroform step was
done to remove any remaining organic matter before
being placed in the spin column; the DNA was eluted
with 20 uL of TE buffer warmed to 65 °C; there was a
2 minute incubation time at room temperature before
spinning down.

Library preparation
The Library preparation protocol was performed at the
Mason Lab at Weill Cornell Medicine, using the follow-
ing kits according to manufacturer’s instructions. It was
used to prepare libraries for all samples.

[lumina/Qiagen 500bp Prep:

1. Size selection with Agencourt AMPure XP Beads
(A63881)

2. End repair and A-tailing: Qiagen GeneRead DNA
Library I Core Kit (180,432)

3. Amplification: Qiagen GeneRead DNA Library I
Amp Kit (180,455)
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4. Tlumina TruSeq DNA LT adapter kits A and B for up
to 24-plex per sequencing pool.

Sequencing

Brooklyn Pilot Study: The samples were sequenced at the
BioMicro Center at MIT. The sequencing requested was
a 150bp paired end sequence on one lane of the Illumina
MiSeq. Venice Study: The sample was sequenced at the
CNAG supercomputing center in Barcelona, Spain, with
150bp paired end reads on a Illumina MiSeq lane. Aus-
tralia and Tokyo samples: Sequencing was performed
on the Illumina HiSeq platform at Weill Cornell Medi-
cine, with 125bp paired-end reads. See Additional file 6:
Table S1 for read counts for all samples.

Analysis
Metagenomic classification
Read quality was assessed with FastQC [23] and read
quality was sufficient to not require trimming (see Addi-
tional file 7 for sample metadata, and Additional file 8 for
MetaQC [24] reports). DIAMOND [25] — MEGAN [26]
against the NCBI-nr database was used for read classifi-
cation, as described in [27].

run diamond:

for file in *.fastg.gz; do name=${file/.
fastqg.gz/}; diamond blastx

-d /path/to/NCBI nr/nr -qg
Sname -p 16

convert binary DIAMOND format to BLAST
tabular format:

for file in *.daa;
$file --out

${file/.daa/}.tab
$file; done

perform read-by-read taxonomy classifi-
cation with MEGAN:

for file in *.tab; do /path/to/pro-
grams/megan/tools/blast2lca - input
$file --format BlastTABR --topPercent 10
--gi2taxa

/path/to/programs/megan/GI Tax map-
ping/gi taxid-March2015X.bin-- output
$file.read assignments.txt; done

Heatmaps were generated with the script metaphlan_
hclust_heatmap.py from the MetaPhlan package, display-
ing the abundances for species only (default —tax_lev s),
in logarithmic scale (-s log). The clustering is performed
with "average" linkage (default -m average), using "Bray—
Curtis" distance for clades (default -d braycurtis) and
"correlation” for samples (default -f correlation).

Sfile -a

do diamond view --daa

--outfmt tab; echo
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metaphlan hclust heatmap.py -in S$file
-out $file.Blues.minv0.maxvl.Blues.log.

pdf -c Blues -s log -minv 0.0 -maxv 1.

Diversity quantification
Beta-diversity was calculated according to the Bray-Cur-
tis dissimilarity metric (Bray and Curtis 1957) as imple-
mented by the Qiime2 package [28].

S metaphlan2biom.py merged.samples.
metaphlan.out merged.samples.biom

$ beta diversity.py -i merged.samples.
biom -m bray curtis -o merged.samples.
beta div.bray curtis

P-value was calculated based on 100 bootstrapped sub-
samples of the Brooklyn debris sample, each subsample
being of 1 million reads. Bootstrapped samples were
classified using the same methods as described above,
and pairwise beta-diversity calculated as above. P-value
was calculated as the number of bootstrap samples with
lesser dissimilarity value than the test value.

Assembly and contig annotation

Co-assembly of Tokyo samples (assembly of all sequences
pooled together) was performed with MegaHit [29] and
reads for each individual sample were mapped to con-
tigs with Bowtie2 [30]. Assembly yielded 3207501 con-
tigs with a total of 2802811167 base pairs. Contig length
ranged from 200 to 488034 base pairs, with an average
of 874bp and an N50 of 1515bp. Contigs were annotated
with Anvio [23].

Virulence factor identification

Virulence factors for Rickettsia felis were downloaded
from the Virulence Factors of Pathogenic Bacteria data-
base  http://www.mgc.ac.cn/cgi-bin/VFs/compvfs.cgi).
BLAST [31] was used to align the virulence factor genes
to the assembled contigs, reporting the query coverage
and percent identity.

Results

Brooklyn pilot study

In order to assess the potential of using honeybees as
metagenomic “sample collectors’, we designed a pilot
study with three Langstroth hives in Brooklyn, wherein
we sampled the interior of the hive, the debris at the bot-
tom, bee bodies, and honey. We sequenced the DNA of
each sample using a high-throughput shotgun approach,
and classified the reads using DIAMOND-MEGAN
against the NCBI NR nucleotide database, which
includes all kingdoms and domains of life (see Methods


http://www.mgc.ac.cn/cgi-bin/VFs/compvfs.cgi

Hénaff et al. Environmental Microbiome (2023) 18:23 Page 5 of 12

log relative abundance

2 -1
10 10 10°
A. Honey B.Bee
ss_Acinetobacter_nectaris_CIP_110549 s Spurusarcma newyorkensis [
ingiae nterobacter_cloacae |-
s_ Pseudomonas._syringae s Kquabactenum sp. NJ1|
Medicago_truncatula s__Fusarium_avenaceum |-
s_Hymenobacter_narwichensis Escherichia coli |-
Sur:oybrgS:'(‘i?\?ranﬁ;relsa%olgseznlulri ss__Enterobacter_cloacae_EcWSU1 |-
ss__Sporosarcina_newyorkensis_2681 |-
sS, Aureobas\dlum melanogenum CBS_110374 P s, Alkanlnd\gyes illinoisensis |-
Massilia_sp._9096 s_ Klebsiella_pneumoniae |-
S, Acmetobacter baumannii s__Rhizoctonia_solani |-
s_Lactobacillus_kunkeei D&inococcus_aquatilis [-
s_Acinetobacter nectaris s__Stigmatella_aurantiaca |-
s_Alkanindiges._illinoisensis [~ s_ Salmonella_enterica |-
s__Azohydromonas_australica |- ss__Nosema_ceranae_BRLO1 |-
s_Aquabacteriim_sj Jl - s__Massilia_sp. JS1662 |-
s_Singulisphaera_acid L ~5_ Nosema_ceranae |-
__Massilia_sp. 51552 - s__Deinococcus_swuensis |-
s_Spirosoma_linguale |- s__Saccharibacter_sp._AM169 |-
ss, Splrosuma linguale_DSM_74 |- s_| Entercbacler asburiae |-
Gltured_bacterium |- Cerapachys_biroi |-
S, E'egetlbacter koreensis |- ss__Bifidobacterium, astermdes PRL2011 |-
5__Chthoniobacter flavus |- s, Trlbol\um castaneum o
s_ Escherichia_coli |- s_ Solenopsis, -
Rickettsia, ?ens - __Apis_ melhfera o
s_Lactobacillus_sp._wkB8 |- s_Snodgrassella alvi [
s__Tactobacillus WkElO - s_Gilliamella_apicola |-
ac(oco:cu‘:r\‘gcetrg - s_Lad Ctobacll\us 5_Sp._\ WkBS o
I s | Lactoba(ll\ o
s sradyrﬁ'zobmm sp. DFCI-1 |- I)ls dorsata L
Ap\s melhfera - s_| Lactcbacll\us _Crispatus |
_sapiens |- orus_pallidus -
B Frlschel\a perrara [ s_| Bmdob_actenum asteroides |-
s Snodgrassella_alvi |- -amponotus._ floridanus -
) s_Pediculus_humanus |- 5~ Harpegnathos_saltator |-
s__Gemmatimonadetes_bacterium_KBS708 |- s__Lactobacillus_kunkeei |-
5 o Dsaccmmmyc?:ss??;; = __Bartonella_tamiae |-
s5_2ygosacEharomyces. rouxi L Frischell L
Saccharibacter sp. AM169 |- s_Frischella_perrara L .
ss- Tactobacils_kunkeei EFB6 |- 2 & 3
s _apicola . L N @ Y
» 3 ?
5 2 3 : :
g b 3
g I g
3 i 3
2 g 2
3
2
C. Hive Interior D. Debris
—

s Eradyrh\zoblum sp._DFCI-1
Gilliamella_apicola

s Snodgrassella_alvi

5_( Gemmatlmonadetes_bactenum KBS708
smamonas_aquatica
s Frischella_perrara
s _Pantholops_hodgsonii
—Lactobacillis_kunkeei

s Spcrosarcma newyorkensis
s_ Acinetobacter_nectaris

s_LactococcUs_lactis

s_Ideonella_sp._B508-1

s_Methylophilus _r metﬁylotrophus

s_Terrisporobactér_sp._08-306576|

s_Sphingomorias sp 517
5__Acidovorax_sp.

S/ Acndovorax deTaﬁeIdu

Acidovorax_radicis

s_Burkholderiales bactermm_jOSHl 001

Acidovorax_sp. 542

“Uncultured_bacterium

s_Methyfobacterium_éxtorquens

ovorax_sp._NO-1

s Comamonas testosteroni

0_sapiens

s_PseuTomonss _putida

s Sphmgcmonas parapaucimobilis

_Sphingomanas_paucimobilis

Escherichia_coli

Aquabacterlum L NJl

ss_| Enterabacter cloa

s_Alkanindiges roisansis

s_Klebsiella_pneumoniae

ss_Leclercia_adecarboxylata_ATCC_2 23216 = NBRC 102595

_Enterobacter cloacae

5 Salmonella_enterica

s_Adidovorax_sp_ KKS102

Escherichia_vulneris

s_LecTercia_adecarboxylata

Fig. 1 Species classification by type of sample in Brooklyn pilot study: A Honey, B Bee body, C Hive interior, D Debris. Hives are abbreviated as: AS
Astoria, CH Crown Heights, FG Fort Greene. Color map scale corresponds to the log of relative abundance in each sample

E

TTTTTTT

a
2
v
2
a
3
E3
<
H
s
H
H
E

qems oA BpIsUI-SY

s__Candidatus_Saccharimonas_aalborgensis
herichia_hermannii

s__Candidatus_¢ Sacchanbactena bactenum RAAC3 TM7_1
S enotrcphomonas maltophilia
imonella_enterica

cultured_bacterium

s | MncruFacterlum _sp._MEJ108Y
_Shigelia_flexneri
s_Stenotropharonas, riizophila
s_Aureobasidiuni_pullulans

ss_J Aureobasni\um _pullulans_EXF-150
Aureobasidium_melanogenum
s5_Aureobasidiiin, melanogenu CBS. 110374
s_Pantoea agglomerans
s_Pantoea_ananatis
s_Sorangium_cellulosum
_Baudoinia_coripniacensis
ss_Baudoinia (ompmacens\s UAMH_10762
atulibactér_americanus

Aspergillus ruber

s_| Pantoea _sp._NGS-ED-1

antoea _sp..| e

s_Padiculus fumanus
s_Fusarium_avenaceum
Gemmatimonadétes_bacterfum_KBS708
s5_MucaT_circinelioides . c\rclnel\o\des 1006PhL
Mucor circinelloides

ss_Mucor ¢ urcme\hdesf circinelloides
Scherichia_coli

_Aquabacterium spNJ1

s Sphlngomunas sp._Mn802worker
fococcus_lactis

s Alkanmdlges illinoisensis

ssilia_sp. 9096

5 “Massila. 5p. 51663
s_Pseudomonas_lutea
s_Pedobacter_kyungheensis
._Sphingoriionas_melonis

s_Escherichia vulneris
s_Sphingomonas_sp._Ant20

<_ Curtobacterium Sp. B8
s__Sphinggmonas sp. FUKOSWISL
obacterium_s 518

s_CurtgBacterim faccumiadens
s_Frigoribacteridm_sp.| 7]
athayibacter_toxicus

Hymenobacter sp._I52118

s5_ Spitosoma linguaie DM, 74
sZHymenobacter_nonwicherisis
Spirosoma_linguale

Pseudoronas, fludrescens
s_Corynebacterium-like_bacterium_B27
._Sphingomonas_taxi

s__Cytophagales bacteriurn Bo
Terflglobus_roseus|

MucTginibacter Baludls
s__Sphingomonas_phyllosphacrae
s_Sphingobacterium_sp.

s_Novosphingobium_sp. APL2
s__Sphingomonas_sp._RIT328

QemMS SAIH BpISUI-D4

LI e e e e e L

@z@ﬂﬂw

sugaq 99g-94 |-

suqaq9ag-sv |-

SuQaQ938-Z H




Hénaff et al. Environmental Microbiome (2023) 18:23

Page 6 of 12

Table 1 Beta-diversity according to sample type (Bray—Curtis dissimilarity)

Honey

AS CH FG mean P-value
AS 0.81 0.63
CH 0.70 0.71 0
FG

Bee

AS CH FG mean P-value
AS 0.87 0.21
CH 0.87 0.65 0
FG

Hive Interior

AS CH FG mean P-value
AS 0.59 0.28
CH 0.54 0.47 0
FG

Bee Debris

AS CH FG mean P-value
AS 0.76 0.81
CH 0.89 0.82 0
FG

P-value calculated against 100 random subsamples of a debris sample. Hives are abbreviated as: AS Astoria, CH Crown Heights, FG Fort Greene

for more details) (Fig. 1). The honey of each hive is largely
dominated by the species Lactobacillus kunkeei (Fig. 1A),
an obligate fructophilic lactic acid bacteria found in
flowers, wine, and honey [32]. Also of note are Acine-
tobacter nectaris, found in flowers [33], and Zygosac-
charomyces rouxii, known to thrive under salt or sugar
osmotic stress and thus cause food spoilage [34]. Bee gut
commensals were found in low abundance in honey, and
include the species identified in the bee body samples,
described below. Traces of plant DNA were also identi-
fied, including Medicago truncatula and Vitis vinifera.
The bee body samples (Fig. 1B) contain sequences rep-
resentative of both Apis mellifera (European honeybee)
and Apis dorsata (Giant honeybee), indicating the hives
are likely hybrids of these two species. The most abun-
dant microbes in the bee body samples include species
described as bee commensals such as Snodgrassella alvi
and Gilliamella apicola [35], as well as Lactobacillus
wkB8 and wkB10 [34]. The bees from AS and FG hives
display almost identical species distribution, however

the bees from the CH hive show lower abundances of the
aforementioned commensals, and present species absent
from the other two. These include Nosema ceranae, a
fungal parasite of the honeybee affecting both larvae and
adults [37], as well as various human-related bacteria
such as Sporosarcina newyorkensis, isolated from clinical
samples in New York State [38] and Enterobacter species.
We hypothesize the colonization of atypical bacteria in
this bee is correlated to the dysbiosis caused by Nosema
infection.

The inside of the hives (Fig. 1C) was quite uniform
across locations, and dominated by environmental bacte-
rial species usually described as found in polluted envi-
ronments. These include Acidovorax sp. KKS102, known
to degrade biphenyl/polychlorinated biphenyls (PCBs)
[39], Sphingomonas sp. S17 [40], found in high-altitude
Andean lakes and tolerant to high pH and desiccation.
The interior of beehives is coated with propolis, a res-
inous substance including polyphenols from essential
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environment. Numbers are relative abundance (normalized to 1 for each sample). Colored cells indicate values over 0

oils and with a pH of 8.5 [41]. It is a strong antimicro-
bial, antifungal and antiviral agent [42] and therefore
we hypothesize the presence of extremophile bacteria,
and their similar distribution across hives, is a result of
selection by the chemical properties of propolis. The
species identified in the debris samples (Fig. 1 C) were
the most diverse (Table 1), and include several species
of plants as well as plant-associated microbes such at
the fungus Aureobasium pullulans, also an opportunis-
tic human pathogen [43], aquatic microbes such as the

alkane-degrading Aquabacterium sp. NJ1 [44] and hon-
eybee associated such as Stenotrophomonas maltophilia
[45] (also known as an opportunistic mammalian patho-
gen [46]). Taken together, the samples cluster accord-
ing to sample type, versus sample location (Additional
file 1: Fig S1). As a control, we also sampled a beekeeper’s
hands and hive scraper tool (in one instance) as well as
the hive exterior, and these samples were notably differ-
ent than the debris as well (Additional file 1: Fig S1). The
former control indicates that the signatures in the debris



Hénaff et al. Environmental Microbiome (2023) 18:23

Table 3 Bee related species: known bee gut species, honey and
bee crop species, pathogens, and parasites

number of
samples

Lactobacillus kunkeei
Saccharibacter sp. AM169
Frischella perrara
Gilliamella apicola
Lactobacillus sp. wkB10
Lactobacillus sp. wkB8
Snodgrassella alvi
Bifidobacterium asteroides
Varroa destructor
Paenibacillus larvae
Melissococcus plutonius

honey and crop

bee gut

parasite

NIN|W|R|N|R[R|lolu|Nn]|n

pathogen

collected are not just from manipulation, and the latter
indicates that the debris composition is not just from set-
tling of material from the environment immediately exte-
rior to the hive.

While samples from different hives within a sample
type are significantly different from each other (P=0.0)
according to Bray—Curtis dissimilarity (Table 1), we
found the debris samples to be the most diverse, as well
as have the highest proportion of environmental bacteria.
As our interest was to collect metagenomic information
of the environment the bees traverse, rather than that of
their hive, we concluded that bee debris is the best mate-
rial for that purpose.

Urban metagenomes as seen by bees
We next sampled bee hive debris from four cities across
the world: Venice, Italy; Sydney and Melbourne in Aus-
tralia; several neighborhoods in Tokyo, Japan. Over
all of these locations, we recovered DNA from plants,
mammals, insects, arachnids, bacteria and fungi. Taken
together, 53% of the classified reads were from multicel-
lular organisms, and 47% from microorganisms. (Fig 2).
All metagenomes characterized show different sig-
natures according to cities (Additional file 2: Fig S2),
and have particularities that can be related to the iden-
tity of the city. The metagenome of the debris collected
from the hive in Venice was largely dominated by fungi
related to wood rot (Additional file 3: Fig S3), which is
a common feature of the buildings, built on submerged
wooden pilings, and date palm DNA. Melbourne’s sam-
ple was dominated by Eucalyptus DNA, while Sydney’s
showed little plant DNA, but bacteria such as Gordonia
polyisoprenivorans, which degrades rubber[47] (Addi-
tional file 4: Fig S4). Tokyo’s metagenome includes plant
DNA from Lotus and wild soybean, as well as the soy
sauce fermenting yeast Zygosaccharomyces rouxii [34]
(Additional file 5: Fig S5). Overall, each city has a unique
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metagenomic signature as viewed by bees, with microbes
coming from a variety of sources: environmental, insect-
related, mammalian and aquatic (see Table 2 for relative
abundances of bacteria associated with different hosts or
environments).

Debris as indicator of hive health

As the debris include parts of bees, we looked to the data
to see if we could find microbes related to bee health.
We found three honey and bee crop related species such
as Lactobacillus kunkeii, Saccharibacter sp. AM169 and
Frishella perrara and five bee gut species, with Gillia-
mella apicola being found in the most samples (Table 3)
[48]. We also identified known bee pathogens, namely
Paenibacillus larvae and Melissococcus plutonius, as well
as the parasite Varroa destructor. These results indicate
that debris may be used to assess overall hive health, or to
assess the interaction of bee related species with environ-
mental microbial species.

Debris as indicator of human health

As the bees are traversing densely populated urban areas,
we tested the hypothesis that they may be able to recover
human pathogens and assess their pathogenic capacity
by identifying virulence factor genes. Virulence factors
are the molecules that enable the specific pathogenic-
ity of the micro-organism [49]. Given the high level of
genomic variation within species, asserting the presence
of a pathogen through taxonomic classification is not suf-
ficient to assert its pathogenicity. For this, we proceeded
by performing de-novo co-assembly of the sequences
from a given city, then using a metagenomic-specific
classifier targeted to identify bacterial species from the
contigs. We identified various opportunistic pathogens as
well as some known disease-causing pathogens, includ-
ing Shigella dysenteriae Sd197 (causing bacillary dysentry
[50]) and Rickettsia felis (causing “cat scratch fever” [51]).
We selected the Tokyo dataset for assembly as this loca-
tion presented the highest number of samples, samples
collected at two timepoints, as well as highest sequenc-
ing coverage per sample. We chose Rickettsia felis as an
example to demonstrate the ability to identify a patho-
gen and its virulence factors with this sample collection
method as it was the most represented in the assembled
contigs. To go beyond species classification and assess
pathogenic potential, we queried the assembled metage-
nome for Rickettsia felis virulence factor genes, as their
presence is required for pathogenic capacity. We used R.
felis as a proof-of-principle example that it is possible to
verify pathogenic capacity of classified species with this
type of data. In the Tokyo dataset, we recovered 28 of the
31 Rickettsia felis virulence genes with high coverage and
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Table 4 Alignment statistics of Rickettsia felis virulence factor genes mapped to assembled contigs of Tokyo metagenome

R ET el Ali.gnme:nt %  Alignment % subject contig Subject contig
identity gene coverage length

Accession|YP_247329adrl 870 93.02 82.07

Accession|YP_247330adr2 684 98.68 100.00 k99_3461957 17030

Accession|YP_246376patl 1650 98.37 89.33 k99_5184779 4409

Accession|YP_246759pat2 1113 98.75 101.08 k99_ 6299312 21131

Accession|YP_247313pld 603 97.5 99.50 k99_2470097 13853

Accession|YP_246601ralF 1950 97.45 100.67 k99 802869 12965

Accession|YP_246387rickA 1590 97.92 66.42 k99_4497423 11956

Accession|YP_246483rvhB10 1446 98.8 98.27

Accession|YP_246484rvhB11 1005 98.31 100.00 k99_2250851 6383

Accession|YP_246819rvhB1 840 98.1 100.00 k99_1949946 19589

Accession|YP_247091rvhB2 360 99.72 100.00 k99 588303 7843

Accession|YP_246103rvhB3 288 96.88 100.00 k99 2306863 24667

Accession|YP_246104rvhB4a 2418 99.21 100.00 k99 9338833 19842

Accession |YP_247266rvhB4b 2433 99.14 100.00 k99 758254 54842

Accession|YP_246105rvhB6a 3417 98.1 100.00

Accession|YP_246106rvhB6b 2019 98.09 95.99

Accession|YP_246107rvhB6c 2934 98.29 99.73 k99 9338833 19842

Accession|YP_246108rvhBé6d 2673 98.13 100.22

Accession|YP_246109rvhB6e 3468 98.7 100.00

Accession|YP_246480rvhB7 180 99.44 100.00

Accession|YP_246479rvhB8a 699 98.86 100.00

Accession|YP_246481rvhB8b 732 99.18 100.00 k99_7282718 13219

Accession |YP_246478rvhB9a 753 98.94 100.00

Accession|YP_246482rvhB9b 477 99.58 100.00

Accession|YP_246485rvhD4 1776 98.48 100.00 k99 2250851 6383

Accession|YP_246741scad 3120 94.57 96.22 k99 796908 24425

Accession|YP_247201tlyC 900 99.11 100.00 k99_7586727 10516

at high similarity on the nucleotide level (Table 4). While
co-assembly of these complex metagenomes led to less
than optimal N50 values (N50=1515bp), this assembly
quality was sufficient for virulence factor gene identifi-
cation, as the genes tested for Rickettsia felis were cov-
ered over 97% of their length on average (Table 5) when
aligned to the assembled contigs.

We assessed the persistence of virulence factors in the
debris by analyzing samples taken at a 1- week interval
in the Tokyo hives. After the first sampling, the bottom
trays were cleaned and debris was collected after a week.
In some cases, no markers were observed in the sec-
ond samples, indicating that the cleaning was effective.
In the Marunouchi hive H2, markers were found again,
and more abundantly (Table 5). This indicates virulence
markers that are either very abundant in the bee’s range
or that they can change rapidly in abundance.

Discussion

Here we show that honeybees are relevant sensors for the
urban microbiome, and that the debris collected contain
a trace of the microbial clouds the bees are traversing as
well as carry indicators of hive health. While these meth-
ods are cost prohibitive for amateur or even professional
beekeepers as pathogen detection, and existing targeted

methods already exist, these results present a method-
ology to assess additional dimensions of hive health.
Indeed, we show that bees interact with a wide range of
microbial species and thus future apiculture research
could consider individual hive health in relation to the
bees’ microbial environment, exploiting for example
existing databases and scripts describing bee-associated
bacteria [52]. Indeed, these bees recover microbes asso-
ciated with plants, with which they have physical inter-
actions, but also of mammals and aquatic environments,
with which they presumably do not have direct contact.
This implies that these microbes were constituents of
the respective “microbial clouds” [53] of these entities
and that the bees collect a trace of these clouds. Biologi-
cal content in the atmosphere—the biosphere—was first
described in 1978 [54] and has since been character-
ized as an integral part of ecosystem function [55]. The
biosphere is an indicator of climate change, for exam-
ple, increasing frequency of dust storms from the Afri-
can continent are carrying plant and aquatic pathogens
to the Americas, affecting coral populations [56]. Urban
aerosols contain a diverse microbial component includ-
ing species of potential health and bioterrorism concern.
This study demonstrates a novel sampling methodology,
with consistent results with a recent study using shotgun
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Table 5 Abundance of virulence factors in samples collected at
T-week interval in Tokyo

Abundance of virulence

marker genes (RPM)

Location Hive number |_ Week 1 Week 2
. |H1 I 147 0.00
Ginza Kami 72 }‘ 0.00 0.00
H1 B 2385 0.11
|H2 000 | o044
Marunouchi Ha 317 0.07
H6 282 I 077
Mita H2 3.02 0.00

H2 o1 (I

Marronier |H3 F 029 | 0.33
H4 I 129 0.00

Numbers reported are Reads per Million. Colored bars represent numerical
values of each cell

sequencing of honey to assess bee core gut microbiomes
as well as plant species interaction while foraging [57],
while also providing additional environmental micro-
biome data than the honey substrate. This reveals that
different neighborhoods have different clouds just as
different humans do, and that the collected microbiome
can reveal information about the built environment and
its inhabitants. For example, the Venetian bees carried a
signature of wood rot and aquatic species, similar to pre-
vious work showing how flooded areas of a city can carry
a “molecular echo” of the aquatic events of its past [14].
Indeed, it has been shown that microbial communities
can serve as quantitative geochemical indicators [58] and
the metabolic properties of the recovered communities
can yield information about the environment. Further-
more, metagenomic data can be mined for human-health
related information [59]. Future uses of data collected
in this manner could be assessment of antibiotic resist-
ance gene profiles, and while the molecular and compu-
tational methods used here were based on DNA analysis,
it is possible they could be used to monitor RNA-based
viruses such as Sars-Cov-2 or other future airborne
pathogens, as demonstrated by targeted analyses using
swab-based collection at hive doors during the COVID19
global pandemic [60].

Conclusions

Our ability to recover virulence factors associated with
human disease indicates that this method can serve
for early detection of human-associated pathogens,
in a complimentary modality to existing biosurveil-
lance methods such as indoor air or sewage monitoring.

Page 10 of 12

However, this multi-species methodological approach
may hold even more hope for a diversified understand-
ing of urban microbiomes, their relationship to the built
environment, and their relationship to human and other
non-human species. Indeed, insect-based, city-wide
microbial monitoring is likely more spatially compre-
hensive, even if lower resolution, compared to discrete,
human-based sampling techniques, such as swabbing or
air-sampling. This method offers the capacity to further
catalog the urban environmental microbiome, contrib-
uting information to our understanding of its impact on
humans. Additionally, this methodology offers a frame-
work to understand multispecies interactions in the built
environment, namely understanding hive health in the
context of the microbiome of the bees’ foraging range.

We have the unique possibility to understand our
built environment and therefore design it, not just for
ourselves but for all its inhabitants, from environments
as common and public as subways [61] to those as spe-
cialized and hermetic as space stations [62, 63]. As Jane
Jacobs says, “Cities are an immense laboratory of trial
and error, failure and success, in city planning and city
design” [64]. Through studies such as the one presented
here, and using interdisciplinary approaches including
art practice [65], we aim to further understand this acci-
dentally engineered multispecies experiment of our built,
shared, environment.
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