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Abstract 

Unlike in eusocial bees where the identity, acquisition, and function of symbiotic microbes are well understood, little is known about 
the relationships formed between solitary bees and bacteria. Assessing the potential role of microbes in solitary bee health is impor- 
tant, especially in the face of global bee declines. Early evidence suggests solitary bee microbiomes differ between bee species and 

dev elopment sta ges, but the r e ported bacteria ar e often indistinguisha b le fr om envir onmental taxa. Her e , w e use metabar coding of 
the 16S rRNA gene to c har acterize the bacterial comm unities associated with solitar y r esin bee Megachile tosticauda . We describe the 
microbiome at different life cycle stages, and within pollen provisions, and investigate indirect inheritance from nesting substrate 
upon eclosion. The microbiome of adult M. tosticauda was consistent between samples, and the bacterial composition of larval pollen 

supplies changed with pr ogr essing larv al dev elopment. In wild adults and pollen pr ovisions, the gen us Acinetobacte r—a common nec- 
tar associate—dominated the communities. In prepupae and fr ass, Tyzzer ella dominated, a genus that has been found in a number of 
other immature bee systems. Intriguingly, while wild adults did not harbour Tyzzerella , all bees that had newly emerged from the nest 
did. The combined observations show that M. tosticauda acquire their bacterial community from the environment, and Tyzzerella may 
r e pr esent a beneficial symbiont for mature brood. 

Ke yw ords: 16S; horizontal transmission; insects; microbiome; microbiota; transiency 
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Introduction 

In the face of a global decline in bee diversity and abundance 
(Potts et al. 2010 , Mathiasson and Rehan 2020 , Zattara and Aizen 

2021 ), a better understanding of the factors that influence soli- 
tary bee health is ur gentl y needed. While this decline is primarily 
caused by changes in land cover and management, exposure to 
a gr oc hemicals is considered an equally important threat (Dicks et 
al. 2021 ). Pesticides , antibiotics , and other a gr oc hemicals can al- 
ter the bees’ microbiome, causing d ysbiosis, which negati vely im- 
pacts bee health and survival (Kakumanu et al. 2016 , Hotchkiss et 
al. 2022 ). To support and protect bee populations, more knowledge 
about the interactions between pollen, bacteria, and developing 
bee is ur gentl y needed. 

Most r esearc h on bee–bacteria relationships focuses on the eu- 
social European hone ybee, Apis mellifera . Hone ybees form sym- 
biotic relationships with five host-specific gut bacteria that are 
essential for their health and survival (Kwong and Moran 2015 ,
2016 ). As in all holometabolous insects, during moulting and pu- 
pation the honeybee larval gut and its contents completely break 
down (Hammer and Moran 2019 ). Consequently, newly emerged 

honeybees ar e initiall y de v oid of bacteria. Ho w e v er, within the 
first few days following eclosion (the process in which an insect 
emer ges fr om their pupal case and cell), the honeybee gut bac- 
teria establish through contact with other individuals and their 
shared living quarters (Martinson et al. 2011 , Engel and Moran 
Recei v ed 23 August 2024; revised 15 J an uar y 2025; accepted 3 Mar c h 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
013 , Po w ell et al. 2014 ). Such vertical transmission of beneficial
icrobes is also seen in other eusocial bees (e.g. stingless bees and

umble bees), and it is the reliable transmission pathway provided
y social interactions that has facilitated the evolution of host-
pecific bacteria (Engel and Moran 2013 , Kwong and Moran 2015 ,
016 ). Ho w e v er, > 90% of bee species are solitary (Danforth et al.
013 ). Despite contributing essential pollination services (Losey 
nd Vaughan 2006 ), microbiomes associated with most solitary 
ee species are undescribed, and the functional significance re- 
ains unknown. 
Of the few solitary bee species whose microbiome has been

tudied, evidence suggests that the communities they harbour are 
pecies-specific (Martinson et al. 2011 ). In the absence of social
nheritance, combined with the effect of holometabolism, most 
tudies about the establishment of solitary bee micr obiomes hav e
ocused on environmental factors (horizontal transmission) as 
he potential drivers for the composition (Voulgari-Kokota et al.
019a ). For example, the differences in the bacterial communi-
ies between wild-caught, labor atory-r ear ed and ne wl y eclosed
ees of Nomia melanderi have highlighted the influence of exter- 
al envir onmental exposur e on micr obial assembl y (Ka pheim et
l. 2021 ). The observation that bees and the flo w ers they for a ge on
har e common micr obes also supports envir onmental acquisition
McFr ederic k et al. 2014 , 2017 ). Howe v er, bee-associated bacteria
an be present on flo w ers independently of bee visitation (McFred-
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rick et al. 2017 ), suggesting that envir onmentall y acquir ed bee
acteria are not strictly dependent on the bee host. This is unlike

n honeybees where host-specific bacteria are rarely found out-
ide of the bee environment (Martinson et al. 2011 ). In addition to
orizontal transmission, it has been postulated that indirect ver-
ical transmission could occur through direct contact with nest
ubstrates (i.e. cell and nest walls, cell closur es, fr ass, or cocoons)
pon eclosion (McFr ederic k et al. 2017 , K eller et al. 2021 ). This is
een in a social capacity in honeybees, where the inheritance of
hr ee cor e bacteria is fr om dir ect contact with faecal material in
he nest (Po w ell et al. 2014 ). While few studies ha ve in vestigated
ndir ect v ertical inheritance in solitary bees, it has been shown
hat ne wl y eclosed N. melanderi acquir e bacteria fr om the nest
Kapheim et al. 2021 ). 

In this study, we c har acterize the microbiome in the pollen pro-
isions and the different life stages of the widespread solitary
ustr alian r esin bee Megac hile tosticauda. We use DNA sequenc-

ng of the V4 hypervariable 16S rRNA gene region to reconstruct
he composition of bacteria associated with M. tosticauda through-
ut their de v elopment. In addition, we experimentall y inv estigate
hether adults v erticall y inherit their micr obiome fr om nest sub-

trates during eclosion. Specifically, we aim to (i) identify the bac-
erial communities in provisioning females, pollen provisions, lar-
 ae, and pr epupae; (ii) identify c hanges in bacterial comm unities
n the brood and food over time; and (iii) investigate how newly
merged adults acquire bacteria by comparing the microbiome
mong adults with varying degrees of environmental exposure. 

aterials and methods 

ocation and biology of M. tosticauda 

dult M. tosticauda females were found nesting in paper straws
nd bamboo shoots in a bee hotel in a r e v egetated suburban gar-
en in Eden Hills Adelaide, South Australia ( −35.022, 138.597). A
etailed account for the nesting behaviour, diet, and de v elopment
imes have been described by Williamson et al. ( 2025 ) and are
ummarized here . T hese bees build solitary linear nests in pre-
xisting cavities using resin mixed with small grains for cell parti-
ions and nest closures . Inside the nest, females provision a series
f brood cells with Eucalyptus pollen, suggesting oligolecty. Larvae
ill begin to void and spin cocoons a few days before they fin-

sh consuming their pro visions . Larvae consume their provisions
ithin 3–4 weeks, after which prepupae will continue to spin co-

oons, and the frass is weaved into the textile. Brood overwin-
ers for up to 10 months until pupation. When metamorphosis is
omplete the bees eclose, using their mandibles to c he w thr ough
esting materials, such as cocoons and cell closures, and males
merge 1–2 weeks prior to females. 

dentifying the bacterial communities in 

rovisioning females, pollen pro visions, larv ae, 
nd prepupae 

o describe the microbiome within the nest, food, and brood, and
ow the bacterial community changes through time, we collected
1 nests made in paper straws in March 2022 and 2023. Nests were
ollected within hours after the nest entrance had been plugged
y the provisioning female or soon after the female was seen
o stop provisioning the nest. The nests were then randomly as-
igned to groups as follows: active nests ( n = 4) that were frozen
mmediately after collection; month-old nests ( n = 2), which were
eft to de v elop for 4 weeks after collection, and for the bacterial
cquisition experiment; eclosion from the nest ( n = 3) where bees
ere left to develop in and eclose from their nest; and controlled
closion ( n = 2) where bees were left to develop in their nest until
upation, after which they were moved to petri dishes for eclosion

detailed further below , T able 1 ). All nests were then opened inside
 laminar flow hood that had been sterilized using UV light for
0 min and by spraying down the surfaces with 80% ethanol. Nests
 ere opened b y car efull y making two longitudinal slits along each

ide of the nest with a sterile scalpel, and samples were obtained
ith forceps that were flame sterilized between handling each

pecimen. 
To describe the bacterial community throughout development,

nd the changes through time, we used samples from active and
onth-old nests. From active nests, we obtained samples of pollen

rovisions ( n = 36), feeding larvae ( n = 8), and mature larvae ( n =
). Matur e larv ae wer e defined as br ood that wer e still eating but
ad also started voiding and spinning cocoons. From one active
est collected in 2023, we only sampled pollen provisions ( n = 9).
hile we found 14 eggs, we were unable to assess their micro-

iome because, due to their delicate nature, we were unable to
 eliabl y r emov e all the pollen pr ovision substr ate fr om their sur-
ace, and because they yielded few sequences. We ther efor e do not
nclude the results from egg samples. From month-old nests, we
ampled frass ( n = 13) and prepupae ( n = 10), whic h wer e defined
s brood that have finished eating, voiding, and spinning their co-
oons. To describe the bacterial community of wild bees, we col-
ected provisioning females across both years (se v en in 2022 and
hree in 2023). Of the 10 provisioning females collected, 7 were
ollected with their completed nest. All samples were stored in
terile Eppendorf tubes at −80 ◦C until DNA extraction. 

acterial acquisition experiment for adult M. 
osticauda 

s seen in honeybees, nest materials can serve as a transmission
oute for bee bacteria (Po w ell et al. 2014 ). To investigate whether
he nest contents could serve as a means of indir ect v ertical inher-
tance for M. tosticauda , we performed an eclosion experiment. We
ollected five nests in March 2022, and k e pt them at room tem-
er atur e until after the brood had pupated, the timing of which
as determined in a preliminary study on developmental times

Williamson et al. 2025 ). After pupation, the nests were separated
nto one of two tr eatments: (i) eclosion fr om nests , wher e thr ee
ests were moved into sterilized chambers in an incubator set to
6 ◦C, and eclosing bees ( n = 14) only had contact with the nest ma-
erials, or (ii) contr olled eclosion , wher e two nest were opened in
 laminar flow hood and the pupae were carefully removed from
heir cocoons and tr ansferr ed ov er to a sterile 96-well plate, plac-
ng one pupa per well ( n = 3), then moved into the same incubator
ntil eclosion. The incubator was c hec ked twice dail y for ne wl y
closed bees, which were then sampled and preserved until 16S
RNA gene sequencing (see later). We then compared the 16S se-
uences from our three adult M. tosticauda groups (i.e. eclosion
r om nest, contr olled eclosion, and wild pr ovisioning females) to
ssess bacterial acquisition from the nest substrate and the out-
ide environment. 

N A extr actions, PCR, and 16S rRNA gene 

equencing 

e extracted DNA in a dedicated pre-polymerase chain reaction
PCR) labor atory fr om whole insect homogenates using the Zy-

oBIOMICS DNA miniprep kit according to the manufacturer’s
nstructions. Because our samples were suspected to have low
iomass, we ensured that our protocol was conducted in ac-
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Table 1. Four nest tr eatments, corr esponding conditions, and samples obtained for the 11 sampled nests of M. tosticauda .a 

Year nest was 
sampled 

Nest 
number Nest treatment Nest conditions Samples obtained 

2022 1 Active Fr ozen immediatel y after collection. Provisioning adult, pollen provisions ( n = 10), eggs ( n 
= 3), larvae ( n = 3) 

2 Active Provisioning adult, pollen provisions ( n = 9), eggs ( n = 

2), larvae ( n = 3), mature larva ( n = 1), frass ( n = 1) 
3 Active Provisioning adult, pollen provisions ( n = 8), eggs ( n = 

2), larvae ( n = 2), mature larvae ( n = 2), frass ( n = 2) 
4 Month-old Left to de v elop for 4 weeks before opening Pr ovisioning adult, pr epupae ( n = 5), fr ass ( n = 6) 
5 Month-old Prepupae ( n = 5), frass ( n = 2) 
6 Eclosion from 

nest 
Three nests were moved into incubators set 
to 26 ◦C. The nests were placed into 
chambers and eclosing bees only had 
contact with the nest materials. 

Corr esponding pr ovisioning adult, ne wl y eclosed 
male adults ( n = 2) 

7 Eclosion from 

nest 
Corr esponding pr ovisioning adult, ne wl y eclosed 
male adults ( n = 5), ne wl y eclosed female adults ( n = 

4) 
8 Eclosion from 

nest 
Ne wl y eclosed female adult ( n = 3) 

9 Controlled 
eclosion 

Left to de v elop for 10 months, after which 
pupae were carefully removed from their 
cocoons and tr ansferr ed ov er to a sterile 
96-well plate and placed into an incubator 
until eclosion 

Corr esponding pr ovisioning adult, ne wl y eclosed 
female adult ( n = 1) 

10 Controlled 
eclosion 

Ne wl y eclosed female adults ( n = 2) 

2023 11 Active Fr ozen immediatel y after collection P ollen pro visions ( n = 9), eggs ( n = 7), larvae ( n = 2, 
used in a separate study) 

NA Provisioning adults ( n = 3) 

a Fr om ‘activ e’ and ‘month-old’ treatments, we sampled pollen pro visions , larvae , prepupae , and frass , and from ‘eclosion from nest’ and ‘controlled eclosion’ 
tr eatments, we sampled ne wl y emer ged adults for the bacterial acquisition experiment. Wher e possible we also sampled the corr esponding pr ovisioning adult with 
the collected nest. 
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cordance with the RIDE c hec klist (Eisenhofer et al. 2019 ), which 

stands for Report methodology, Include negative controls, De- 
termine the le v el of contamination, and Explore contamination 

downstr eam. For eac h batc h of DNA extr actions, we included an 

extr action blank contr ol ( n = 22), whic h was also included in all 
downstream molecular processing and analysis to assess contam- 
ination. PCR targeted the V4 region of the 16S rRNA gene, using 
the primer pair 515F 5 ′ -GTGCC AGCMGCCGCGGTAA- ′ 3 and 806R 

5 ′ -GGA CTA CHV GGGTWTCTAAT- ′ 3 (Ca por aso et al. 2010 , 2011 ),
which has also been used in other bee microbiome studies (e.g.
Holley et al. 2022 , Kwong et al. 2017 ). PCRs were performed with 

the following parameters: single reactions of 2.5 μl X10 HiFi 
buffer, 0.1 μl Platinum™ Taq DNA Pol ymer ase (ThermoFisher),
19.2 μl dH 2 O, 0.2 μl 100 mM deo xyn ucleotide triphosphate mix,
0.5 μl each of 10 μM forw ar d and uniquely barcoded 806R reverse 
primer, and 1 μl DN A. DN A w as amplified using an initial denat- 
uration at 94 ◦C for 3 min, follo w ed b y 35 c ycles of denaturation 

at 94 ◦C for 45 s, annealing at 50 ◦C for 1 min, elongation at 68 ◦C 

for 90 s, with final adenylation for 10 min at 68 ◦C. The barcoded 

amplicons were pooled and sequenced on an Illumina MiSeq (v2,
2 × 150 bp) at the SAGC (South Australian Genomics Centre). 

Quantitati v e PCR and measuring the limit of 
detection 

We selected DNA extractions of six pollen pro visions , adults per 
treatment (six wild, six nest eclosion, and thr ee contr olled eclo- 
sion), four negativ e contr ols, and thr ee honeybees for quantita- 
ti ve PCR (qPCR). In ad dition, we included single reactions of Zy- 
moBiomics bacterial DN A standar ds of pure strains of Escherichia 
coli at varying concentrations (E2006-2, ZymoBiomics, USA). The 
PCR used the same 515F-806R primers targeting the V4 region of
he 16S rRNA gene with the following par ameters: single r eactions
f 7 μl Po w erUp™ SYBR ® Green Master Mix (Thermo Fisher Scien-
ific, USA), 1 μl each of 5 μM forw ar d and r e v erse primer, and 1 μl
N A. The DN A w as amplified and analysed on a QuantStudio™ 6
lex Real-Time PCR System, using an initial denaturation at 95 ◦C
or 10 min, follo w ed b y 40 c ycles of denaturation at 95 ◦C for 30 s,
nnealing at 50 ◦C for 1 min and elongation at 72 ◦C for 45 s. qPCR
f each sample was done in triplicate. Using the bacterial stan-
ar ds, the total 16S rRN A gene copies per standar d w ere calcu-

ated based on E. coli ’s genome size (bp) and known 16S rRNA copy
umber of 7 (Zymobiomics). We made a standard curve by plot-
ing the threshold cycle (CT) scores from each standard against
he 16S rRNA gene copy number (log10), and then used the equa-
ion of the line to measure the total gene copies for all samples
calculations provided in the supplementary materials). The limit 
f detection (LoD) was determined using the av er a ge total gene
opies from the amplified negative control samples, which was 
hen used for comparison with the total gene copies for each of
he biological samples. 

ioinformatics pipeline and statistical analysis 

em ultiplexed sequences wer e anal ysed using QIIME 2’s pipeline
oftwar e (v2-2022.8) (Bol yen et al. 2019 ). After importing the se-
uence data using a manifest file, the forw ar d and r e v erse r eads
ere joined using VSEARCH (Rognes et al. 2016 ). Quality control
as applied to the joined sequences using the default quality-
lter q-score command, and sequences were denoised using the 
eblur algorithm (Amir et al. 2017 ) and trimmed to 250 bp. Taxon-
my was assigned to the r epr esentativ e sequences using the SILVA
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Figur e 1. (a) T he r elativ e abundance (%) of the top 20 gener a of bacteria fr om sequences at the V4 r egion of the 16S rRNA gene in pr o visioning adults , 
feeding larv ae, matur e larv ae, pr epupae, and fr ass samples . T he top 20 genera make up 94.5% of the total sequences for these samples . Each bar 
r epr esents one sample with larvae ordered by length (left to right samples go from smallest to largest) and prepupae by cell (left to right is from the 
newest to oldest cell) as a proxy for r elativ e a ge. (b) Principal coordinate analysis (PCoA) plot showing the distribution of samples based on unweighted 
UniFr ac distances. Eac h point r epr esents one sample and ellipses r epr esent the 95% confidence interv al ar ound eac h de v elopment sta ge. 

Figur e 2. (a) T he r elativ e abundance (%) of the top 20 gener a of bacteria fr om sequences at the V4 r egion of the 16S rRNA gene in the pollen pr ovisions 
of four active nests . T he top 20 genera represent 97.8% of the total sequences for these samples. Each bar represents one sample and is ordered by cell 
location (from left to right samples go from the newest to oldest cell) as a proxy for relative age. (b) Shannon α-diversity of pollen pro visions , ordered 
b y cell. F r om left to right the pr ovisions go fr om ne west to oldest. Colours denote the de v elopment sta ge of the br ood corr esponding with eac h pollen 
provision. 
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Figur e 3. (a) T he r elativ e abundance of the top 20 gener a fr om sequences at the V4 r egion of the 16S rRNA gene fr om adult bees in our eclosion 
experiment to assess the source of bacterial sequences . T he top 20 genera represent 71.9% of the total sequences for these samples. Each bar 
r epr esents one bee, and the sex is indicated above the bar. The ‘wild’ group is females that were caught provisioning nests. The ‘nest only’ group is 
bees that eclosed from their nest in a sterilized container in the incubator. The ‘contr olled’ gr oup is the bees that eclosed in sterile well plates and had 
no interaction with the nest or the external environment. (b) Principal coordinate analysis (PCoA) plot showing the distribution of samples based on 
unw eighted UniF rac distances betw een adults with differ ent le v els of envir onmental exposur e. Ellipses r epr esent the 95% confidence interv al ar ound 
eac h de v elopment sta ge. 
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r efer ence classifier (silv a-138-99-515-806-nb-classifier.qza), using 
a trained classifier on the SILVA 138 r efer ence database at a 99% 

similarity threshold, and at the 515F-806R primer region (Quast 
et al. 2013 ). A phylogenetic tr ee was cr eated using SATé-enabled 

phylogenetic placement (Janssen et al. 2018 ). 
Analysis of bacterial communities at the genus level was 

done in R (v.4.1.2) and visualized using the ggplot2 pac ka ge 
(v.3.4.0). If genera were unclassified, they were elevated to fam- 
ily and denoted as ‘family_unclassified’. The Decontam pack- 
age (v.1.14.0) (Davis et al. 2018 ) was used to call contami- 
nants with the pr e v alence a ppr oac h, using a threshold of 0.5.
For bacterial comm unity anal ysis , i.e . r elativ e abundances and 

alpha diversity, we removed putative contaminants identified 

using Decontam, as well as reads classified as c hlor oplasts 
and mitochondria, and rarefied sequences at a depth of 1500 
(r ar efaction curv e pr o vided in the supplementary materials ,
Fig. S1 ). 

As described earlier, as an indicator for microbial biomass, the 
16S rRN A gene cop y number per sample w as measured using bac- 
terial standards of E.coli with a known 16S copy number. Using 
the total 16S gene cop y number per sample, w e scaled the rel- 
ative abundance to generate plots that show both the commu- 
nity composition and the a ppr oximate micr obial biomass; how- 
e v er, this assumes that the number of 16S genes in E. coli is r epr e- 
entative of all taxa in the samples. While absolute biomass was
ot calculated by accounting for copy number variation between 

icrobes, the total 16S gene copy number is still informative as
n indication of biomass differences between sample types and 

ontrols. 
To analyse the 16S data, we used phyloseq (v.1.38.0) (Lozupone

nd Knight 2005 , McMurdie and Holmes 2013 ) and tidyverse (v.
.3.1) pac ka ges. We ensur ed that all major honeybee bacteria
ere detected in our honeybee samples, which verified the suc-

ess of our protocol and greenlit the analysis of our M. tosti-
auda samples. To explore β-diversity, we used principal coordi- 
ate analysis (PCoA) and plotted the ordination of unweighted 

niFrac distances (Lozupone and Knight 2005 ). We assessed the
omogeneity of m ultiv ariate dispersion among the wild adults,

arv ae, and pr epupal gr oups, using the v egan (v 2.6-4) betadis-
er function, which confirmed that dispersion was not signif- 

cantl y differ ent among comm unities. We ther efor e pr oceeded
o test whether bacterial communities differed between devel- 
pmental stages we used phyloseq’s PERMANOVA. Two ampli- 
on sequence variants (ASVs) were observed as prevalent across 
ost samples and present in high r elativ e abundances, and so to

istinguish between these ASVs and others in the same genus,
hey are labelled with an asterisk, ‘ ∗’, in the plots and in the
iscussion. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf023#supplementary-data
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esults and discussion 

acterial communities dependent on 

evelopment stage 

ur raw sequencing results returned 1 360 779 reads from 1089
SVs. One of our prepupal samples failed to return any reads. Our
amples had a high amount of off-target amplification of chloro-
lasts and mitoc hondria, whic h contributed 69.6% of our total
eads. After filtering out chloroplasts, mitochondria, and putative
ontaminants, a total of 349 077 reads from 961 ASVs remained
or analysis . T he quality assessment, filtering, and r ar efaction r e-
ulted in the loss of two pollen pro visions , three feeding larvae ,
ne matur e larv a, thr ee pr epupae, and one nest eclosed adult
amples due to insufficient reads. 

The community composition of wild adults was consistent be-
ween sample types and between years (Figs 1 and 2 ), suggest-
ng that M. tosticauda may be associated with a specific micro-
iome . T he differ ent de v elopmental sta ges (wild adults , larvae ,
nd pr epupae) differ ed with r espect to their bacterial communi-
ies (PERMANOVA on unweighted UniFrac distance: F = 2.7256, P <
05; Fig. 1 ). P ollen pro visions contained bacterial communities that
ere similar to those of wild adults, and larvae and prepupae ex-
ibited some ov erla p in composition but greater variability. While

urther verification is required due to our small sample size, and
he fact that sampling was limited to a single location, our results
upport pr e vious findings showing that solitary bee bacteria ar e
ependent on de v elopment sta ge and host species (McFr ederic k
t al. 2014 , Rothman et al. 2019 , Fowler et al. 2024 ). Ho w e v er, in all
ur bee samples, the communities were dominated b y tw o ASVs,
ith Acinetobacter ∗ accounting for most sequences in adults and

eeding larvae, and Tyzzerella ∗ in older brood and frass (Figs 1 and
 ). 

yzzerella pre v alent in older brood and fr ass 

s shown in Fig. 1 a, some larvae and most prepupae harboured
 high r elativ e abundance of a strain of Tyzzerella ∗. The presence
f Tyzzerella in older larvae and prepupae has been found in other
ee systems, and the closest match to our nucleotide sequence
as from larval gut samples of the megachilid bee Osmia bicornis

Mohr and Tebbe 2006 ), with a percentage identity of 99.6% and
ov er a ge of 98%. Tyzzerella has also been identified as a core bac-
erium in larvae of Osmia excavata (Wang et al. 2024 ), and honey-
ee larvae (Mohr and Tebbe 2006 , Maigoro et al. 2024 ). Similar to
ur results, in the latter two studies Tyzzerella was only present
n the de v eloping br ood, and not in adults. Immatur e bee micr o-
iomes can provide k e y benefits such as pathogen protection and
old tolerance during overwintering (Christensen et al. 2024 ), and
his may explain why the bacterial communities differ so gr eatl y
etween brood and adult M. tosticauda. 

While the function of Tyzzerella in bee systems r equir es further
nvestigation, the genus has been positiv el y corr elated with detox-
fying genes PaCYP6GF1 and PaCYP9HL1 in antibiotically chal-
enged Diptera larvae (Sun et al. 2023 ) and we can ther efor e spec-
late that it may play a part in detoxification. Inter estingl y, Osmia ,
. tosticauda , and honeybees collect resin, and these materials of-

en contain terpenoids and phenolic compounds, which can have
nsecticidal action. T hus , it is possible that Tyzzerella aids larvae in
etoxification of these resin compounds in the nest environment.
t is also possible that the Tyzzerella is derived from resin, and it
as been documented that the internal microbiome of bee nests
eflects the materials used in its construction (Voulgari-Kokota et
l. 2019b ). 
igh relati v e a bundance of Acinetobacter in wild 

dults and pollen provisions 

he samples of wild, nest provisioning female M. tosticauda re-
urned bacterial communities with a high r elativ e abundance of
he same ASV of Acinetobacter ∗ (Fig. 3 ). This genus has been fre-
uently found in other bee studies, is a common nectar associate,
nd a common environmental taxon (Cohen et al. 2020 , Vannette
020 , Holley et al. 2022 , Nguyen and Rehan 2023 ). Our results add
o the growing body of liter atur e indicating that while the micro-
iome may depend on the bee species, its taxonomic composition
v erla ps with that of common environmental taxa (McFr ederic k
t al. 2014 , Voulgari-Kokota et al. 2019a , Dew et al. 2020 ). 

T he pollen pro visions contained a bacterial community that
as like that of adult females . T he r elativ e abundance of
cinetobacter ∗ in the pollen provisions of most nests decreased
ith pr ogr essing larv al de v elopment, accompanied by an increase

n the α-diversity of the community (Fig. 2 ). Similar shifts in the di-
ersity of bacteria in larval pollen supplies that correlate with pro-
r essing larv al de v elopment hav e also been described for Osmia
ornifrons and O. caerulescens (Voulgari-Kokota et al. 2018 , Kuene-

an et al. 2023 ). Ho w e v er, one activ e nest (nest 4) does not show
 decrease in relative abundance of Acinetobacter ∗ in older cells.
ll brood in this nest were very young, containing eggs, and two
oung feeding larv ae, wher eas the br ood in the other activ e nests
onsisted mostly of feeding larvae and some young prepupae
Fig. 2 and Table 1 ). Ther efor e, if composition c hanges ov er time,
r in correlation with larval feeding, perhaps not enough time had
assed in this nest. 

While the cause for the decline in the r elativ e abundance of
cinetobacter ∗ and increase in α-diversity in the pollen provisions

s unkno wn, w e offer a few possible explanations . T here could
e a pr olifer ation of bacteria other than Acinetobacter ∗, whic h
hereby gain a higher r epr esentation in the proportional abun-
ance. Specifically, the common plant associate and pathogen Er-
inia (Kado 2006 ) increased in r elativ e abundance ov er time and
a y ha v e been degr ading pollen and m ultipl ying as a r esult. Alter-

ativ el y, Acinetobacter ∗ may die off because the pollen provisions
re not conducive to its survival. 

We also found that the r elativ e abundance of Acinetobacter ∗ de-
reased in older larvae and was mostly absent in voided prepupae
nd in frass-containing samples (Figs 1 and 2 ). It is ther efor e likel y
hat Acinetobacter ∗, along with other bacteria, pollen, and nectar,
s digested. Possibly, ingested Acinetobacter ∗ is transiently pass-
ng thr ough larv ae, supported by its absence in prepupae. Simi-
ar observ ations hav e been described in M. rotundata (Br ar et al.
024 ), and in caterpillars (Hammer et al. 2017 ), and in booth these
ases the brood microbiomes were indistinguishable from their
iet, similar to M. tosticauda and their pollen pro visions . Interest-

ngl y Br ar et al ( 2024 ) also found that r emov al of bacteria fr om
he pollen provisions did not negatively impact prepupal weight
r survival, and suggest the environmentally acquired, non-host-
pecific bacteria are non-essential, further supporting the possi-
ility of transiency. 

Alternativ el y, Acinetobacter ∗ may not be transient but digested
s a food source. Kueneman et al. ( 2023 ) found that the presence
f larvae influenced the bacterial composition over time. Further-
ore , in vestigations with regards to the trophic level based on

mino acid and fatty acid trophic biomarker analyses of native
ees spanning 6 families and 12 genera (Steffan et al. 2019 ), as
ell as specifically for Osmia ribifloris (Dharampal et al. 2019 ), have

uggested that bees are omnivorous . T his is supported by exper-
ments where solitary bee larvae are fed sterilized pollen, which
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Figur e 4. T he total log (16S gene copy number) in adult M. tosticauda , pollen pro visions , and honeybees fr om qPCR of the V4 r egion of the 16S rRNA 

gene, compared to limit of detection (LoD; green line) as determined by the average abundance from the extraction blank controls (negative controls). 

Figur e 5. T he unfiltered (i.e. including reads from mitochondrial, chloroplast, and contaminant DNA) abundance (top) and relative abundance 
(bottom) of the 20 most abundant sequences at the V4 region of the 16S rRNA gene for a subset of samples of negative controls, adult M. tosticauda 
with varying environmental exposure, pollen pro visions , and honeybees as a positive control. The abundance is the log (16S rRNA gene copy number). 
The top 20 genera represent 90.1% of the total sequences for these samples. 
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 esulted in negativ e health outcomes, suggesting an essential role
f the food microbiome during feeding (Dharampal et al. 2019 ,
020 , 2022 ). Future experimental studies could elucidate whether
cinetobacter is activ el y br oken do wn b y the larv ae, and ther efor e

erves as a food source, or whether these bacteria are simply not
urviving. 

he microbiome of M. tosticauda is 

n vironmentall y acquired 

y comparing bees with varying degrees of environmental expo-
ure after eclosion (wild, nest only, and controlled eclosion in well
lates), we aimed to determine whether bacteria are indirectly
 erticall y inherited fr om the nest or solel y acquir ed horizontall y
r om the envir onment. While the sample size of the controlled
closion group is small, as only three survived the transfer to the
ell plates, the bacterial communities of the controlled and nest-
closed bees differed from each other and both groups were differ-
nt to that of the wild adults. Se v er al bacterial gener a pr esent in
ild females were also picked up in bees exposed to the nest only,

ncluding Acinetobacter , Enetrobacteracae _unclassified, and Bacillus
Fig. 3 ). 

Inter estingl y , T yzzerella ∗ was present in all nest-only exposed
dults, but not in the adults that were wild or eclosed outside the
est. Ther efor e, bees likel y pic k up bacteria fr om the nest during
mergence, either by chewing the substrate or passively on their
urface . T he finding that Tyzzerella ∗ was absent in wild adults indi-
ates transiency in the system (Fig. 3 ). It is possible that Tyzzerella ∗

s brought to newly founded nests by the nest founding females
oon after eclosion, but it is also possible that it is present in
he nesting material (e.g. resin) or associated with the area the
ees were nesting in. To distinguish between these possibilities
 equir es further study of M. tosticauda ’s microbiome at different
ocations. 

As shown in Fig. 3 , there were five cases where the same ASV
f Acinetobacter ∗ pr e v alent acr oss our samples of wild adults and
ollen provisions were also present in the nest-only-exposed bees.
o w e v er, because not all bees eclosed with Acinetobacter ∗, this ob-

ervation should not be considered evidence of indirect vertical
nheritance. It is intriguing that most of these cases were eclosed
emales, but this could be explained by their position at the back
f the nest, which may result in greater contact with the nest ma-
erial or residual floral substrates during eclosion. Importantly, it
hould also be noted that the low biomass nature of these samples
eans man y r epr esented gener a hav e a v ery low number of reads;

pecifically, the counts of Acinetobacter ∗ in nest-only bees ranged
rom 2 to 27 reads (read counts for Acinetobacter ∗ and Tyzzerella ∗ in
dults are provided in the supplementary materials, Figs S2 and
3 ). 

Flo w ers are hubs for microbial transmission, and bees are
mportant vectors that enable microbes to hitchhike between
phemer al flor al habitats (K eller et al. 2021 ). Outside of flo w ering,
ee nests could serve as a reservoir for floral microbes (potentially
taying dormant or surviving on leftover larval food or in frass),
nd ther efor e, the Acinetobacter on the ne wl y eclosed bees could
e hitchhikers (Vannette 2020 ). Interestingly, it has been demon-
trated that Acinetobacter induces pollen germination to gain ac-
ess to nutrients, and their resulting proliferation has been postu-
ated to increase their chance of being transmitted by bees (Chris-
ensen et al. 2021 ). 

The qPCR r e v ealed that the nests and controlled eclosed bees
ad a lo w er microbial abundance as measured by 16S gene copy
umber than the wild bees (Fig. 4 ). While still above the LoD, a
eeper look at the composition of the amplified 16S genes r e v eals
hat it is lar gel y attributed to off-target DNA from chloroplasts,

itochondria, and contamination (Fig. 5 ). Together, the finding
hat ne wl y eclosed bees harbour low microbial abundance, and
hat the community of bacteria was dependent on the substrates
hey encounter ed, pr ovides str ong e vidence for the envir onmental
cquisition of bacteria in M. tosticauda . Ho w e v er, as indicated ear-
ier, indir ect v ertical inheritance of Tyzzerella ∗ cannot be excluded
s a possibility. 

onclusion 

he life stages of M. tosticauda hosted distinct bacterial commu-
ities, with Acinetobacter and Tyzzerella as predominant taxa. The
ecline of Acinetobacter in the pollen pro visions o v er time likel y in-
icates an inability to survive in the pollen pro visions . T he source
f Tyzzerella may be the nesting substr ate, suc h as in brood cell
 alls or har dened resin, as Tyzzerella w as only found in older brood
nd ne wl y eclosed adults . T he role of Acinetobacter and Tyzzerella
or the health and de v elopment of brood should be tested exper-
mentall y. We pr ovide str ong e vidence that the adult micr obiome
s envir onmentall y acquir ed after eclosion, likel y fr om the nest
nd fr om flor al r esources suc h as nectar and pollen. Our find-
ngs highlight the dynamic and likely transient nature of bacte-
ial communities in this solitary bee system, where bees are as
 uc h micr obial v ectors as they ar e hosts. Further r esearc h on the

unctional importance of these bacteria is warranted, to help elu-
idate the forces that underpin the formation of these bacterial
ommunities in solitary bees, as well as the broader ecological
mplications. 
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Da ta av ailability 

All sequence data code used to analyse the data is available on 

Github at: https://github.com/hi- its- lisou/Megachile _ tosticauda _ 
bacterial _ community . 

All DNA sequences have been uploaded to the NCBI sequence 
r ead arc hiv e under biopr oject PRJNA1146331. 
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