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Abstract 

During early ontogeny, microbiome affects development of the gastrointestinal tract, immunity, and survival in vertebrates. Bird eggs 
are thought to be (1) initially sterile ( sterile egg hypothesis ) and (2) colonized after oviposition through horizontal tr ans-shell migr ation , or (3) 
initially seeded with bacteria by vertical transfer from mother oviduct. To date , how ever, little empirical data illuminate the contribution 

of these mechanisms to gut microbiota formation in avian embryos. We investigated microbiome of the egg content (day 0; E0-egg), 
embryonic gut at day 13 (E13) and female faeces in a free-living passerine, the great tit ( Parus major ), using a methodologically advanced 

pr ocedur e combining 16S rRNA gene sequencing and microbe-specific qPCR assays. Our metabarcoding revealed that the avian egg 
is (nearly) sterile, but acquires a slightly richer microbiome during the embryonic development. Of the three potentially pathogenic 
bacteria targeted by qPCR, only Dietzia was found in E0-egg (yet also in negati v e contr ols), E13 gut and female samples, which might 
indicate possible vertical transfer . Unlike in poultr y, we hav e shown that major bacterial colonization of the gut in passerines does not 
occur before hatching. We emphasize that protocols that carefully c hec k for environmental contamination are critical in studies with 

low-bacterial biomass samples. 

Ke yw or ds: e gg micr obiome; embr yo; gastr ointestinal tract micr obiota; passerine bird; pathogenic bacteria; sterile egg 
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Introduction 

Gut microbiota plays a paramount role in host physiology, affect- 
ing nutrient digestion (Bäckhed et al. 2005 ), gastrointestinal tract 
(GIT), and immune system regulation (Ost and Round 2018 ), gut–
brain-axis signalling (Strandwitz 2018 ), and even onset of diseases 
(Honda and Littman 2012 ). One of the most puzzling and debated 

question in microbiology is whether the gut microbiota is formed 

before or after birth/hatching in animals, yet this is methodologi- 
call y c hallenging to test. While earl y next-gener ation sequencing 
(NGS) studies suggested that transmission of the maternal mi- 
crobiome to embryos before birth may be universal in animals,
including humans (e.g. Funkhouser and Bordenstein 2013 ), these 
studies are now thought to hav e suffer ed fr om incr eased envir on- 
mental contamination and sequencing artefacts (Eisenhofer et al. 
2019 , Kennedy et al. 2023 ). It is now assumed that human placenta 
and foetus are sterile under physiological conditions and that the 
neonatal gut is colonized only after birth (Walker et al. 2017 , de 
Goffau et al. 2019 , but see Kennedy et al. 2023 ). Although some re- 
cent studies evidence the existence scarce and low-abundant mi- 
cr obial comm unities in foetal gut (Rackaityte et al. 2020 , Bi et al.
2021 , Mishra et al. 2021 ), these r esults wer e questioned in the re- 
cent community review by Kennedy et al. ( 2023 ), as they likely also 
suffer ed fr om contamination during the sampling pr ocedur e. Is a 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ird egg also initially sterile or do females deposit any bacteria
nto the egg to direct the initial embryonic microbiome develop-

ent? This is a r ele v ant question, since earl y bacterial coloniz-
rs can shape GIT and the immune system development, influ-
ncing survival and composition of chick microbial communities 
fter hatching (Hansen et al. 2015 , Roto et al. 2016 ). Ho w e v er, the
ources of egg microbial colonization and timing of embryonic mi-
r obiota de v elopment still r emain poorl y understood in birds. 

Thr ee m utuall y nonexclusiv e hypotheses hav e been pr oposed
o explain the origin of the initial gut microbiota in birds. Sterile egg
ypothesis (1) assumes that the bird egg is initially formed sterile in
he female r epr oductiv e tr act (Roto et al. 2016 ). This would r equir e
ither the absence of bacteria in the female oviduct or presence
f host oviduct physiological filters, pr e v enting bacterial coloniza-
ion of the de v eloping eggs (Lee et al. 2019 ). The sterile egg hypothe-
is was particularly influential in the era of culture-based studies
r e vie wed in Roto et al. 2016 ), but more recently some egg micro-
ial comm unities hav e been detected in eggs by 16S rRNA gene
etabar coding (see belo w). Avian eggs are w ell protected b y sev-

ral physical (cuticle, crystalline eggshell, and shell membranes; 
iong et al. 1997 , Lunam and Ruiz 2000 , D’Alba and Shawk e y 2015 )
nd chemical mechanisms (e.g. antimicrobial peptides with bac- 
eriolytic activity; Mann 2007 , Gantois et al. 2009 , Cuperus et al.
 is an Open Access article distributed under the terms of the Cr eati v e 
ses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and 
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013 ) that create a unhostile environment for invading microbes.
ence, major microbial colonization of GIT could occur only
fter hatc hing. Ne v ertheless, as an alternativ e it has been pr o-
osed that despite the egg protection, bacteria can still colonize
he eggs (2) through vertical transfer while being formed in the ma-
ernal r epr oductiv e tr act and/or (3) through horizontal trans-shell
igration from the environment after egg laying (Pedroso 2009 ,
oto et al. 2016 ). 

F or vertical tr ansfer , bacteria are assumed to pass to the de v elop-
ng eggs mainly from the female oviduct, originating either from
assiv el y ascending colonies in cloaca, or being activ el y tr ans-
orted by macr opha ges or dendritic cells dir ectl y fr om the female
IT (Gantois et al. 2009 ). Vertical transfer has been suggested par-

icularly for pathogens, such as Salmonella , where experimentally
r all y infected hens laid contaminated eggs (Keller et al. 1995 ,
antois et al. 2009 , Pedroso 2009 ). Ho w e v er, the fr equency of such
 ertical tr ansmission is typicall y v ery low (e.g. for Salmonella de-
ected in egg whites ranging usually between 0% and 4.5% but oc-
asionall y r eac hing up to 20%, depending on the study; r e vie wed
n Gantois et al. 2009 ). A similar lo w frequenc y of vertical trans-
er has also r ecentl y been suggested for commensal microbiota in
omestic c hic kens (Lee et al. 2019 ) and passerines (Tr e v elline et al.
018 ) using NGS metabarcoding. 

Bacterial horizontal trans-shell migration assumes that bacteria
olonize eggs only postlaying through the eggshell pores (Bruce
nd Drysdale 1994 ). T hus , the embryonic gut microbial commu-
ities would be established by bacteria migrating from the nest
nvironment (Van Veelen et al. 2018 , Lee et al. 2019 ), combining
he female microbiome with the microbiome on the nest material,
ener all y r eferr ed to as nidobiome (Campos-Cerda and Bohan-
an 2020 ). Some bacteria, such as en vironmental Neisseria , ha ve
een documented to penetrate the eggshells in the greater white-
ronted goose eggs ( Anser albifrons ; Hansen et al. 2015 ) and cause
mbryonic mortality. Compared to eggs, chicken embry os, sho w
iv ersified micr obial comm unities as r e v ealed in embryonic gut
oth by classical microscopy (Kizerwetter- ́Swida and Binek 2008 )
nd mor e r ecentl y by 16S rRNA gene metabarcoding (e.g. Ding
t al. 2017 , 2022 , Lee et al. 2019 ). These are dominated by taxa such
s Pseudomonas , Janthinobacterium , Acinetobacter , Stenotrophomonas ,
nd Meganomonas , which could primarily originate from eggshell,
IT or cloaca of females (Lee et al. 2019 ). 
The le v el of bacterial egg colonization may vary between

pecies , e .g. between free-living and captive species or species
ith precocial and altricial de v elopmental modes. Ho w e v er, some

aution is needed when inter pr eting the results of different NGS
tudies . For example , not all NGS studies adequatel y integr ated
egativ e contr ols of v arious types (extr action, amplification, and
o on.) or performed amplifications in PCR replicates. In con-
rast to the chicken studies (e.g. Ding et al. 2017 , 2022 , Lee et
l. 2019 ), Grond et al. ( 2017 ) revealed only negligible microbiota
not significantl y differ ent fr om the negativ e contr ols) in embry-
nic GIT of tw o Ar ctic shorebir ds . T his raises the question of
hether the observed marked differences in microbiota compo-

ition of egg content and embryonic GIT in birds are due to dif-
erences between species, or whether the results could also be
iassed by methodological differences . T herefore , the extent to
hic h the differ ent colonization mec hanisms contribute to the

stablishment of the embryonic microbiota in wild birds is not yet
 esolv ed. 

In our study, we sim ultaneousl y inv estigated in wild birds
hether the egg is initially sterile (i.e. testing the sterile egg hy-

othesis ) and how bacterial colonization occurs (if detected) dur-
ng embryonic de v elopment ( vertical transfer vs. horizontal bacterial
r ans-shell migr ation ). We emplo y ed an innov ativ e a ppr oac h to an-
l yze the micr obial pr ofiles of egg content and embryonic GIT in
he great tit ( Parus major ). During the 2018 breeding season, we
ollected a total of 240 microbial samples from 57 nests of a free-
iving great tit population breeding in Prague, Czech Republic. We
dopted a methodologicall y impr ov ed 16S rRNA gene metabarcod-
ng a ppr oac h along with specific qPCR assays to r e v eal sample
ontaminants masking the natural variation in microbial compo-
ition. Our objectives were (i) to examine the initial microbiota
f egg contents shortly after laying (embryonic day 0, E0) to de-
ermine whether the eggs ar e initiall y sterile, and (ii) to compare
he initial egg-content microbiota with embryonic GIT microbiota)
ust befor e hatc hing (embryonic day 13, E13) and br eeding adult
emale (maternal) faecal microbiota to assess the different colo-
ization mec hanisms. P articular attention was paid to pathogenic
acteria with potential negative effects on host fitness. To validate
ur ability to detect bacteria later in E13, we also experimentally
dministered Enterococcus faecium inoculum to E0 eggs that were
ollo w ed alive to E13. 

aterials and methods 

ampling design and sample collection 

he sampling was conducted in a free-living great tit popula-
ion breeding in artificial nest boxes in a deciduous forest at the
dge of Pr a gue, Czec h Republic, EU (50 ̊08 ′ 12.4 ′′ N, 14 ̊27 ′ 57.2 ′′ E;
ee T ̌ešický et al. 2021 , 2022 for more details on the study site)
uring their breeding period in April and May 2018. In total, we
ollected 52 eggs to sample microbiome of the egg content (E0-
gg), 118 eggs to sample E13 embryonic gut (unmanipulated, E13-
at, as well as Enterococcus -manipulated eggs, E13-Ent, see be-

ow), and 34 maternal female faecal samples (see Table S2 in
upporting Information 1 ( SI1 ) for number of samples in different
ategories). Ov er all, these samples r epr esented 58 nests, of which
he complete sample set was available from 18 nests . T he time of
reeding was determined by regular inspections of the nest boxes

about 2–7-da y intervals , adjusted to the estimated hatching date).
e numbered all eggs in the clutches based on their laying order
ith a permanent marker. 
To describe natural microbiota composition in E0-eggs, we col-

ected one fr eshl y laid egg per clutch ( N = 52) within 1 day af-
er laying and transporting it to the labor atory. Ther e, in a lam-
nar biosafety cabinet (Jouan MSC 12, ThermoFisher Scientific,
arlsbad, USA) its surface was cleaned with 96% ethanol and
NA r emov er to pr e v ent contamination. Subsequentl y, the en-

ire egg content, i.e. ∼200–300 μl, was aspirated aseptically with
n insulin syringe (B Braun, catalogue number 9151125, Melsun-
en, Germany) after puncturing the eggshell. Then samples were
tor ed deep-fr ozen in PCR-clean cryotubes (Simport, Canada)
t −80 ◦C. 

To describe natural microbiota composition in embryonic GIT
E13-nat), we collected either one or two E13 eggs per clutch ( N
 66). Two E13 eggs per nest were collected from a total of 25
lutches to assess whether microbiota is more similar within
 nest than between nests. To confirm that putative bacteria
resent in E0-egg can be r eliabl y detected using our methods, we

njected within 2 days after laying a subset of the eggs with E.
 aecium (r efer ence str ain: NCIB 11181; pr obiotics Lactiferm Basic
, Chr. Hansen, Hørsholm, Denmark, catalogue number L-0265).
pecifically, we injected 10 μl of E. faecium at a concentration of ei-
her 10 7 (high dose) or 10 4 (low dose) colony-forming units into
he first egg per clutch (as equal results were obtained, these

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
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wer e categorized collectiv el y as E13-Ent, N = 56, see the sec- 
tion ‘Results’) and 10 μl of PBS (Sigma Aldrich, catalogue number 
D5652-50 L; N = 53) into a second egg, which served as a con- 
trol (E13-PBS). After manipulation, treated eggs were sealed at the 
injection site with a super glue, r eturned to their nests and incu- 
bated together with E13-nat until E13 when all E13 eggs were col- 
lected (see SMMO 3 for details on the in ovo application, Fig. 1 for 
a timeline and sample design scheme and Fig. 2 for the method- 
ological ov ervie w). The collected E13 eggs wer e tr ansported to the 
laboratory and k e pt in an incubator (Brinsea Octagon 20 Advance 
Incubator, Brinsea Products Inc , Titusville , USA) at constant tem- 
per atur e and humidity (37.5 ◦C and 60%) until their aseptic dis- 
section (maximum 6 h after collection). In the biosafety cabinet,
the embryos wer e asepticall y r emov ed fr om the eggs, and placed 

on sterile Petri dishes (ThermoFisher Scientific, catalogue num- 
ber 101IRR). Then the embry os w er e deca pitated and their gut 
(the GIT part between the gizzard and cloaca) were taken and 

stor ed fr ozen at −80 ◦C in RNA later (Qia gen, catalogue number 
76106, Hilden, German y). Tissue samples wer e successfull y col- 
lected from a total of 23 E13-Ent and 29 E13-PBS eggs , i.e . 41.1% 

and 54.7% of the original n umber, respecti vely, due to embryonic 
mortality. 

To describe maternal microbiota, we also noninvasively col- 
lected faecal samples from adult females ( N = 34) using our pre- 
viously described methodology (Kropáčková et al. 2017a ). Briefly, 
bir ds w er e ca ptur ed in mist nets when the nestlings wer e 7–14 
days old. Immediately after the capture, they were placed into 
fr esh pa per ba gs for ca. 15–20 min. Then faecal samples were col- 
lected with sterile microbial swabs (minitip FLOQSwabs, Copan, 
Italy) and stored in RNA later at −80 ◦C. We also measured tarsus 
length and weight (for later calculation of standardized body mass 
as the ratio of tarsus length and weight) and collected blood and 

feather samples (not included in this study). The age of the birds 
was assessed based on differences in plumage colouration of pri- 
mary and secondary coverts (Svensson and Baker 1992 ) and from 

ringing r ecords. Finall y, we ringed all birds with an aluminium 

ring with a unique code of the Czech Bird Ringing Centre, Na- 
tional Museum in Pr a gue . T he r esearc h was carried out under the 
applicable laws of the Czech Republic and the European Union.
The experiment was a ppr ov ed by the Environmental Protection 

Department of the Pr a gue City Hall (permit number S-MHMP- 
1061728/2010/OPP-V-790/R-235/Bu) and the Ministry of the Envi- 
ronment of the Czech Republic (permit number 22003/ENV/16–
1009/630/16). Permission for capturing and ringing of adult birds 
w as granted b y the Czech Bir d Ringing Centre of the National Mu- 
seum in Pr a gue. 

DN A isola tion 

To maximize the efficiency of our micr obial DNA extr action with 

minimal contamination risks, we first performed a comparison of 
fiv e bacterial DNA extr action kits (for details see Supplementary 
Material and Methods Online 1 (SMMO 1) in SI1 ). Finally, all mi- 
crobial DNA samples wer e extr acted using onl y the DNeasy Pow- 
erSoil Kit (Qiagen, catalogue number 47016) with some modifica- 
tions (see SMMO 2 in SI1 ) in a laminar biosafety cabinet. Samples 
were homogenized using a vortex with horizontal adapter (cata- 
logue number 13000-V1-24; MO BIO Laboratories , Inc , Carlsbad,
USA) for 10 min at maximum speed to optimize DNA isolation ef- 
ficiency, and extracted DNA was eluted to 55 μl with an elution 

buffer. As starting material we used: (1) for E0-eggs 200 μl of ho- 
mogenized egg content mixed with 200 μl of sterile water (to pre- 
vent pellet formation); (2) for E13 embryos the intestinal samples,
nd (3) for adult females whole faecal samples. To avoid cross-
ontamination between different biological sample types, each 

ample type was extracted separately, strictly following the prin- 
iples of clean molecular work (decontamination pr ocedur es and
anipulations minimizing the risk of between-sample contami- 

ation). We also included isolation negative controls (INCs) with 

uclease-free water (the same batch as used for egg content di-
ution) which were processed separately for each sample type in
he following counts: for egg content samples ( N = 7), embryonic
amples ( N = 16), and female faecal samples ( N = 3). 

icrobial metabarcoding 

ur metabarcoding a ppr oac h was based on amplification of the
3–V4 region of the 16S rRN A gene . Two differ ent pr otocols wer e
sed for both egg content and embryonic samples to maximize
he probability of detecting the microbiota varying in the primer-
argeted sequences and minimize the impact of primers and am- 
lification kit selection. These issues could be particularly im- 
ortant in low-bacterial biomass studies. In protocol 1 (P1), no-
 hlor oplast amplifying primers 335F (CADA CTCCTA CGGGA GGC)
nd 769R (ATCCTGTTTGMTMCCCVCRC) (Dorn-In et al. 2015 ) to- 
ether with KAPA2G Robust PCR Kit (Kapa Biosystems, catalogue 
umber KK5005, Wilmington, USA) allo w ed more specific ASV
mplification. In protocol 2 (P2), using the universal bacterial 
rimers S-D-Bact-0341-b-S17 (CCTA CGGGNGGCWGCA G) and S- 
-Bact-0785-a-A-21 (GA CTA CHV GGGTATCTAATCC) (Klindworth 

t al. 2013 ) together with KAPA HIFI Hot Start Ready Mix (Kapa
iosystems, catalogue number 07958935001) with pr oofr eading 
ctivity allo w ed amplification of greater ASV diversity. Both
rimers amplify partially o verlapping regions . All samples were 
mplified with a combination of both protocols, except for female 
aecal samples that were run only with the no-c hlor oplast am-
lifying primers due to high proportion of dietary-derived chloro- 
last sequences (Kr opáčk ová et al. 2017a ). Both primer sets were
agged with 10 bp oligonucleotides for multiplexing Nextera™
NA Sample Prep Kit (Illumina ®-Compatible, catalogue num- 
er GA09115, San Diego, USA). For each sample and primer set,
CR was performed in technical duplicates to check the consis-
ency of microbial profiles (see Table S1 in SI1 for details on the
CR conditions). Different biological sample types were amplified 

n different plates to prevent cross-contamination. Two negative 
CR controls per plate (hereafter referred to as no PCR template
ontr ols, NTCs; RNA fr ee water; catalogue number 760011596,
ia gen) wer e used. Then all PCR pr oducts wer e run on 1.5%
 gar ose gel and the PCR product concentrations were assessed
ased on gel band intensity using GENOSOFT software (VWR In-
ernational, Belgium). Samples were pooled into several pools 
ased on their concentration and were purified with SPRIse- 
ect par ama gnetic beads (Bec kman Coulter Life Sciences, USA).
o r emov e PCR nonspecificities, PCR products in the range of
20–720 bp were excised by Pipin Prep instrument using 1.5%
gar ose Cassettes, dye-fr ee, int. Standards (Pippin Pr ep, 250 bp–
.5 kb, catalogue number 341CDF1503, Biozym, Hessisch Olden- 
orf, German y). Subsequentl y, the concentr ation of purified pools
as c hec ked by Qubit Fluor ometer (ThermoFisher Scientific) with
ubit dsDNA BR Assa y Kit (T hermoFisher Scientific , catalogue
umber Q32850) and pooled in equimolar concentr ations. Finall y,
he resulting amplicon libraries were sequenced using MiSeq Il- 
umina platform with 2 × 300 bp pair ed-end r eads and v3 c hem-
stry (Illumina) at the Central European Institute of Technology 
CEITEC, Brno, Czech Republic). E0-egg and embryonic GIT sam- 
les (i.e. the low-bacterial biomass samples) were sequenced in 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
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Egg 1: E0-egg sample collec�on
Egg 2: E0 in ovo E. faecium administra�on
Egg 3: E0 in ovo PBS administra�on

E0 E13

clutch comple�on embryo development

E1

E13-Ent collec�on
E13-PBS collec�on
Egg 4: E13-nat collec�on

D1 D16

nestling development

F faecal sampling

pre-egg laying
period

D7-D15

E0

Figure 1. Timeline and experimental set-up of the great tit study. Gener all y, fiv e micr obiota samples wer e collected per nest: E0-egg—egg content 
sampled on embryonic day 0 (E0), E13-nat—E13 intestinal sample from a nonmanipulated egg, E13-Ent—E13 intestinal sample from an 
Enterococcus -treated egg, E13-PBS—E13 intestinal sample from a control, PBS-injected egg, and F—female faecal samples collected between days 7 and 
15 (D1–D15) of nestling age. E and D above the axis indicate the day of embryonic and c hic k de v elopment, r espectiv el y. 

2. DNA extrac�on

4. 16S rRNA gene
sequencing

3. P1 (2x) & P2 (2x)

7. Removing 
contaminants 

1. Sample collec�on

N = 52 N = 66 N = 34

8. Final ASV table

5. Bioinforma�c analysis & 
taxonomy ASV assignment

6. Duplicate consistency 
filtering

9. Sta�s�cal analysis

10. ASV specific qPCR assays 
designed (Clost. & Cory. & Dietz.)

11. Template pre-amplifica�on 
(3x)

12. ASV specific qPCRs (each 1x)

Sampling & wetlab Bioinforma�cs & sta�s�cs Specific qPCR assays

13. Posi�ve sample verifica�on, 
i.e. repeated steps 11 and 12 (3x)

+ NTC

E0-egg F
E13-nat

E13-Ent

N = 23

E13-PBS

N = 29

+ qPCR-NTC

+ pre-NTC

+ INC

+ qPCR-NTC

Figure 2. Sc hematic r epr esentation of the pr ocedur e for determining micr obial pr ofile in egg content, embryonic intestine, and female faecal samples 
in the great tit study. (1) Different types of biological samples were collected in the field: E0-egg—egg content sample at embryonic day 0, E13-nat—E13 
intestinal sample from nonmanipulated egg, E13-Ent—E13 intestinal sample from Enterococcus -treated egg, E13-PBS—E13 intestinal sample from a 
control PBS-injected egg, and F—adult female faecal sample. (2) Bacterial DN A w as extracted including isolation negative controls (INC). We applied (3) 
two protocols for 16S rRNA gene DNA microbial genotyping: protocol 1, P1 with no-chloroplast amplifying primers and protocol 2, P2 with universal 
bacterial primers and 16S rRNA amplicon libraries were prepared. The libraries were sequenced (4) follo w ed b y (5) bioinformatic analysis and 
taxonomic assignment of bacteria. (6) Only amplicon sequence variants (ASVs) that were consistently present in both technical duplicates were 
retained. (7) We removed potential contaminants and (8) based on the abundance of particular ASVs in different biological sample types, we further 
(9) statistically analyzed sequencing data. Based on these results, (10) we developed specific probe-based qPCR assays to detect potentially pathogenic 
bacteria ( Clostridium , Dietzia , and Corynebacterium ). (11) To increase the sensitivity of qPCR assa ys , w e preamplified the template DN A with bacterial 
universal primers including negative control of preamplification (pre-NTC). (12) ASV-specific qPCRs were then performed with these preamplified DNA 

templates and negative control of qPCR (qPCR-NTC). (13) Positive samples from qPCR were further verified by independent amplification (repeated 
steps 11 and 12). Numbers in br ac kets corr espond to the number of tec hnical r eplicates per sample. 
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ifferent sequencing runs than the female faecal samples (i.e. the
igh-bacterial biomass samples) because DNA concentration dif-

er ed significantl y between these biological sample types and fae-
al samples could have cross-contaminated other samples (see
able S1 in Supporting Information 2 (SI2) for the metadata). 

ioinformatic processing of the sequence data 

nd identification of microbial taxa 

amples were first demultiplexed and primers were trimmed by
kew er softw are (Jiang et al. 2014 ). Using dada2 (Callahan et al.
016 ), we filtered out low-quality sequences (expected number
f errors per read less than 2), denoized the quality-filtered fastq
les and created an abundance matrix r epr esenting r ead counts
or each amplicon sequence variant (ASV) in each sample. Us-
ng uchime (Edgar et al. 2011 ) and gold.fna database (available
t https:// drive5.com/ uchime/ gold.fa ), we identified chimeric se-
uences and r emov ed them fr om the abundance matrix. We
ligned the ASV sequences obtained with the two different primer
ets (P1 and P2; Table S1 in SI1 ), which amplify slightly different
6S rRNA gene regions, using DECIPHER R pac ka ge (Wright 2015 )
nd r etained onl y the r egion that ov erla pped between amplicons.
he mean amplicon sequence length before trimming was 413 bp

median = 416 bp, min = 389, max = 439) for P1 and 425 bp (me-
ian = 427 bp, min = 352, max = 450) for P2, and 404 bp (median
 411 bp, min = 352 bp, max = 416 bp) after trimming. The same

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://drive5.com/uchime/gold.fa
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
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sequences after this trimming step were considered as one ASV.
ASVs wer e taxonomicall y assigned to the lo w est distinguishable 
taxonomic le v el using the RDP classifier (80% confidence thresh- 
old, Wang et al. 2007 ) and SILVA SSU r efer ence database (v. 138; 
released December 2019; Quast et al. 2013 ). From all downstream 

analyses, we excluded all ASVs that were classified as ‘Chloro- 
plast’, ‘Mitochondria’, ‘Eukaryota’, or not assigned to any bacte- 
rial phylum. We also r emov ed all samples with a low number of 
sequences ( < 50 reads with sequencing artefacts or low number 
of reads insufficient for statistical analysis). 

For the different sample types and protocols, we assessed the 
consistency of microbial profiles between technical duplicates us- 
ing Procrustean analysis based on Bray–Curtis dissimilarities cal- 
culated based on ASVs proportions in each sample (Kreisinger 
et al. 2017 ). Depending on the protocol used, E0 eggs, INC or NTC 

had lo w er consistenc y of technical PCR duplicates than female 
and embryonic samples ( Table S6 in SI1 ). We then r emov ed an y 
ASVs that were not consistently present in both technical dupli- 
cates for a given sample (putative contamination and sequenc- 
ing and PCR artefacts). From the samples without duplicates, we 
excluded all ASVs that were present in one sample and not in 

any other duplicated sample. Read counts for duplicated samples 
wer e mer ged for all later anal yses. 

Importantly, we used the Decontam package (Davis et al. 2018 ) 
to identify and subsequently eliminate putative contaminating 
ASVs whose pr e v alence was ele v ated in INC and NTC samples 
compared to all great tit samples and/or that were more preva- 
lent in samples with a low concentration of metagenomic DNA 

(as measured by PCR product concentration). The analysis was 
carried out separ atel y for egg and embryonic samples and for fe- 
male faecal samples. Finally, we compared these filtered metabar- 
coding results to the lists of the most commonly contaminating 
ASVs compiled by Salter et al. ( 2014 ), Eisenhofer et al. ( 2019 ), and 

Stinson et al. ( 2019 ). 

Sta tistical anal ysis of the sequence da ta 

Variation in ASV richness (i.e. number of ASVs detected in each 

sample) between sample types and the PCR protocols was com- 
pared after excluding Ralstonia and Enterococcus (putative con- 
taminants not identified by Decontam, see below) using general- 
ized linear mixed effect models (GLMM) with negative binomial 
distribution and sample identity as a random effect (R package 
glmmTMB). Because community dissimilarity cannot be calcu- 
lated for sample pairs that do not contain bacterial reads (which 

was r elativ el y common for egg and embry o samples), w e could 

not perform standard beta diversity analyses (e.g. PCoA ordina- 
tion or PERMANOVA analyses). In addition, we performed a differ- 
ential abundance analysis examining the variation in abundance 
of individual ASVs between experimental groups and PCR proto- 
cols . T hese anal yses wer e based on mixed models with negative 
binomial distribution, where the number of reads for each ASV 

in each sample served as the response variable, whereas the ex- 
perimental group and PCR protocol were considered predictors. To 
account for differences in sequencing depth betw een samples, w e 
also included log-transformed read counts (increased by one) for 
each sample at the offset. To improve model con vergence , differ- 
ential abundance anal yses wer e performed for a subset of ASVs 
detected in at least 5% of the samples. To avoid false positives 
due to multiple testing, we calculated false discovery rate (FDR; 
Benjamini and Hoc hber g 1995 ) based on the r esulting pr obability 
v alues and consider ed onl y those r esults as significant where the 
FDR was less than 0.05. 
Using the microeco package, we created Venn diagrams (Liu 

t al. 2021 ) showing ov erla ps of ASVs and genera between differ-
nt biological sample types and PCR protocols. To test whether the
emale faecal microbiota is more similar to the microbiota of the
wn egg or embryo than expected by c hance, we compar ed the
ifferences in J accar d and Bray–Curtis dissimilarities between the
emale faecal microbiota and the microbiota of the own vs. for-
ign egg (E0-egg)/embryo (E13-nat) using the Wilcoxon test. This 
nal ysis was onl y performed for PI and for the dataset with Ralsto-
ia and Enterococcus ( N E0-egg = 47, N E13-nat = 66, N F = 30), as there
ere not enough samples available for statistical analysis after 

ts exclusion. We also used the Wilcoxon test to examine whether
mbryos from the same nest are more similar in their microbial
omposition than embryos from different nests. J accar d dissim-
larities were calculated after rarefaction of the abundance ma- 
rix ( N = 51 sequences per sample , i.e . the minimum number of
eads in the dataset). Bray–Curtis dissimilarities were calculated 

ased on r elativ e ASV abundances. All statistical analyses were
erformed using R software, v.4.1.1 (R Core Team 2017 ). 

uantitati v e PCR screening of potentially 

athogenic bacteria 

ased on the metabarcoding r esults, we de v eloped ASV-specific
robe-based 16S rRNA gene (DNA) qPCR assays to detect poten-
ially pathogenic bacteria in egg contents and embryos. We set
he following criteria for selecting target ASVs: (1) the ASV pres-
nce in E0-egg as well as in E13-nat samples, (2) the ASV absence
r om an y INCs and NTCs, (3) the ASV being not pr e viousl y r eported
s a contaminant of laboratory plastics or chemicals (based on a
iter atur e surv ey), and finall y (4) the ASV being known as a poten-
ial pathogen of the gastrointestinal or urogenital tract in animals
pathogens have a greater impact on host physiology and fitness).
n cases where the selected ASVs were similar in sequence to
ther ASVs found in INCs or NTCs, we designed the qPCR primers
nd probes to target only a more dissimilar ASV variant that could
ot be amplified nonspecifically together with any potential con- 
aminant. Following these criteria, we designed three qPCR as- 
ays: (i) for Corynebacterium (Barbosa and P alacios 2009 , Risel y et al.
018 ), (ii) for Clostridium (Tsiodras et al. 2008 , Benskin et al. 2009 ),
nd (iii) for Dietzia (Koerner et al. 2009 , Olo w ookere et al. 2022 ), see
able S3 in SI1 for primer and probe sequences. 

To increase the sensitivity of the qPCR assa ys , all samples were
reamplified for 30 cycles with bacterial universal primers (Klind- 
orth et al. 2013 ; the same as in P1) but with high fidelity and
ccur ate pol ymer ase Platinum SuperFi PCR I Master Mix (Ther-
oFisher Scientific, catalogue number 12351), see Table S5 in SI1

or more details. To minimize DNA binding to the plastic sur-
ace, w e used lo w-binding plastics and added 1 μl of 0.1 ng/ μl
RN A carrier (i.e. spike w ater, Qiagen, catalogue number 1068337)
o each tube with stock eluted DNA. Preamplification was per-
ormed in technical triplicates and different biological sample 
ypes were run on different plates to minimize the risk of cross-
ontamination. Thr ee negativ e pr eamplification contr ols (NTC-
re-amp; i.e. spike water) were included on each plate. Preampli-
ed PCR products were then diluted 3x with spike water and used
s a template for ASV-specific qPCR (see Table S5 in SI1 for PCR
onditions). 

ASV-specific qPCRs were performed with Luna Universal Probe 
PCR Master Mix (New England Biolabs, Inc., catalogue number 
3006, Ipswic h, Massac husetts, USA) under the manufacturer’s 
pecified conditions ( Table S5 in SI1 ) using the Light Cycler 480
Roche Applied Science) in a 384-well plate format (Roche Applied

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad164#supplementary-data
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cience, catalogue number 04729749001). All assays were per-
ormed in technical triplicates, with the preamplified DNA from
he technical triplicate used as a template for independent mono-
licate qPCR (allo w ed b y the high repeatability between technical
riplicates in qPCR). DNA sequence standards (IDT, gBlocks Gene
r a gments; Table S4 in SI1 in serial dilutions of 10 9 –10 1 were used
o estimate the qPCR efficiency (E = 1.995 for Clostridium , E = 1.989
or Corynebacterium , and E = 1.835 for Dietzia ). In addition, each
late also contained thr ee template-fr ee negativ e contr ols (spike
ater; NTC-qPCR) and thr ee NTC-pr e-amp (as mentioned abov e).
For each triplicate, we calculated the mean C p values using the

econd deri vati ve method (second deri vati ve Max) implemented
n LightCycler 480 SW 1.5 (Roche Applied Science). A replicate
as considered positive when C p < 36, which corresponds to ∼1–
0 DNA molecules after the preamplification (determined using
he gBlock standard curves). Ho w ever, given the expected high
tochasticity of PCR amplification at very low template concen-
rations, all E0-egg and embryonic GIT samples where at least one
f the triplicates was positive (C p values < 36) were reassessed
ith another independent preamplification and qPCR (a total of

ix technical replicates per sample were obtained). Finally, we de-
ned samples as positiv e onl y if the C p v alues wer e in at least
/6 replicates < 36 and sim ultaneousl y, the positivity was con-
rmed in both independent qPCR runs (see Fig. 2 for the pr ocedur e
v ervie w). Due to the preamplification step, we could only inter-
r et qPCR r esults as semiquantitativ e by determining the number
f replicates in the samples r eac hing the amount of bacterial DNA
ver ∼1–10 molecules per reaction (estimated based on gBlocks
tandards). The original measured qPCR data are in Table S2 in
I2 . 

Using the qPCR data, we statistically tested whether Corynebac-
erium , Clostridium , and Dietzia occur mor e fr equentl y in biological
amples than in negative controls (INC, NTC-qpCR, and NTC-pre-
mp). We applied generalized linear models (GLMs) with quasi-
inomial distribution where the ratio of the number of positive
eplicates (C p < 36) to the total number of replicates was a de-
endent variable and biological sample type was an independent
 ariable. Separ ate models were built for each combination of the
ssa y (i.e . g iven ASV) and biolog ical sample type (here E0-nat, E13-
at, and F), except in cases where the given ASV was not con-
rmed in any sample by independent qPCR (e.g. for Clostridium or
orynebacterium in E0-nat and E13-nat; see all models M1-5 in SI3).
lots wer e gener ated using ggplot2 (Wic kham 2016 ), boot (Canty
nd Ripley 2021 ), and ggeffects pac ka ges (Lüdec ke 2018 ). All sta-
istical analyses were performed using software R, v. 4.1.1 (R Core
eam 2017 ). 

esults 

icrobial data filtering and general information 

rom the total 857 samples sequenced (including biological dupli-
ates), we obtained sequences for 855 samples, obtaining 1996 026
eads and identifying in total 1382 ASVs. Applying various bioin-
ormatic filtering steps and eliminating effects of contamination
ignificantl y r educed the total n umber of samples and ASV di ver-
ity included in the later analysis . T his pattern was particularly
vident in the low-bacterial biomass samples. For effects of the in-
i vidual filtering ste ps in different sample types see Figure S2 and
ables S2A –S2E in SI1 . First, we eliminated all samples with very
ow numbers of sequences obtained ( < 50 r eads), r educing the
 epr esentation of samples in our analysis by 9.59% ( n = 773) and
.01% of all reads, Second, we removed inconsistent ASVs between
uplicates, shar pl y r educing the numbers of ASVs (to 152 out of
370 ASVs). This step had only a weak impact on the numbers
f reads used for the analysis (decline by 9.81%), indicating the
resence of many low-abundant ASVs that were inconsistently
 epr esented in the duplicates of the full dataset. Third, for each
iological sample we combined the filtered sequences from the
uplicates, retaining 416 samples for further analysis. 

Additional attention has been further paid to specific sample
ontaminations. Using Decontam pac ka ge in R we statisticall y r e-
oved 12 potentially contaminating ASVs in embryonic and egg

ontent samples and two in female faecal samples (see Figure S1
nd Table S7 in SI1 ) for full taxonomy), accounting for 4.84% drop
n the read counts [see Figure S2 and Table S2 in SI1 for all fil-
ering steps]. Especially the low-bacterial biomass samples were
ominated by the genus Ralstonia , which comprised in total 30.1%
f the reads. It was also the only ASVs distributed across all sam-
le types ( Figure S9A in SI1 and Table S3A in SI2 ). This finding
nd the fact that Ralstonia is known as a common contaminant
f plastics and solutions (Ryan and Adley 2014 ) suggest that our
amples were contaminated with this bacterium although it was
ot detected in the Decontam anal ysis. Furthermor e, despite all
ur efforts to k ee p our pr ocedur e clean, E. f aecium used for the in
vo treatment might have cross-contaminated some of the other
mbryonic samples (particularly E13-PBS; Figures S4 , S5 in SI1 ).
her efor e, in all subsequent analyses we present the results con-
erv ativ el y with and without Ralstonia and Enterococcus as. Filtering
ut Ralstonia and Enterococcus substantially reduced the number of
 eads, fr om 1 711 376 to 401 089 reads). In the final dataset, a total
f 128 ASVs remained, occurring in only 191 samples containing
equences, of whic h onl y 1236 r eads (0.06% of the original num-
er of reads in the full dataset before filtering) belonged to E0-
gg, 45 488 reads (2.28%) to E13-nat and 272 337 reads (13.64%) to
emale faecal samples . T his indicates that despite the increased
umber of PCR cycles in E0-egg and E13-nat samples, both E0-egg
nd E13-nat samples contained onl y v ery fe w bacterial sequences.

Our results on microbiota composition obtained using the two
etabarcoding protocols were generally very consistent. Since the

1 data contain fewer sequencing artefacts, we primarily show the
esults of the P1 approach here and provide the P2 results and the
esults with Ralstonia and Enterococcus in SI for comparison. How-
 v er, in cases where a comparison of data is necessary or where
her e ar e discr epancies between the P1 and P2 results, we also
ighlight this in the main text. 

icr obial pr ofiles in egg content, embryos, and 

emales 

he experimental groups differed significantly in ASV richness
GLMM: �D.F. = 4, χ2 = 70.021, P < .0001). Higher ASV richness
as found using the P2 than P1 protocol (GLMM: estimate [ ± S.E.]
 0.30187 ± 0.08769, �D.F. = 1, χ2 = 11.989, P < .0001, Fig. 3 ).
ccording to Tuk e y post hoc comparisons, female faecal samples
ad significantly higher ASV richness compared to the other cate-
ories, except E13-nat. E0-egg and E13-Ent had significantly lo w er
ic hness compar ed to all other categories except E13-PBS, whose
ichness was not different from E13-nat. According to differential
bundance anal yses, thr ee ASVs (fr om the gener a Methylotenera ,
ycobacterium , and Shingomonas ) were significantly more abun-
ant in the E13-nat group and a single ASV (from the family
anthobacter aceae) was mor e abundant in the E12-PBS group
 Figure S1 and Figure S3 in SI1 ). There were no ASVs whose abun-
ance varied significantly between PCR protocols. 
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Figure 3. Comparison of amplicon sequence variant (ASV) richness 
between biological sample types using violin plot in the great tit. Results 
for two PCR protocols are shown (P1 and P2, see the section ‘Methods’ 
for more details). The black horizontal lines within the violin plots 
indicate the median values. Lo w er case letters in the upper part of the 
plot indicate significant differences between groups according to Tuk e y 
post hoc tests. If the letters for two groups are different, the groups differ 
significantly in their mean ASV richness ( P < .05). For visual purposes 
only, the y -axis is squared root scaled. 
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In eggs (E0-egg), after the filtering and exclusion of Ralstonia out 
of 52 samples only eight samples had enough sequences (mean = 

154.5 reads per sample), while majority (84.6%) of the samples did 

not contain any biologically reliable bacterial sequences (data ob- 
tained using P1; Table S2A –S2E and Figures S4 , S5 in SI1 ). Over- 
all, only 11 ASVs were detected with mean 2.38 ASV per sam- 
ple ( Tables S2D , S2E in SI1 ). Among the most abundant ASVs in 

the E0-egg samples, the famil y Xanthobacter aceae and gener a 
Cutibacterium and Mycobacterium were detected in at least five sam- 
ples and Sphingomonas was detected in two samples (Table 1 ; Fig.
4 ; Figures S4 –S7 in SI1 ). Clostridium was revealed in one E0-egg 
sample. P2 r e v ealed similar ASV numbers as P1 (15) but detected 

two putative pathogens, Dietzia (one sample) and Corynebacterium 

(three samples). 
In embryonic GIT (E13-nat), out of 66 samples only 31 had 

enough sequences after all the filtering steps (mean = 1467.4 
reads per sample), while 53.03% of samples contained no se- 
quences ( Tables S2A –S2E and Figures S4 , S5 in SI1 ). In embry- 
onic E13-nat samples, we r e v ealed higher ASV diversity than in 

E0-eggs, with a total of 49 ASVs and mean 4.39 ASV per sample 
( Table S2D , S2E in SI1 ). Of these, 28 ASVs were unique to E13-nat,
but these were covering only 2.3% of all reads ( Figure S9A and 

see further panels B-E for genus-le v el comparisons and also for 
P2, SI1 ). The E13-nat samples were dominated by genera Sphin- 
gomonas , Mycobacterium , Methylotener , and Pseudomonas (found in > 

10 samples) and furthermore by Cutibacterium , Stenotrophomonas ,
Enhydrobacter , Legionella , Blastocatellia, Brevundimonas , and Tepid- 
iomonas (found in ≥ 2 samples; Table 1 ; Fig. 4 ; Figures S4 –S7 in 

SI1 ). Clostridium was r e v ealed in one E13-nat sample. In addi- 
tion, w e w er e a gain able to detect the two putativ e pathogens 
Dietzia (two samples) and Corynebacterium (one sample) using 
the P2 a ppr oac h. Of the total 49 ASVs detected in the E13-nat 
amples, nine ASVs were shared with the E0 eggs, including
he most common gener a, suc h as Cutibacterium , Mycobacterium ,
nd Spingomonas (Table 1 ; Figure S9A and also B–E for further
omparisons, SI1 ). 

The embryonic GIT samples derived from E0 eggs experimen- 
ally injected with E. faecium (E13-Ent) were dominated by the
enus Enterococcus , as pr edicted, r egardless of the dose applied
 Figures S4 , S7 in SI1 ). This demonstrates that our 16S rRNA gene

etabarcoding a ppr oac h is sensitiv e to the detection of bacte-
ia e v en when they ar e initiall y pr esent in low quantities in the
ggs ( ≥ 1000 copies, the low dose of E. faecium ) . In ovo treatment
lso did not affect the microbiome of E13, as the control E13-PBS
amples contained a similar composition of ASVs as E13-nat sam-
les (Fig. 4 A and B; Table S3 in SI2 ). Despite all our efforts to k ee p
ur pr ocedur e contamination-fr ee, we observ ed a high abundance
f Enterococcus in a fe w E13-PBS samples, possibl y due to cross-
ontamination. 

Female faecal samples gener all y had a m uc h higher num-
er of reads per sample than the E0-egg and E13-nat samples
 Tables S2A –S2E in SI1 ). In total, 30 female faecal samples con-
ained 49 ASVs, of which 34 ASVs were unique to faeces (this
ov er ed 28.7% of all sequences, Figures S9A in SI1 ). We ob-
erved high interindividual variability between females ( Figures 
5 , S8A , S8B in SI1 ) and taxonomically different composition
ompared to all other biological sample types (Fig. 4 ). Among
he most common taxa, Mycoplasma , Clostridium , Esc heric hia , Lac-
ococcus , Diploric kettsiacae, or Ureoplasma wer e detected. Ther e
er e onl y six common ASVs shared between E0-egg and fe-
ale samples (e.g. in genera Clostridium , Devosia gracialis , Lacto-

ocus , Mycobacterium , and Sphingomonas ) and nine ASVs shared
etween E13-nat and female samples (e.g. in genera Mycobac- 
erium , Rhodococcus , and Sphingomonas; Tables S3A , S3B in SI2 and
igures S9A in SI1 ). 

imilarity of microbial communities within- and 

etween nests 

emale faecal microbiota was not more similar to the microbiota
f their own eggs (E0-egg) compared to foreign eggs (for J accar d W
 15 174, P = .726 and Bray–Curtis W = 15 152, P = .741). On the
ther hand, we detected partially increased similarity between fe- 
ale faecal microbiota and microbiota of embryos in their nests

E13-nat) than would be expected by chance but only nonsignifi-
antly for J accar d (W = 39 346, P = .086) and not for Bray–Curtis
W = 36 823, P = .368). E13-nat within the same nest wer e no mor e
imilar in microbial composition than E13-nat between different 
ests (for J accar d W = 21 862, P = .021 and Bray–Curtis W = 35 762,
 = .125). 

PCR detection of potentially pathogenic bacteria 

nlike 16S rRNA gene metabarcoding, none of the 52 E0 egg sam-
les were found to contain Corynebacterium and Clostridium by spe-
ific qPCR assays (see Table S8 in SI1 for comparison of NGS and
PCR r esults). In contr ast, Dietzia was r e v ealed by qPCR in four
0-egg samples (7.62%). Ho w e v er, Dietzia was also detected in INC
nd its frequency in E0-eggs was not statistically different from
ny type of negative control in E0-egg dataset (sample type: P
 .318, Model 1, M1 in SI3, where see for full model details, and
igures S10A in SI1 ). 

We also detected no Corynebacterium and Clostridium in any of
he 66 E13-nat samples assessed. Dietzia was found by qPCR in
nly two E13-nat samples (i.e. 2.66%). Overall, Diezia positivity was
ot statisticall y differ ent fr om the negativ e contr ols (especiall y
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Table 1. List of bacterial genera found in egg content (E0-egg) and embryonic intestine samples (E13-nat) in the great tit.The lo w est 
taxonomic assignments to genera are shown where possible, based on the RDP classifier (Wang et al. 2007 ) and Silva reference database 
(Quast et al. 2013 ). For a complete list of all amplicon sequence variants (ASVs) and genera in all sample types, please see Table S3A and 

B , Supplementary Information SI2 ). E0-egg – egg content samples at embryonic day 0 (N = 47), E13-nat – embryonic intestine sample at 
embryonic day 13 (N = 66), INC – negative controls of isolation (N = 26), NTC – negative control of PCR (N = 12). ID indicates the unique 
code of the given ASV. Presence of certain taxa for protocol 1 (P1; see methods for more details) is indicated by the number of positive 
samples. Decontam – genera revealed in the statistical analysis by Decontam are indicated (see Table S7 , Supplementary Information SI2 
for a complete list of all contaminating ASVs r e v ealed by Decontam analysis ). Previously reported genera as common contaminants are 
cited: [1] Salter et al. ( 2014 ), [2] Eisenhofer et al. ( 2019 ), [3] Stinson et al. ( 2019 ). Genera identified only in E0-egg and E13-nat samples and 

not in negative controls are highlighted in grey. 

ID Genus E0-egg E13-nat INC NTC Decontam 

Published 
contaminants 

ASV_10635 1174–901–12 0 0 1 0 
ASV_11627 Arachidicoccus 0 1 0 0 
ASV_10629 Beijerinckiaceae 0 1 1 0 
ASV_10711 Bradyrhizobium 0 2 2 0 [1], [2], [3] 
ASV_10591 Brevundimonas 0 3 0 0 [1], [2] 
ASV_10053 Burkholderia–Caballeronia–

P ar aburkholderia 
0 1 0 0 [1], [2] 

ASV_11823 Clostridium_sensu_stricto_1 1 1 0 0 [2] 
ASV_10865 Craurococcus–Caldovatus 0 1 0 0 [1] 
ASV_11235 Cutibacterium 7 5 3 1 Yes [3] 
ASV_10844 Devosia 1 0 0 0 [1], [2] 
ASV_9381 Enhydrobacter 1 2 1 0 [1], [2] 
ASV_12311 Enterococcus 0 9 0 0 [2] 
ASV_9291 Haliangium 0 1 0 0 
ASV_9636 KCM-B-112 0 0 1 0 
ASV_12263 Lactococcus 1 0 0 0 
ASV_9652 Legionella 0 2 0 0 
ASV_10652 Methylobacterium–

Methylorubrum 

1 0 1 0 Yes [1], [2], [3] 

ASV_10100 Methylotenera 0 20 3 0 Yes 
ASV_11228 Microlunatus 0 0 1 0 
ASV_11070 Mycobacterium 5 19 8 1 Yes 
ASV_11257 Nocardioides 0 1 0 0 
ASV_10567 Novosphingobium 0 1 0 0 [1], [2], [3] 
ASV_9747 Pseudomonas 1 15 4 0 [1], [2] 
ASV_9388 Psychrobacter 0 1 0 0 [1] 
ASV_9841 Ralstonia 47 66 20 0 [1], [2], [3] 
ASV_10991 Rhodococcus 0 5 1 0 Yes [1], [3] 
ASV_10372 Sphingomonadaceae 1 1 0 0 
ASV_10397 Sphingomonas 2 24 4 0 Yes [1], [2], [3] 
ASV_12175 Staphylococcus 1 1 0 0 Yes [2] 
ASV_10329 Stenotrophomonas 0 4 0 0 [1], [2] 
ASV_12264 Streptococcus 0 0 1 0 Yes [1], [2] 
ASV_10170 Tepidimonas 0 2 0 0 
ASV_10678 Xanthobacteraceae 7 0 2 0 
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rom INC) in the E13-nat dataset (Sample type: P = .154, M2, SI3;
igures S10B and SI1 ). 

In female faeces, all Corynebacterium (25.00% of samples),
lostridium (90.63%), and Dietzia (90.63%) have been detected.
o w e v er, in further statistical tests, only Clostridium and
orynebacterium sho w ed significantly higher positivity in the

aecal samples compared to the negative controls (sample type:
 = .004, M3 and P = .042, M4, SI3; Figures S10C and S10D in SI1 ,
 espectiv el y) but not Dietzia (for sample type: P = .103, M5, SI3;
igures S10E and SI1 ). Unlike in low-bacterial biomass samples
i.e. E0-egg and E13-nat), virtually all Clostridium -positive samples
i.e. 91.66%) r e v ealed b y NGS in females w ere also confirmed b y
he mor e sensitiv e qPCR, indicating that for the higher bacterial
iomass samples both methods gave consistent results ( Table S8

n SI1 ). 

i  
iscussion 

sing a combination of two 16S rRNA-based metabarcoding pro-
ocols and specific qPCR assa ys , in this study we described mi-
robiome of the egg content, embryonic gut and female (mater-
al) faeces in a free-living passerine, the great tit. Importantly,
nlike pr e vious a vian studies , we performed our PCR in technical
 eplicates and pr epar ed the sequencing runs for low- and high-
acterial biomass samples independently to minimize the risks
f amplification bias and potential cr oss-contamination. Contr ary
o some pr e vious studies in birds (e.g. Ding et al. 2017 , Tr e v el-
ine et al. 2018 ), our r esults r e v ealed negligible and inconsistent

icr obiota comm unities in eggs, with high pr oportions of poten-
ial contaminants. In embryonic samples, there were more bacte-
ial ASVs, yet still these fr equentl y r epr esented putativ e contam-
nants. Of the three potentially pathogenic ASVs detected by our
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Figure 4. Relative abundances of bacterial taxa in egg and embryonic samples of the great tit (A) before excluding potentially contaminating Ralstonia 
and cross-contaminating Enterococcus for both protocols (P1 and P2) and (B) and after their exclusion for P1 only. Only the most abundant genera 
(r elativ e abundance > 1%) are shown. Less abundant genera are included in the category ‘Other’. Results are shown for different amplification 
protocols (P1 and P2, see the section ‘Methods’ for more details). E0-egg—egg content sample at embryonic day 0, E13-nat—E13 intestinal sample from 

nonmanipulated egg, E13-Ent—E13 intestinal sample from an Enterococcus -treated egg, E13-PBS—E13 intestinal sample from a control PBS-injected egg, 
F—female faecal samples (amplified by P1 only). For the relative abundances in P2 after Ralstonia and Enterococcus exclusion, see Figures S1 and S5 ( SI1 ). 
High-r esolution ima ges of Fig. 4 (A) and (B) with individual sample IDs can be found in Supplementary Information 5(A) and ( B) , r espectiv el y. 
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NGS metabarcoding in the E0-egg and E13-nat samples ( Corynebac- 
terium , Clostridium , and Dietzia ), only Dietzia w as confirmed b y 
qPCR in E0-egg and E13-nat, which might support the putative ver- 
tical transfer . 

E0-egg samples had only minimal traces of microbiota, as evi- 
denced by the high proportion of samples without any sequences 
after the filtering and low mean ASV and number of reads per 
sample despite the increased number of preamplification PCR cy- 
cles . T he E0-egg microbial communities were dominated by Xan- 
thobacteraceae, Cutibacterium , Mycobacterium , and Sphingomonas. 
Ho w e v er, virtuall y all ASVs identified in E0-eggs were also de- 
tected in our negativ e contr ols (INCs and/ or NTCs) and most of 
them are also known as frequent contaminants of laboratory ma- 
terials (see discussion below and Table 1 for the detailed list of 
contaminants). Furthermor e, our r esults indicate that the E0 mi- 
robiota in eggs from the same nest was not more similar than
hat of eggs from different nests . T he qPCR validation of the NGS
esults sho w ed that unlike Dietzia , neither Corynebacterium nor
lostridium were detected in any E0-egg samples . T herefore , our
esults suggest that the microbiota in great tit eggs at E0 is neg-
igible . T his is supported by (i) the lack of clearly distinguishable

icrobiota between the E0-egg and NTC and INC samples, (ii) in-
onsistency of technical duplicates, (iii) low ASV abundance and 

i versity, and (i v) high proportion of potential contaminants . T he
nly exception supporting the possibility of vertical transfer in 

ur data r epr esents Dietzia , whic h was consistentl y identified in
emale faeces and in egg and embryonic samples, although it oc-
urred also in the negative controls . Hence , while we cannot com-
letely rule out some bacterial presence in the freshly laid eggs,
ur E0 eggs were nearly bacteria-free, which is consistent with the
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terile egg hypothesis . In contrast to our results, in E0 egg whites of
he Kor ean c hic k ens, di v ersified bacterial comm unities wer e r e-
orted, being dominated by Pseudomonas (65% of all reads), Jan-
hinobacterium , Burkholderiales, Flavobacterium , Stenotrophomonas ,
cinetobacter , Enterobacteriaceae, Comamonadaceae, and Xan-

homonadaceae (Lee et al. 2019 ). Microbial communities in egg
hites distinct from the negative controls were also described in

our passerine species, yet in a very small dataset of only 11 eggs in
otal (Tr e v elline et al. 2018 ). Differ ent micr obial comm unities at E0
tage eggs between these studies might either indicate high inter-
pecific variability or reflect insufficient control over the stochas-
icity in sequence data when replicates and/or negative controls
r e lac king. 

The risk of potential contamination is a critical issue in low-
acterial biomass samples (Salter et al. 2014 , Eisenhofer et al.
019 ). The sample contamination may originate from different
outes, including the environment in which samples are collected,
NA extr action kits, PCR c hemicals and plastics, wet lab proce-
ur es, or cr oss-contamination between differ ent samples (Eisen-
ofer et al. 2019 ). Contrary to mammalian studies where an ongo-

ng debate whether human placenta and foetus are sterile (Perez-
uñoz et al. 2017 ) or not (Aagaard et al. 2014 ) has led to the ap-

lication of very careful protocols assessing contamination risks
de Goffau et al. 2019 ), these caveats hav e r ar el y been addressed
n birds. For instance, pr e vious studies in c hic ken egg and embry-
nic microbiota did not include negativ e contr ols (Ding et al. 2017 ,
022 ) or these were of insufficient type and number (Akinyemi
t al. 2020 ), limiting inferences about microbiota profiles (but see
rond et al. 2017 and Lee et al. 2019 ). Unsur prisingl y, the most
bundant taxon in the c hic ken embryonic samples, Halomonas
Ding et al. 2017 ), was later indicated as a saline buffer contam-
nant of the DNA isolation kit (Lee et al. 2019 ). Our study is the
rst describing bacterial recruitment in bird embryos by adopt-

ng multiple protocols or the technical duplicate-based approach.
ncor por ating these measures and various bioinformatic filtering
teps helped us to detect PCR amplification bias, which may be
mportant in low-bacterial biomass and to r emov e man y incon-
istent ASVs that likely originated fr om envir onmental contam-
nants or as cross-contaminants. While our initial dataset con-
isted of 1382 ASVs, it was reduced to 128 ASVs after remov-
ng samples with inconsistent technical duplicates and identified
ontaminants. Studies without suc h measur es identified up to an
rder of magnitude higher ASV diversity in chickens (Akinyemi
t al. 2020 , Ding et al. 2022 ). Despite that, we still did find some
otentially contaminating ASVs identified based on the literature
urvey. Contaminating ASVs reported in previous microbial stud-
es have been mostly soil- or w ater-dw elling bacteria and bacteria
ommonly associated with nitrogen fixation (Salter et al. 2014 ).
f these known contaminants (Salter et al. 2014 , Eisenhofer et al.
019 , Stinson et al. 2019 ), we identified e.g. Pseudomonas , Ralstonia ,
hodococcus , Sphingomonas , and Stenotrophomonas in our E0-egg and
13-nat samples. In particular, Ralstonia , a common contaminant
f DNA isolation kits that can pass e v en thr ough a 20-nm bacte-
ial filter (Sundaram et al. 1999 ), was highly dominating in our
ow-bacterial biomass samples, comprising 30.1% of our reads.
ther contaminants, such as Propionibacterium or Streptococcus are
ommon human skin-associated organisms (Byrd et al. 2018 ). Al-
hough the vast majority of ASVs observed in our E0-egg and E13-
at samples ar e putativ e contaminants, we cannot exclude the
ossibility that they also play some biological role in eggs and de-
eloping embryos, as some of them have been r e v ealed in GIT of
dult birds (e.g. Mycobacterium and Pseudomonas ; Kr opáčk ová et al.
017a , 2017b ). Ther efor e, we onl y conclude that their occurrence
n avian eggs is highly speculative. In addition, some of the iden-
ified gener a ar e also known to be opportunistic pathogens in hu-

ans, such as some members of the genera Mycobacterium (Primm
t al. 2004 ) or Pseudomonas (Kerr and Snelling 2009 ). Unfortunately,
ur 16S rRNA gene metabarcoding a ppr oac h could not distinguish
ost ASVs at a taxonomic le v el lo w er than genus, while the poten-

ial pathogenicity of some ASVs could also be specific to species
r strain (Pan et al. 2014 ). 

Compared to E0-egg, the embryonic gut (E13-nat) microbiome
as slightl y mor e consistent, with higher ASV div ersity and the
umber of reads per sample, though 53.03% of samples contained
o sequences after the data quality filtering. Of the 49 ASVs de-
ected in the E13-nat samples, nine ASVs wer e shar ed with the E0
ggs, including the most common gener a, suc h as Cutibacterium ,
ycobacterium , and Spingomonas . Yet, again, all genera in E13-nat

xcept for Stenotrophomonas , Legionella , Blastocatellia, and Tepid-
omonas were also detected in our negative controls . T he lack of
igher microbial similarity between embryos from the same nest

ndicates rather stochastic recruitment of microbiota at E13. Of
he genera and higher taxa found in our great tit E13-nat sam-
les, nine also inhabited the c hic ken embryos: Pseudomonas , Sphin-
omonas , Bradyrhizobium , Rhodococcus , Staphylococcus , Pseudomonas ,
urhkhodriales, Stenotrophomonas , and Enterobacteriaceae (Ding
t al. 2017 , Lee et al. 2019 ). Despite the sharing of these few genera
etween c hic ken and gr eat tit embryos , o v er all abundances and
axonomical div ersities wer e m uc h lo w er in the great tits (Ding
t al. 2017 , 2022 ; Lee et al. 2019 ). On the one hand, this could re-
ect interspecific differences, as the embryos of the altricial great
its are less developed than those of the pr ecocial c hic kens, on the
ther hand, the differences in the results may also be due to differ-
nces in the NGS protocols used (see abov e). Our r esults, ther efor e,
etter correspond with those of Grond et al. ( 2017 ) who combined
GS and qPCR pr otocols to detect onl y negligible micr obiota in the
mbryonic GIT of two Arctic super pr ecocial shor ebirds, the dun-
in ( Calidris alpina ) and the sandpiper ( Calidris pusilla ), shortly be-
or e hatc hing, with stoc hastic comm unities ske w ed to w ar ds dom-
nance of Clostridia and Gammaproteobacteria . 

Using metabar coding w e detected potentially pathogenic gen-
ra Corynebacterium , Clostridium , and Dietzia both in E0-egg and
13-nat, and partially also in female faecal samples, suggesting
heir putative vertical transfer . Unlike the sequencing, no Corynebac-
erium and Clostridium were detected by qPCR both in E0-egg and
13-nat. Importantl y, Dietzia was r e v ealed by qPCR in 7.69% of
0-eggs and in 3.03% of E13-nat samples . T his suggests that Di-
tzia might be v erticall y tr ansmitted at a v ery low fr equency. Sim-
larl y, the putativ e v ertical tr ansmission of pathogenic bacteria
rom infected mothers to their eggs was suggested in both do-

estic (e.g. for Salmonella in c hic kens; K eller et al. 1995 , Gantois
t al. 2009 , Pedroso 2009 ) and wild birds (e.g. for Nesseria in the
r eater white-fr onted goose; Hansen et al. 2015 ). As we found al-
ost no microbiota in E0-egg samples but a some what mor e di-
 ersified micr obiota in E13-nat (with limited ov erla p with E0-egg
amples), we think that bacterial trans-shell migration in E13-nat
eems to have a stronger effect than vertical transfer , yet it is still
 ar e in the great tit. As described previously (Kropáčková et al.
017a ), we found rich bacterial communities in the female fae-
al microbiome. Ho w ever, the fact that these were taxonomically
 ery differ ent fr om those in the E0-egg and E13-nat samples might
uggest that the original embryonic ASVs are either replaced by
ther ASVs after hatching or exist in the adults only in very low,
ndetectable amounts. Our results thus suggest that GM is pre-
ominantly formed after hatching in passerines . T his is also sup-
orted by the high ontogenetic dynamics of passerine GM during
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the nestling period (e.g. Kreisinger et al. 2017 , Teyssier et al. 2018 ,
Chen et al. 2020 ). 

Conclusion 

In our study combining 16S sRNA gene metabarcoding with tar- 
geted qPCR, we hav e r e v ealed onl y nearl y sterile eggs in the great 
tit. We found stronger support for the role of bacterial trans-shell 
migration than vertical transfer during embryogenesis, forming sim- 
ple and low-abundant bacterial communities in some (but not 
all) tit embry os. Ho w e v er, all effects w ere w eak, suggesting that 
GIT microbiota in passerines mostly forms only after hatching.
Further careful investigation across avian phylogeny is needed 

to determine whether the differences in gut microbiota recruit- 
ment between passerines and c hic kens ar e due to species-specific 
life-history traits or methodological caveats between studies. Our 
study highlights the importance of using technical PCR duplicates 
and internal controls to eliminate stochastic noise and contam- 
ination in sequencing data, whic h ar e particularl y common in 

studies with low-microbial biomass. Our results indicate that fur- 
ther studies in species with potentially more abundant microbial 
communities in embryonic intestine (e.g. chickens) should deter- 
mine whether bacteria in bird eggs are viable (e.g. by labelling 
dead/live bacteria) and metabolically active (e.g. by metatran- 
scriptomics and RT-qPCR) and assess their impact on immune 
gene expression. This can also be done using microbial cultur- 
omics, which combines high-throughput culturing with species 
identification by MALDI-TOF (Lagier et al. 2018 ). Elucidating the 
mec hanisms of GIT micr obiota establishment in earl y ontogen y 
can impr ov e our understanding of parental effects in birds and 

contribute both to basic knowledge of host–microbe evolutionary 
ecology as well as zoohygienic and veterinary measures that min- 
imize the risks of disease transmission. 
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