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Abstract

Background: In a diverse microbial world immune function of animals is essential. Diverse microbial environments
may contribute to extensive variation in immunological phenotypes of vertebrates, among and within species and
individuals. As maternal effects benefit offspring development and survival, whether females use cues about their
microbial environment to prime offspring immune function is unclear. To provide microbial environmental context
to maternal effects, we asked if the bacterial diversity of the living environment of female zebra finches Taeniopygia
guttata shapes maternal effects on egg immune function. We manipulated environmental bacterial diversity of birds
and tested if females increased immunological investment in eggs in an environment with high bacterial diversity
(untreated soil) versus low (gamma-sterilized soil). We quantified lysozyme and ovotransferrin in egg albumen and
IgY in egg yolk and in female blood, and we used 16S rRNA gene sequencing to profile maternal cloacal and eggshell
microbiotas.

Results: We found a maternal effect on egg IgY concentration that reflected environmental microbial diversity:
females who experienced high diversity deposited more IgY in their eggs, but only if maternal plasma IgY levels

were relatively high. We found no effects on lysozyme and ovotransferrin concentrations in albumen. Moreover, we
uncovered that variation in egg immune traits could be significantly attributed to differences among females: for IgY
concentration in yolk repeatability R=0.80; for lysozyme concentration in albumen R=0.27. Furthermore, a partial
least squares path model (PLS-PM) linking immune parameters of females and eggs, which included maternal and
eggshell microbiota structures and female body condition, recapitulated the treatment-dependent yolk IgY response.
The PLS-PM additionally suggested that the microbiota and physical condition of females contributed to shaping
maternal effects on egg immune function, and that (non-specific) innate egg immunity was prioritized in the environ-
ment with low bacterial diversity.

Conclusions: The microbial environment of birds can shape maternal effects on egg immune function. Since
immunological priming of eggs benefits offspring, we highlight that non-genetic maternal effects on yolk IgY levels
based on cues from the parental microbial environment may prove important for offspring to thrive in the microbial
environment that they are expected to face.
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Introduction
Immune function maturation depends on antigenic stim-

ulation from the environment, which is a central pro-
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potentially drive a phenotypically plastic component of
her investment into offspring. This maternal immunity
investment provides direct protection and primes the
development of early- and late-life immunological phe-
notypes of offspring [4—6]. Such environment-dependent
maternal influences that causally affect development and
survival of offspring are referred to as non-genetic mater-
nal effects [7-10], and can be ecologically and evolution-
arily significant [8, 11, 12]. Microbial communities in an
animal’s surroundings are a ubiquitous and rich source
of antigens, and could thus be environmental drivers of
maternal priming of offspring immunity.

Consistent with the fact that immunogens are stimula-
tory agents of an animals’ immune system, we previously
reported experimental evidence that bacterial diversity
in the environment can shape immune function on short
time scales [13]. Whether these immunomodulatory
effects of bacterial diversity cascade to immunological
phenotypes of offspring through prenatal maternal effects
has not been addressed. Thus far, immunological priming
through maternal effects has been linked to other fac-
tors, such as resource limitation and postnatal parental
care [14—16], as well as epigenetic inheritance [17]. These
factors have been identified by challenging females with
one or more immunogens, followed by quantification of
immune traits of offspring [14], with particular focus on
pathogens [e.g., 18]. However, to investigate the influence
of bacterial diversity more broadly requires a different
approach, because animals typically encounter diverse
bacterial communities that vary in composition through
space and time.

Experiments that manipulate the microbial environ-
ment of animals are needed to fully understand causal
mechanisms driving maternal immune investment. Such
an approach would also incorporate numerous other
(non-pathogenic) microorganisms that trigger antibody
production via a B-cell response [19-21]. Experimental
evidence suggests that bacterial load (i.e. total bacterial
abundance) has been linked to maternal immunological
priming. For example, experimental reduction of bacte-
rial load in nests lowered yolk carotenoid concentration
in great tits Parus major and barn swallows Hirundo rus-
tica [22, 23], and bacterial density on feathers predicted
preen gland size and the composition of preen oil antimi-
crobials of great tits [24]. These findings suggested that
environmental microbes can affect immunological prim-
ing, and alter immune function at short time scales, but
did not implicate bacterial diversity. A basic understand-
ing of whether environmental bacterial diversity affects
immune investment requires explicit manipulation of
bacterial diversity in an animal’s environment, followed
by quantification of (transgenerational) immune function
[20, 25, 26].
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Prior work on adult zebra finches Taeniopygia guttata
suggested that bacterial communities in the environment
have immunomodulatory effects [13], but it remained
unclear whether the degree of offspring priming asso-
ciated with environmental bacterial diversity experi-
enced by females. Here, we use the same study system to
investigate if the diversity of the bacterial environment
consequently shaped maternal immunological priming
as non-genetic maternal effect. As the maternal micro-
biota can show signatures of the microbial environment
[13, 27], we hypothesized that the diversity and compo-
sition of environmental bacterial communities shape
non-genetic maternal effects on offspring immune func-
tion. In this study, we experimentally created two levels
of environmental bacterial diversity and investigated
their effects on maternal immune investment. Our first
objective was to test if biomarkers of innate and adaptive
immunity of eggs (i.e., antimicrobial peptides in egg albu-
men and IgY in yolk) were affected. Our second objec-
tive was to investigate transmission of maternal IgY by
linking IgY concentrations in blood plasma and egg yolk.
Our third objective was to explore relationships among
maternal and egg immune function and cloacal and egg-
shell microbiota, and whether such relationships differed
between experimental microbial environments. We illus-
trated potential associations among the components in a
conceptual model (Fig. 1). We used partial least squares
path modeling (PLS-PM) to explore the direct and indi-
rect relationships among the immune biomarkers, cloa-
cal microbiota, and body condition of the female, and
immune biomarkers and shell microbiota of eggs. We
predicted that environmental bacterial diversity influ-
ences maternal immune investment in eggs, and we pre-
dicted positive relationships between maternal and egg
immune function. Ultimately, we expected egg immunity
to be contingent on the structure of the maternal micro-
biota (as a maternal effect) but not the eggshell microbi-
ota (as a direct environmental microbial effect).

Methods

Ethics statement

This study was carried out obeying the Dutch Law on
animal experimentation under licence DEC6314A of the
Institutional Animal Care and Use Committee of the
University of Groningen.

Experimental design and sample collection

Experimental treatment

We divided commercially acquired soil (clay~40%,
sand ~40%, organic matter ~20%) in two batches and
applied three cycles of 25 kGy gamma irradiation (Syn-
ergy Health Ede B.V, the Netherlands) to one batch, cre-
ating a highly reduced microbial environment, hereafter
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Fig. 1 Conceptual model describing potential microbial environment effects on maternal immunological priming of avian eggs [9, 13-15, 27-36]

referred to as the ‘low diversity’ soil treatment (Addi-
tional file 1: Fig. S1). We used the second soil batch as a
high diversity microbial environment, hereafter referred
to as the ‘high diversity’ soil treatment. We applied either
high or low diversity soil as a~2-cm deep bedding layer
in cages (50 x 50 x 40 cm) housing zebra finches Tae-
niopygia guttata. Birds originated from a long-term
in-house breeding population. At the start of the experi-
ment birds were 1.5 years of age, except two individuals
of 3.5 years. We maintained experimental microbial envi-
ronments through biweekly cleaning of bedding trays,
followed by sterilisation (70% ethanol) and replenish-
ing with fresh low or high diversity soils (mean=+ SEM:
15+ 1 days, n=4). We maintained soil moisture content
by spraying daily with ~ 30 ml autoclaved water per cage,
which corresponded to the daily water loss (unpublished
data). We analysed temporal patterns of soil bacterial
community structure by sampling soil from cages three
times between each replacement (at day 3, 10, 14). These
analyses demonstrated that experimental soil diversity
and composition remained stable over 2-week periods
(Additional file 1: Fig. S1) [13].

Species, housing and experimental timeline

To experimentally test if females adjust investment
in antimicrobial defenses of their eggs based on the
microbial environment that they experience, we moved
53 adult female and 54 adult male zebra finches from
single-sex outdoor aviaries to indoor cages. Birds

were housed for 8 weeks in single-sex pairs to pre-
vent breeding but to allow physiological acclimation to
experimental microbial environments (ambient tem-
perature at 20 °C =+ 1, relative humidity at 55% =+ 15 and
a 12:12 h light—dark (L:D) cycle). Birds were then ran-
domly assigned to a treatment, to one of two replicate
rooms, and to one of 12 single-sex cages (situated in a
block of 3 x 4) per room. Up to three single-sex groups
of surplus individuals were in the same rooms.

We fed birds with ad libitum gamma-irradiated (3
x 25 kGy) seed mixture and provided autoclave-steri-
lized water to limit potential dietary effects on the gut
microbiota. The water was supplemented with multi-
vitamin/amino acid solution (0.2 pm-pore filter-steri-
lized; final concentration 4 g-l_l, Omni-vit, Oropharma
N.V,, Belgium) to compensate potential vitamin degra-
dation from seed irradiation. We thoroughly cleaned
and sterilized (70% ethanol) water and food dispensers
two times per week to reduce bacterial growth and its
potential influence on the bird’s microbiota.

After 8 weeks of experimental conditions, we ran-
domly paired males and females within each room,
increased daytime (by 1 h per day to 16 h:8 h L:D), and
supplied cages with sterilized (70% ethanol) plastic nest
boxes (van Riel Distripet B.V., Waalwijk, the Nether-
lands) and autoclaved artificial nest material (Quiko
GmbH, Bocholt, Germany) to stimulate breeding activ-
ity. Pairs with a single completed clutch were removed
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from the experiment after 14 weeks, or shortly after a
female completed two clutches within that period.

Sample collection

Birds 'We measured body mass using a sterilized digi-
tal balance and collected a~ 150 pl blood sample and a
cloacal sample using a sterile cotton swab (Vacutest Kima,
Arzegrande, Italy) from each female (n=45) after the
breeding period (i.e., after one or two complete clutches).
Baseline cloacal microbiota have been described in Van
Veelen et al. [13]. We did not collect cloacal swabs dur-
ing the egg laying phase in order to reduce disturbance
and the risk of ceasing egg laying before a clutch was com-
plete. We used new pairs of nitrile gloves upon entering
every room when handling experimental equipment or
soils, and we used new gloves to handle birds, which we
sterilized with 70% ethanol between individuals. We col-
lected cloacal swabs in sterile 2-ml screw-cap vials that
were kept on ice. Samples were stored at -20 °C immedi-
ately after all birds had been sampled.

Eggs We aseptically collected and stored eggs individu-
ally in sterile plastic bags (Whirl-Pak®, Nasco, Fort Atkin-
son, W1, USA), which were secured in sterile 50 ml tubes.
We stored eggs immediately at — 20 °C. All removed eggs
were replaced with ethanol-sterilized plastic dummy
eggs to encourage clutch completion and incubation. We
marked the blunt end of first and second eggs of each
clutch with a water-resistant marker to collect them when
the first egg had been in the nest for 7 days. The first two
eggs of each clutch were left in the nest to be incubated
and intended for a separate study, but we included 20 of
these eggs without embryos (Additional file 1: Table S1)
to the analyses of egg immune defenses reported here.
Subsequent eggs in the clutches (i.e., third to sixth egg of
the laying sequence) were collected in the morning of the
day they were laid. We collected a total of 262 eggs from
first and second clutches (clutch size range: 3—6 eggs; see
Additional file 1: Table S1 for a detailed overview of the
collected and analyzed eggs).

Laboratory analysis of immune function in egg albumen,
yolk and female blood plasma

We dissected the eggs during the thawing process sepa-
rating eggshells, albumen and yolk following Grizard
et al. [37]. To remove residual albumen from the yolk
sacks, we gently rolled thawing yolks on clean tissue
before storing. We quantified lysozyme and ovotransfer-
rin concentrations in egg albumen in duplicate following
Horrocks et al. [38] and Horrocks et al. [39], respectively,
using 10 pl albumen per sample per analysis. We meas-
ured albumen pH using a digital pH meter (Jenco Instru-
ments, San Diego, CA). We quantified IgY concentrations
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in egg yolk (25 mg yolk homogenized in 400 pl 0.1% milk
solution) in duplicate using enzyme-linked immuno-
sorbent assays (ELISAs) following Grindstaff et al. [40]
and Demas and Nelson [41], using an adjusted protocol
described in [13]. We quantified haemagglutination and
haemolysis titers in blood plasma following Matson et al.
[42] and haptoglobin concentration in plasma following
Matson et al. [43]. We reported averaged values of dupli-
cate measurements for lysozyme, ovotransferrin, and IgY
concentrations.

DNA extraction and 16S rRNA gene amplicon sequencing
We ground eggshells in liquid nitrogen using sterile
mortar and pestle for DNA extraction following Grizard
et al. [37]. We prepared cloacal swabs for DNA extrac-
tion by aseptically removing the stalk from the swab fib-
ers and transferred the fibers per sample in extraction
tubes. We then extracted DNA from ~100 mg ground
eggshell, 250 mg of homogenized composite soil sam-
ples, and from cloacal swab fibers using the MoBio Pow-
erSoil DNA isolation kit (MoBio laboratories, Carlsbad,
CA, USA) following the manufacturer’s protocol with an
additional step: 0.25 g of 0.1 mm zirconia beads was used
in three 60 s cycles of bead beating (beads and Mini-
bead beater, BioSpec Products, Bartlesville, OK, USA) to
enhance mechanical cell disruption. The V4/V5 region
of the 16S rRNA gene was amplified in triplicate using
primers 515F and 926R at Argonne National Laboratory,
IL, USA, according to the Earth Microbiome Project pro-
tocol [44]. Amplification was followed by library prepa-
ration of pooled triplicates and 2 x 250 bp paired-end
sequencing using V2 chemistry on an Illumina MiSeq.
The sequencing runs included 22 technical negative
extraction controls to test for kit contamination [45]. The
negative controls covered every extraction kit that was
used and included blank extractions and extractions with
sterile swabs with and without zirconia beads.

Sequence processing and assembly of amplicon sequence
variants

In contrast to traditional 97% operational taxonomic unit
(OTU) approaches, amplicon sequence variants (ASVs)
lead to fewer false-positive taxon inferences while accu-
rately illuminating cryptic diversity [46]. Hence, we qual-
ity-filtered and assembled sequences into error-corrected
ASVs representing unique bacterial taxa using DADA2
v1.6.0 [46]. In total, we profiled 245 eggshell (excluding
20 eggshells with insufficient DNA content), 45 cloacal,
and 69 soil bacterial communities, and assembled 9848
ASVs across these samples. We then assigned taxonomy
to assembled ASVs using the Ribosomal Database Pro-
ject (RDP) naive Bayesian classifier implementation in
DADA2 and the “RDP training set 16” and “RDP species
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assignment set 16” [47]. As implementations in QIIME2
[48], we used MAFFT to align ASV sequences [49] and
FastTree2 to build a maximum-likelihood phylogenetic
tree [50]. We then used phyloseq [51] to remove ASVs
assigned to Archaea, chloroplasts, or mitochondria and
ASVs without a bacterial phylum assignment. Two out of
22 negative controls produced amplicons (NC1 and NC8)
but with distinctly lower read numbers compared with
samples after quality filtering. Because of the low read
counts in only two negative controls, we did not remove
any ASVs from the sample data set prior to subsequent
analyses.

Data sets were filtered prior to data analysis. Based on
substantial variation in the coverage distributions of each
sample type, which included several low coverage sam-
ples, we selected the top 80% of the samples from egg-
shells (n=198; new median coverage=3101 reads per
sample; range = 339-24,815), the top 90% of the samples
from cloacal swabs (n=40; new median coverage =4360;
range =726-78,049) and 100% of samples from soil
(n=69; median=7138; range=717-21,700). The
remaining data comprised 7700 ASVs, which we used as
input for beta-diversity analyses [52, 53]. Median sample
coverage differed maximally 2.3 times between sample
types (\*=39.9, df=2, P<0.001), which is acceptable [52]
for application of a variance-stabilizing transformation of
the feature table using DESeq2 [52—-54] before calculating
unweighted and weighted UniFrac as measures of phylo-
genetic beta-diversity [55].

Statistical analyses

All statistical analyses were performed in R statistical
software [56]. We used linear mixed models (LMMs) to
test the effect of different microbial environments on egg
immune indices [i.e., yolk IgY concentration (n=154),
albumen lysozyme (n=139), and ovotransferrin con-
centrations (n=119)]. By including female identity as
random effect, we statistically accounted for non-inde-
pendence of eggs sampled from the same female when
evaluating the effect of treatment. We tested treatment
effect by modelling microbial environment as a fixed
factor, clutch number as categorical confounding factor,
egg sequence as ordinal covariate, and replicate room
as additional random effect. Since albumen pH can
influence lysozyme and ovotransferrin activity [35], we
included albumen pH as additional covariate in LMMs
for these antimicrobial compounds. We performed a
log-transformation of lysozyme concentration to meet
the assumptions for residual normality and homoscedas-
ticity. We performed ANOVAs using lme4 and [merT-
est [57, 58], and then extracted model predictions using
effects [59]. To test if maternal investment consistently
differed among females, we calculated within-female
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repeatabilities adjusted for fixed effects (R,q) from the
LMMs for each measure using rptR [60, 61]. In addition,
we summarized the variation of immune indices as a
pairwise distance matrix among egg samples (referred to
as immune index’) using vegan [62] including those eggs
that were fully analyzed for concentrations of lysozyme,
ovotransferrin, and IgY (n=115; Additional file 1:
Table S1). We then used distance-based redundancy
analysis (db-RDA) to test the effect of microbial envi-
ronment on multitrait egg immunity while constraining
ordination by clutch size, egg number, and female iden-
tity using the capscale function.

Furthermore, since IgY levels could be compared
directly between females and their eggs for each female-
egg dyad, we analyzed this relationship to compare and
interpret maternal immunological priming in the two
experimental microbial environments. We first tested if
female plasma IgY concentrations differed between envi-
ronments. To test this we used a LMM with experimental
treatment as fixed factor and modelled random inter-
cepts for female identity and replicate room. We then
analysed the relationship between yolk IgY and plasma
IgY concentrations using a similarly structured LMM
with the additions of female plasma IgY concentration
as fixed predictor of egg yolk IgY concentration and its
interaction with treatment.

Partial least squares path modelling (PLS-PM)

We used partial least squares path modelling (PLS-PM)
to create a more holistic view of immune functions of
females and eggs in the context of the microbial envi-
ronment. PLS-PM is a statistical method that utilizes
dimension reduction to allow analysis of a system of
cause-effect relationships among blocks of (high dimen-
sional) observational data [63]. Our goal here was to
refine existing hypotheses and potentially to generate
new hypotheses about the complex system of interac-
tions between microbial and immunological components
of mothers and eggs in the nest environment. The unidi-
rectional paths that we included in the path model reflect
hypothesised causal relationships from the ecological
immunology framework (Fig. 1). Because PLS-PM is pri-
marily for generating hypotheses, not for testing them,
the method does not impose formal restrictions on data
distributions. The method is particularly suited to inte-
grate data reduction with path modelling approaches to
identify and quantify direct and indirect relationships
among multivariate data sets [e.g., 64, 65]. Hence, PLS-
PM allowed for integration of maternal immune function
and a body condition index (i.e., residual body mass after
correcting for structural size using tarsus length), mater-
nal cloacal microbiota (i.e., non-genetic maternal effects)
and the eggshell microbiota (i.e., direct environmental
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effect) to explore if and how these components relate to
egg immunity.

We selected empirical data as input for the path model
(i.e., manifest variables) based on data completeness,
pairwise collinearity among variables, and intrinsic
structure of maternal and eggshell microbiota data. We
simplified the microbiota data sets by selecting the larg-
est clades identified by k-means clustering; maternal and
eggshell microbiota each contained three distinct clus-
ters. We used the clusters as formative indicators for
latent variables representing the maternal and eggshell
microbiotas. We excluded ovotransferrin concentration
in albumen and lysis titer of blood plasma due to a lack
of data and variance, respectively. We utilized data of 105
eggs (out of 198; 47 and 58 from high and low diversity
treatments, respectively) from 29 birds for which quanti-
tative measures of all maternal and egg parameters were
available. Maternal immune function was defined by two
latent variables: one for natural antibody-induced agglu-
tination titer as a measure of constitutive innate immu-
nity, and one comprising both IgY concentration and
haptoglobin level because of their collinearity, which we
referred to as maternal ‘immune index’ To ascertain that
these indicators reflected the latent variable in the same
direction, we inversed haptoglobin concentration. This
adjustment enhanced the degree to which latent variables
reflected the observed variables in the path model [63].
Because haptoglobin concentration signals the degree
of inflammation, inversed lower values indicated more
inflammation, which were together with high IgY levels
predicted to reflect bacterial diversity.

Under the assumption that the hypothesised causal
relationships between wvariables (i.e., the ‘structural
model’) are correct, it is possible to explore within the
PLS-PM framework whether two experimental groups
differ in the strength of particular associations between
groups of variables. Hence, to assess whether maternal
effects differed between experimental microbial environ-
ments, we compared the path coefficients (i.e., stand-
ardized partial regression coefficients) of the structural
model between treatment groups using bootstrap resa-
mpling (n=1000) and a t-test based on the bootstrap
standard errors [63]. Comparing between microbial envi-
ronments, we interpreted significant differences (criti-
cal FDR-corrected g<0.1) in the direction or strength
of path coefficients between females and eggs as sup-
port for microbial environment-dependent maternal
immune investment. Treatment-specific ¢-test results
for the magnitude of path coefficients were extracted
from the PLS-PM. Finally, we validated the robustness of
path coefficients and coefficients of determination (R?)
for different variants of the structural model using 1000
bootstraps for estimating 95% confidence intervals. We
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used the R package plspm to construct the path mod-
els [66]. Because of limited a priori understanding of
causal links between microbiota and immune function,
we remained cautious with inferring path coefficients as
causal evidence and we avoided quantitative predictions.
Instead, we limited the implications of PLS path model
results to refine current hypotheses and for guiding new
ideas about microbial environment-dependent maternal
effects.

Results

No effect of environmental microbial diversity on egg
immunity

Tests for overall experimental effects on the three egg
immune parameters revealed no significant effect of
experimental microbial environment on lysozyme and
ovotransferrin concentrations in albumen and total IgY
concentration in yolk of zebra finch eggs (Fig. 2A-C;
Table 1). Multivariate analysis (distance-based RDA) of
egg immune defense traits, which simultaneously con-
sidered the variation of the three egg immunity meas-
ures, also did not reveal clustering of zebra finch eggs by
experimental group (Fig. 2 D; Table 1). Log-transformed
lysozyme concentration was 0.24 mg ml ™" higher in sec-
ond clutches compared to first clutches (¢=2.34, df=125,
P=0.03; Table 1), and ovotransferrin decreased with
1.11 mg ml™! per egg along the laying sequence (¢=4.46,
df=116, P<0.001). Absorbance of antigen-specific IgY in
second clutches was 0.11 units (OD,s) lower than in first
clutches (¢=3.85, df=121, P<0.001), but did not vary
along the laying sequence (¢=1.59, df =121, P=0.11).

Consistent differences in egg immunity at the level

of the female

In contrast to group-level experimental effects, among-
female repeatability was significant for lysozyme concen-
tration, IgY concentration and the multivariate immune
index, but not for ovotransferrin concentration (Table 2;
Additional file 1: Fig. S2). These repeatabilities imply that
immunological variation in eggs can be explained by con-
sistently different transfer by females.

Maternal transfer of total antigen-specific antibodies

to eggs is conditional on the microbial environment

and maternal antibody levels

To discern environmental microbial effects and effects of
females, we first assessed whether the maternal plasma
IgY levels differed between experimental treatments after
egg laying had been completed. Maternal IgY concentra-
tion was higher in the high diversity microbial environ-
ment compared with low diversity microbial environment
(F13,=12.5, P=0.001; Fig. 3A). We then analysed the
relationship between maternal IgY concentration in



van Veelen et al. Animal Microbiome (2022) 4:44 Page 7 of 13
A B C D
2
0.4
_ ~ " c2s
= = >
E E’ é ‘é A ‘ °
€ | £ ¥ 20 2 a A s
= . = 10 8 £ 0.2 PY S
— c =
E | A Ao | E e S| L
= - .
g +/ ¢ 5 ¢ %15 o . La L
» c y = . o~ A
z° £° ¢¢ # 3 XAl g el
o S . > 10 Aok ‘ a T ee offp Ludl
o o a e “,
ke e & o amel
1 0 -0.2 A
High diversity Low diversity High diversity Low diversity High diversity Low diversity -0.2 0.0 0.2 0.4
Experimental treatment PCo 1 egg immunity
Egg 1 Egg 2 Egg 3 Egg 4 Egg 5 Egg 6 Egg1 Egg?2 Egg3 Egg4 Eggb
O Clutch 1: High diversity: ° ) )
A\ Clutch 2: Low diversity: A A A

Fig. 2 Experimental microbial environmental effects on egg immune function. A Lysozyme concentration (mg ml™'; log scale), B Ovotransferrin
concentration (mg mi=", C IgY concentration in yolk (OD,s,,,), @and D the first two principal coordinate axes of a multivariate immune index that
represents the variation of the indices presented in A-C. Individual egg samples are presented by laying sequence (color) and stratified by clutch

microbial environments (Table 1)

number (shape in A-C) or treatment (shape in D). None of the egg immune indices were significantly different between the two experimental

blood plasma and in yolk of their eggs as a direct measure
of maternal immunological priming. Utilizing maternal
IgY concentration to predict egg yolk IgY concentration
showed a significant interaction between experimental
treatment and maternal IgY concentration (F, 3; =4.96,
P=0.033; Fig. 3B). Egg yolk IgY concentration was posi-
tively associated with maternal IgY concentration in birds
that experienced the high diversity microbial environ-
ment, but not in birds that experienced the low diversity
microbial environment.

The path model points out that maternal immunological
priming of eggs may depend on the experienced microbial
environment when females are in good body condition
We evaluated our conceptual ideas (see Fig. 1) on how
maternal immunological priming may depend on the
microbial diversity in the offspring’s expected future
environment using PLS-PM. The path model was indica-
tive of strong and significant differences in maternal
immunological priming of eggs between experimentally
manipulated microbial environments that females (and
their paired males) experienced in the 8 weeks prior to
nesting and egg laying (Fig. 4 C). We presented more
detailed summaries of treatment-specific path coeffi-
cients and bootstrap ¢-test results for experimental differ-
ences as Additional file 1: Tables S2 and S3, respectively.
The maternal immune index which included mater-
nal IgY and haptoglobin levels strongly and positively
predicted the IgY concentration of egg yolk (r=0.79,
P<0.0001; Fig. 4A) of birds that experienced high diver-
sity environmental microbial conditions, whereas it
predicted an opposite association for birds that lived in

the low diversity microbial environments (r=—0.30,
P=0.032; Fig. 4B). Conversely, maternal innate immune
function, measured as natural antibody-induced aggluti-
nation titer, negatively associated with the IgY concon-
centraion in egg yolk in the high diversity environment
(r=-—0.22, P=0.015; Fig. 4A), whereas no association
was predicted for the environment with low microbial
diversity. The maternal immune index of females that
experienced an environment with low microbial diver-
sity positively predicted lysozyme concentration in egg
albumen (r=0.30, P=0.034; Fig. 4B). The lysozyme
concentration was not different in eggs between experi-
mental microbial environments. Hence, the associations
between maternal immune index and egg yolk IgY con-
centration (Fig. 4A), as well as the association between
maternal agglutination titer and egg lysozyme concen-
tration (Fig. 4B), significantly differed between microbial
environments (Fig. 4 C; Additional file 1: Table S3). This
suggests that females that experienced relatively high
bacterial diversity in their environment invest in egg yolk
IgY for their offspring rather than in non-specific innate
defences, whereas under relatively low bacterial diversity
the opposite is prioritized with increased lysozyme con-
centrations in albumen.

In our conceptual model, we included potential effects
of general body condition (i.e. condition index defined
as tarsus length-corrected mass) of females on mater-
nal effects. Our path model revealed that the mater-
nal condition index negatively predicted agglutination
titer in the low diversity (r=—0.50, P<0.0001) but not
in the high diversity microbial environment (r=0.02,
P=0.92; Fig. 4C). An opposite pattern was observed for
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Table 1 Analysis of variance of egg immune function indices
Response Fixed df F P
Albumen lysozyme log-scale (mg ml~")  Experimental treatment 1,33 0.01 0.908
Clutch number 1,116 490 0.029
Egg sequence 1,128 0.14 0.709
pH 1,122 0.62 0432
Random Variance
Female identity 0.130
Replicate room 0.000
Residual 0.357
Fixed df F P
Albumen ovotransferrin (mg mi~") Experimental treatment 1,114 293 0.090
Clutch number 1,114 1.08 0.301
Egg sequence 1,114 21.64 <0.001
pH 1,122 0.24 0.627
Random Variance
Female identity 0.000
Replicate room 0.000
Residual 6.226
Fixed df F P
Yolk IgY concentration (absorbance) Experimental treatment 1,1.88 0.98 0433
Clutch number 1,118 14.45 <0.001
Egg sequence 1,119 2.62 0.108
Random Variance
Female identity 0216
Replicate room 0.024
Residual 0.029
Multivariate immune index df F P
(db-RDA)><
Experimental treatment 1,103 1.36 0.196
Clutch number 1,103 137 0.195
Egg sequence 1,103 5.02 <0.001

Bold values denote significant effects (alpha = 0.05)
2 Denominator degrees of freedom based on Satterthwaite approximation

b Distance-based Redundancy Analysis based on a Bray-Curtis dissimilarity matrix of three immune indices

€ Marginal effects estimated with permutations stratified by female identity

the relationship of body condition with cloacal microbi-
ome structure (Fig. 4C), and no associations were found
with the maternal immune index (Fig. 4A, B). Because
the phylogenetic composition of the maternal micro-
biota did not differ between experimental treatment
groups (weighted UniFrac: pseudo-F] 30=0.03, P=0.24;
unweighted UniFrac: pseudo-F; 3=0.03, P=0.39; Addi-
tional file 1: Fig. S3) these results were based on the
intrinsic structure in the cloacal microbiota (k-means

clustering; k=3). The path coefficients did not differ
between treatments (Fig. 4C), likely because the variation
among females within each treatment was considerable
(Additional file 1: Fig. S3).

Maternal cloacal microbiota structure additionally
associated with the maternal immune index of females
(high diversity: —0.30, P<0.05; low diversity: —0.64,
P<0.0001; Fig. 4A, B), but not differently between
experimental microbial environments (Fig. 4C), and it
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Table 2 Adjusted repeatabilities of egg innate immune function for individual female zebra finches

Immune index Radj SE 95% Cl (lower, upper) P
Albumen lysozyme
log-scale (mg ml~1 0.268 0.095 0.073,0.442 0.001
Albumen ovotransferrin (mg ml~') 0 0.052 0,0.17 1.000
Yolk IgY concentration (OD,osp,y) 0.804 0.113 0.503,0.923 0.001
Multivariate immune index High diversity PCo 1 0214 0.2 0,0.568 0.131
High diversity PCo 2 0.406 0.18 0,0.701 0.011
Low diversity PCo 1 0 0.068 0,0.236 1.000
Low diversity PCo 2 0277 0.141 0,0.549 0.010
Bold values denote significant effects (alpha = 0.05)
A B = = High diversity —/ = Low diversity
. F, =125, P<0.001
E ~
g 3 £
< 8 2
a <
o} a)
—_ (e
ol =
2 s
p— 2
g 2 x
P
g 2
©
=
Experimental treatment x Maternal [IgY]
] F, =496, P=0.03

High diversity Low diversity
Experimental treatment

environment. Lines depict linear mixed model predictions (£ 95% Cl)

Fig. 3 Experimental effect on the relationship between maternal and egg yolk IgY concentrations. A Elevated maternal IgY concentration in
a high diversity microbial environment. B Egg IgY concentration increases with maternal IgY concentration only in the high diversity microbial

1 2 3
Maternal [IgY] (OD 405 nm)

associated with maternal agglutination titer only in the
environment with low microbial diversity (Fig. 4B, C).
These apparent associations between the maternal cloa-
cal microbiota and the maternal immune index suggest
within-individual processes linking the microbiota and
immune function.

In addition, the structure of maternal and eggshell
microbiotas were linked in both experimental microbial
environments (Fig. 4A, B), but statistical support for an
effect of experimental treatment was lacking (bootstrap
t=0.52, df=103, P=0.302; Fig. 4C). Eggshell micro-
biota predicted egg yolk IgY concentrations in both
environments (Fig. 4A, B). The maternal immune index
and agglutination titer were not associated with pH of
egg albumen (Fig. 4A, B), whereas eggshell microbiota
structure predicted albumen pH only in the high diver-
sity environment (Fig. 4A). Albumen pH did not predict
lysozyme concentration, which was in contrast with our
expectations.

Discussion

We have previously shown that environmental microbi-
omes can modulate immune responses in females [13].
Immunological differences due to environmental bacte-
rial diversity, and, independent of that, consistent differ-
ences in maternal immune traits and cloacal microbiota
features brought up the possibility that maternal immu-
nological priming of offspring may be similarly affected.
Our results revealed that the microbial environment and
female traits interactively determined maternal immuno-
logical priming of eggs. Variation in albumen lysozyme,
albumen ovotransferrin and yolk IgY, biomarkers of egg
immune function, could not be independently explained
by the microbial diversity of experimental environments
alone. Instead, consistent differences among females
formed an important source of variation of these bio-
markers. The relationships between levels of immu-
noglobulin Y (IgY) in maternal plasma and egg yolk
depended on microbial environment: only in the high
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Fig. 4 PLS-PM predictions link environmental and maternal microbiota to egg immune function. PLS-PM structural model representations. (A,
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High diversity
Low diversity

(path coefficient + SE)

diversity microbial environment females transferred
more IgY to eggs when their plasma IgY levels were
relatively high. Path modeling subsequently provided
a systems-level perspective that recapitulated this lat-
ter pattern, and suggested that maternal cloacal micro-
biota and body condition contribute to shaping maternal
effects on egg immunity. It additionally suggested that the
agglutination titre of female blood plasma and lysozyme
in egg albumen, both non-specific innate defenses, were
prioritized in the environment with low microbial diver-
sity. Few associations between bacterial diversity and
immunity have been studied so far. Hence, we anticipate
that our results, and a more general perspective on link-
ing pressure posed by microbes to immune function,
encourage further investigation of the role of micro-
bial diversity — and its different components — on ver-
tebrate immunological development within and across
generations.

Egg immune function

We found no independent effect of experimental micro-
bial environment on levels of albumen lysozyme, albu-
men ovotransferrin and yolk IgY in eggs. Eggs varied
markedly for all immune biomarkers and among-female
repeatabilities for these biomarkers of egg immunity, up
to 0.80 for egg yolk IgY, suggest that at least part of the
immune variation among eggs could be attributed to
differences among females. Since transfer of antibodies

to egg yolk is associated to maternal plasma levels [15],
and we previously found among-female repeatability of
plasma IgY levels in these birds [13], our results comply
with our expectation that among-female variation in IgY
transfers to eggs. We found that a lesser degree of vari-
ation in lysozyme in albumen and IgY in yolk could be
explained by clutch number, and of ovotransferrin in
albumen by laying order. Effects of clutch number and
laying order have been reported in other bird species, but
their occurrence and directions can be species-specific
and driven by other factors [e.g., 34, 35, 67, 68]. Differ-
ences in maternal transfer among females can arise due
to both genetic and environmental factors [9, 15, 69]. We
further discuss the environmental factors with a particu-
lar focus on the effects of the microbial component.

Maternal antibody transfer: interacting effects of microbial
environment and female

Assessing maternal transmission of IgY, we found that
eggs contained the highest IgY levels in the high micro-
bial diversity environment, but only in eggs produced by
females with relatively high plasma IgY levels. This result
supports our hypothesis that maternal antibody trans-
fer to yolk is microbial environment-dependent, which
indicates that the microbial environment may reorder
priorities for maternal resource trade-offs. That would
also suggest that transfer of maternal antibodies is not
simply passive, which contrasts with earlier ideas [70,
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71]. The consistent differences among females through-
out the experiment raise the question which female traits
influence maternal transfer. Body condition is a trait that
in female King quails Excalfactoria chinensis has been
shown to influence antibody transfer to eggs [72]. Factors
implicated by other studies include energetic or nutri-
tional budgets [16, 73-75] and age (reviewed in [76]). We
supplied ad libitum sterilized food in our experiment,
which makes resource balance an unlikely explanation
for our findings. Likewise, age is an unlikely explanation,
because the zebra finches in this study constituted a sin-
gle captive cohort aged between 1 and 2 years. Based on
the role of the microbial environment reported here, we
propose that pressure posed by environmental microbial
communities may reframe priorities for maternal invest-
ment tradeoffs when transfer of immunity becomes more
important for offspring fitness.

Path modeling: a systems-level perspective on maternal
immune investment in eggs

We applied path modeling to explore maternal immune
transfer in a systems-level perspective to identify unob-
served relationships and indirect effects (see Fig. 1 for
conceptual ideas), including associations among immune
biomarkers, and data on cloacal microbiota and body
condition as additional maternal traits. We caution that
model results are based on the assumption that the struc-
ture of proposed relationships is correct. The model
results suggested that relationships among maternal and
egg immune parameters are microbial environment-spe-
cific. Particularly, the model fostered the hypothesis that
adaptive immunity is prioritized by female zebra finches
when they experience relatively high bacterial diversity,
whereas innate defenses are prioritized under relatively
low bacterial diversity. We propose that when micro-
bial pressure is at least partly predictable, such as with
annual or seasonal variations in environmental microbial
communities [77, 78] or with diet-associated microbial
communities [79, 80], phenotypically plastic immune
investment could be expected. Furthermore, we propose
that this plastic response may act on overall investment
in immunity, as well as on the balance between innate
and adaptive defenses, both of which may subsequently
translate into non-genetic maternal effects.

Moreover, the path model brought forward the
hypothesis that the maternal cloacal microbiota and
body condition may contribute to shaping maternal
effects on immunity. Based on these outcomes, we sug-
gest that balancing maternal investment in innate and
adaptive immunity may depend on sequential effects
of the experienced microbial environment through
alteration of the maternal microbiota as a sensor for
microbial pressure. Future challenges remain to discern
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relative contributions of these different factors on phe-
notypically plastic responses of females, and how they
interact to shape maternal effects on immunity.

Conclusion and outlook: Non-genetic maternal effects

on immune function in the context of microbial pressure
Our results constitute evidence of a direct link between
bacterial diversity and female traits that interactively
modulate egg immune function as maternal effects.
These results offer further prospects for manipulation
of microbial pressure to unravel how microbial diver-
sity shapes short term and life-long effects on health
and survival through non-genetic maternal effects.
Furthermore, microbial load likely also contributes to
microbial pressure by influencing the probability with
which antigenic stimulation is prompted [81, 82]. We
postulate that microbial pressure effectively triggers
immune systems as a function of microbial diversity
and load, each of which may or may not independently
influence investment in immunity and the tradeoffs
between adaptive and innate defenses. We suggest that
ecological immunology could greatly benefit from a
framework to quantify relative influences of microbial
diversity, load, and their predictability, and by integrat-
ing this knowledge to predict their relative importance
for investment in immune defenses.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/542523-022-00195-8.

[ Additional file 1. Supplementary figures and tables. }

Acknowledgements

We thank M. Briga, M. Havinga, M. van Kessel, and M. A. Versteegh for practical
assistance with the experiment and sample processing, and S. Grizard and

M. Dietz for their contributions to Animal Experimentation license applica-
tions. We thank the Center for Information Technology of the University of
Groningen for their support and for providing access to the Peregrine high
performance computing cluster.

Author contributions

HPJWV, JFS, KDM and BIT were involved in developing study concept and
design. HPJW and MvdV conducted sampling and sample processing. GSvD
and HPJW constructed the PLS path model. HPJvV performed data analysis,
and drafting of the manuscript. JFS and BIT contributed to developing
conceptual ideas, and JFS, KDM, GSvD and BIT provided critical revisions and
improvement of the final manuscript. All authors approved the final version.

Funding
This work was funded by the Netherlands Organization for Scientific Research
with Vidi grant 864.10.012 to BIT.

Availability of data and materials

Sequence data are available in the European Nucleotide Archive under project
accession numbers PRIEB45297 (cloacal samples), PRJEB30563 (soil samples)
and PRJEB45531 (eggshell samples). All underlying metadata, immune func-
tion data and R scripts are available from GitHub: https://github.com/piete
rvanveelen/Zebra_finch_maternal_effect_immunity.


https://doi.org/10.1186/s42523-022-00195-8
https://doi.org/10.1186/s42523-022-00195-8
https://github.com/pietervanveelen/Zebra_finch_maternal_effect_immunity
https://github.com/pietervanveelen/Zebra_finch_maternal_effect_immunity

van Veelen et al. Animal Microbiome (2022) 4:44

Declarations

Competing interests
The authors declare no competing interests.

Author details

!Groningen Institute for Evolutionary Life Sciences, University of Groningen,
PO. Box 11103, 9700 CC Groningen, The Netherlands. 2Wetsus, European
Centre of Excellence for Sustainable Water Technology, PO. Box 1113, 8900

CC Leeuwarden, The Netherlands. *Wildlife Ecology and Conservation Group,
Wageningen University and Research, Droevendaalsesteeg 3a, 6708 PB Wage-
ningen, The Netherlands.

Received: 4 March 2022 Accepted: 29 June 2022
Published online: 28 July 2022

References

1. Stearns SC.The evolutionary significance of phenotypic plasticity—phe-
notypic sources of variation among organisms can be described by
developmental switches and reaction norms. Bioscience. 1989,39:436-45.

2. Klasing KC, Leshchinsky T V. Functions, costs and benefits of the immune
system during development and growth. In: Proceeding of 22nd interna-
tional ornithological congress, vol 69. 1999. p. 2817-35.

3. Palacios MG, Sparkman AM, Bronikowski AM. Developmental plastic-
ity of immune defence in two life-history ecotypes of the garter snake,
Thamnophis elegans—a common-environment experiment. J Anim Ecol.
2011,80:431-7.

4. Lemke H, Lange H. Is there a maternally induced immunological imprint-
ing phase a la Konrad Lorenz? Scand J Immunol. 1999;50:348-54.

5. Grindstaff JL, Hasselquist D, Nilsson JA, Sandell M, Smith HG, Stjernman
M. Transgenerational priming of immunity: maternal exposure to a bacte-
rial antigen enhances offspring humoral immunity. Proc R Soc B Biol Sci.
2006;273:2551-7.

6. Moreno J, Lobato E, Morales J, Merino S, Martinez-De La Puente J, Tomas
G. Pre-laying nutrition mediates maternal effects on offspring immune
capacity and growth in the pied flycatcher. Oecologia. 2008;156:727-35.

7. Arnold SJ. Multivariate inheritance and evolution: a review of concepts.
In: Boake CRB, editor, Quantitative genetic studies of behavioral evolu-
tion. Chicago: University of Chicago Press; 1994. p. 17-48.

8. Mousseau TA, Fox CW. The adaptive significance of maternal effects.
Trends Ecol Evol. 1998;13:403-7.

9. BoulinierT, Staszewski V. Maternal transfer of antibodies: raising immuno-
ecology issues. Trends Ecol Evol. 2007;23:282-8.

10. Wolf JB, Wade MJ. What are maternal effects (and what are they not)?
Philos Trans R Soc B Biol Sci. 2009;364:1107-15.

11. Bernardo J. Maternal effects in animal ecology. Am Zool. 1996;36:83-105.

12. Moore MP, Whiteman HH, Martin RA. A mother’s legacy: the strength of
maternal effects in animal populations. Ecol Lett. 2019;22:1620-8.

13. van Veelen HPJ, Salles JF, Matson KD, van der Velde M, Tieleman BI.
Microbial environment shapes immune function and cloacal microbiota
dynamics in zebra finches Taeniopygia guttata. Anim Microbiome.
2020;2:21.

14. Hasselquist D, Nilsson J-A. Maternal transfer of antibodies in vertebrates:
trans-generational effects on offspring immunity. Philos Trans R Soc Lond
B Biol Sci. 2009;364:51-60.

15. Grindstaff JL, Brodie ED, Ketterson ED. Immune function across genera-
tions: integrating mechanism and evolutionary process in maternal
antibody transmission. Proc Biol Sci. 2003;270:2309-19.

16. Gasparini J, Boulinier T, Gill VA, Gil D, Hatch SA, Roulin A. Food availability
affects the maternal transfer of androgens and antibodies into eggs of a
colonial seabird. J Evol Biol. 2007;20:874-80.

17. Ho DH, Burggren WW. Epigenetics and transgenerational transfer: a
physiological perspective. J Exp Biol. 2010;213:3-16.

18. Van Dijk JGB, Mateman AC, Klaassen M. Transfer of maternal antibodies
against avian influenza virus in mallards (Anas platyrhynchos). PLoS ONE.
2014,9:1-7.

19. GensollenT, lyer SS, Kasper DL, Blumberg RS. How colonization by micro-
biota in early life shapes the immune system. Science. 2016;352:539-44.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 13

Evans JK, Buchanan KL, Griffith SC, Klasing KC, Addison BA. Ecoim-
munology and microbial ecology: contributions to avian behavior,
physiology, and life history. Horm Behav. 2017;88:112-21.

. Fadlallah J, Sterlin D, Fieschi C, Parizot C, Dorgham K, El Kafsi H, et al.

Synergistic convergence of microbiota-specific systemic IgG and secre-
tory IgA. J Allergy Clin Immunol. 2019;143:1575-1585.e4.

Saino N, Ferrari R, Romano M, Martinelli R, Maller AP. Experimental
manipulation of egg carotenoids affects immunity of barn swallow
nestlings. Proc R Soc B Biol Sci. 2003;270:2485-9.

Jacob S, Parthuisot N, Vallat A, Ramon-Portugal F, Helfenstein F, Heeb
P.Microbiome affects egg carotenoid investment, nestling develop-
ment and adult oxidative costs of reproduction in Great tits. Funct Ecol.
2015;29:1048-58.

Jacob S, Immer A, Leclaire S, Parthuisot N, Ducamp C, Espinasse G, et al.
Uropygial gland size and composition varies according to experimen-
tally modified microbiome in Great tits. BMC Evol Biol. 2014;14:134.
Horrocks NPC, Matson KD, Tieleman Bl. Pathogen pressure puts
immune defense into perspective. Integr Comp Biol. 2011;51:563-76.
Tieleman BI. Understanding immune function as pace-of-life trait
requires environmental context. Behav Ecol Sociobiol. 2018;72:55.

van Veelen HPJ, Salles JF, Tieleman BI. Multi-level comparisons of cloa-
cal, skin, feather and nest-associated microbiota suggest considerable
influence of horizontal acquisition on the microbiota assembly of
sympatric woodlarks and skylarks. Microbiome. 2017;5:156.

Teyssier A, Lens L, Matthysen E, White J. Dynamics of gut microbiota
diversity during the early development of an avian host: evidence from
a cross-foster experiment. Front Microbiol. 2018;9:1-12.

Lochmiller RL, Deerenberg C. Trade-offs in evolutionary immunology:
just what is the cost of immunity? Oikos. 2000,88:87-98.

Addison B, Klasing KC, Robinson WD, Austin SH, Ricklefs RE. Ecologi-

cal and life-history factors influencing the evolution of maternal
antibody allocation: a phylogenetic comparison. Proc R Soc B Biol Sci.
2009;276:3979-87.

. van Veelen HPJ, Salles JF, Tieleman BI. Microbiome assembly of avian

eggshells and their potential as transgenerational carriers of maternal
microbiota. ISME J. 2018;12:1375-88.

Saino N, Ara PD, Martinelli R, Maller AP. Early maternal effects and anti-
bacterial immune factors in the eggs, nestlings and adults of the barn
swallow. J Evol Biol. 2002;15:735-43.

Shawkey MD, Kosciuch KL, Liu M, Rohwer FC, Loos ER, Wang JM, et al.
Do birds differentially distribute antimicrobial proteins within clutches
of eggs? Behav Ecol. 2008;19:920-7.

D'Alba L, Shawkey MD, Korsten P, Vedder O, Kingma SA, Komdeur

J, et al. Differential deposition of antimicrobial proteins in blue tit
(Cyanistes caeruleus) clutches by laying order and male attractiveness.
Behav Ecol Sociobiol. 2010;64:1037-45.

Grizard S, Versteegh MA, Ndithia HK, Salles JF, Tieleman BI. Shifts in
bacterial communities of eggshells and antimicrobial activities in
eggs during incubation in a ground-nesting passerine. PLoS ONE.
2015;10:2-20.

Martinez-Garcfa A, Martin-Vivaldi M, Rodriguez-Ruano SM, Peralta-
Sanchez JM, Valdivia E, Soler JJ. Nest bacterial environment affects
microbiome of hoopoe eggshells, but not that of the uropygial secre-
tion. PLoS ONE. 2016;11:1-15.

Grizard S, Dini-Andreote F, Tieleman BI, Salles JF. Dynamics of bacterial
and fungal communities associated with eggshells during incubation.
Ecol Evol. 2014;4:1140-57.

Horrocks NPC, Hine K, Hegemann A, Ndithia HK, Shobrak M, Ostrowski
S, et al. Are antimicrobial defences in bird eggs related to climatic
conditions associated with risk of trans-shell microbial infection? Front
Zool. 2014;11:49.

Horrocks NPC, Tieleman BI, Matson KD. A simple assay for measure-
ment of ovotransferrin—a marker of inflammation and infection in
birds. Methods Ecol Evol. 2011;2:518-26.

Grindstaff JL, Demas GE, Ketterson ED. Diet quality affects egg size
and number but does not reduce maternal antibody transmission in
Japanese quail Coturnix japonica. J Anim Ecol. 2005;74:1051-8.

. Demas GE, Nelson RJ. Photoperiod and temperature interact to affect

immune parameters in adult male deer mice (Peromyscus maniculatus).
J Biol Rhythms. 1996;11:94-102.



van Veelen et al. Animal Microbiome

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

(2022) 4:44

Matson KD, Ricklefs RE, Klasing KC. A hemolysis-hemagglutination assay
for characterizing constitutive innate humoral immunity in wild and
domestic birds. Dev Comp Immunol. 2005;29:275-86.

Matson KD, Horrocks NPC, Versteegh MA, Tieleman BI. Baseline hapto-
globin concentrations are repeatable and predictive of certain aspects
of a subsequent experimentally-induced inflammatory response. Comp
Biochem Physiol A Mol Integr Physiol. 2012;162:7-15.

Gilbert JA, Meyer F, Jansson J, Gordon J, Pace N, Ley R, et al. The Earth
microbiome project: meeting report of the “1st EMP meeting on sample
selection and acquisition”at Argonne National Laboratory October 6th
2010. Stand Genomic Sci. 2010;3:249-53.

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Rea-
gent and laboratory contamination can critically impact sequence-based
microbiome analyses. BMC Biol. 2014;12:87.

Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from lllumina amplicon data.
Nat Methods. 2016;13:581-3.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73:5261-7.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet C, Al Ghalith GA, et al.
Reproducible, interactive, scalable, and extensible microbiome data sci-
ence using QIIME2. Nat Biotechnol. 2019;37:852-7.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30:772-80.

Price MN, Dehal PS, Arkin AP. FastTree 2—approximately maximum-
likelihood trees for large alignments. PLoS ONE. 2010;5:9490.

McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE.
2013;8:€61217.

Weiss S, Xu ZZ, Peddada S, Amir A, Bittinger K, Gonzalez A, et al. Normali-
zation and microbial differential abundance strategies depend upon data
characteristics. Microbiome. 2017;5:27.

McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome
data is inadmissible. PLoS Comput Biol. 2014;10:e1003531.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and qualitative
beta diversity measures lead to different insights into factors that struc-
ture microbial communities. Appl Environ Microbiol. 2007;73:1576-85.

R Core Team. R: a language and environment for statistical computing.
Vienna, Austria: Foundation for Statistical Computing; 2017.

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models
using Ime4. J Stat Softw. 2015;67:1-48.

Kuznetsova A, Brockhoff B, Christensen HB. ImerTest package: Tests in
linear mixed effects models. J Stat Soft. 2017,82:1-26.

Fox J. Displays in R for generalised linear models. J Stat Softw.
2003;8:1-27.

Nakagawa S, Schielzeth H. A general and simple method for obtaining
R2 from generalized linear mixed-effects models. Methods Ecol Evol.
2013;4:133-42.

Stoffel MA, Nakagawa S. rptR: repeatability estimation and variance
decomposition by generalized linear mixed-effects models. Methods
Ecol Evol. 2017;8:1639-44.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al.
vegan: Community Ecology Package. 2018. R package version 2.5-7.
Sanchez G. PLS path modeling with R. Berkeley: Trowchez Editions; 2013.
Barberan A, Ramirez KS, Leff JW, Bradford MA, Wall DH, Fierer N. Why are
some microbes more ubiquitous than others? Predicting the habitat
breadth of soil bacteria. Ecol Lett. 2014;17:794-802.

Ossola A, Aponte C, Hahs AK, Livesley SJ. Contrasting effects of urban
habitat complexity on metabolic functional diversity and composition of
litter and soil bacterial communities. Urban Ecosyst. 2017;20:595-607.
Sanchez G, Trinchera L, Russolillo G. plspm: Tools for partial least squares
path modeling (PLS-PM). 2015. R package version 0.4.9.

Hargitai R, Prechl J, Torok J. Maternal immunoglobulin concentration in
Collared Flycatcher (Ficedula albicollis) eggs in relation to parental quality
and laying order. Funct Ecol. 2006;20:829-38.

Svobodova J, Smidové L, Javlirkovéa V. Different incubation pat-

terns affect selective antimicrobial properties of the egg interior:

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 13 of 13

experimental evidence from eggs of precocial and altricial birds. J Exp
Biol. 2019;222:1-11.

Okuliarova M, Kankova Z, Bertin A, Leterrier C, Mostl E, Zeman M.
Maternally derived egg hormones, antibodies and antimicrobial proteins:
common and different pathways of maternal effects in Japanese Quail.
PLoS ONE. 2014;,9:112817.

Al-Natour MQ, Ward LA, Saif YM, Stewart-Brown B, Keck LD. Effect of
different levels of maternally derived antibodies on protection against
infectious bursal disease virus. Avian Dis. 2004;48:177-82.

Merrill L, Grindstaff JL. Maternal antibody transfer can lead to suppression
of humoral immunity in developing zebra finches (Taeniopygia guttata).
Physiol Biochem Zool. 2014;87:740-51.

Coakley CM, Staszewski V, Herborn KA, Cunningham EJA. Factors affect-
ing the levels of protection transferred from mother to offspring follow-
ing immune challenge. Front Zool. 2014;11:1-11.

Deerenberg C, Arpanius V, Daan S, Bos N. Reproductive effort decreases
antibody responsiveness. Proc R Soc B Biol Sci. 1997;264:1021-9.
Hammouda A, Selmi S, Pearce-Duvet J, Chokri MA, Arnal A, Gauthier-Clerc
M, et al. Maternal antibody transmission in relation to mother fluctuating
asymmetry in a long-lived colonial seabird: the yellow-legged gull Larus
michahellis. PLoS One. 2012;7:e34966.

Ismail A, Jacquin L, Haussy C, Perret S, Gasparini J. Food availability
modulates the effects of maternal antibodies on growth and immunity in
young feral pigeons. J Avian Biol. 2015;46:489-94.

Peters A, Delhey K, Nakagawa S, Aulsebrook A, Verhulst S. Immu-
nosenescence in wild animals: meta-analysis and outlook. Ecol Lett.
2019;22:1709-22.

Shade A, Caporaso JG, Handelsman J, Knight R, Fierer N. A meta-analysis
of changes in bacterial and archaeal communities with time. ISME J Nat.
2013;7:1493-506.

Caliz J, Triado-Margarit X, Camarero L, Casamayor EO. A long-term survey
unveils strong seasonal patterns in the airborne microbiome coupled to
general and regional atmospheric circulations. Proc Natl Acad Sci USA.
2018;115:12229-34.

Muegge BD, Kuczynski J, Knights D, Clemente JC, Gonzélez A, Fontana L,
et al. Diet drives convergence in gut microbiome functions across mam-
malian phylogeny and within humans. Science. 2011,332:970-4.
Youngblut ND, Reischer GH, Walters W, Schuster N, Walzer C, Stalder

G, et al. Host diet and evolutionary history explain different aspects

of gut microbiome diversity among vertebrate clades. Nat Commun.
2019;10:1-15.

Leclaire S, Czirjak GA, Hammouda A, Gasparini J. Feather bacterial load
shapes the trade-off between preening and immunity in pigeons: evolu-
tionary ecology and behaviour. BMC Evol Biol. 2015;15:60.

Soler JJ, Peralta-Sénchez JM, Flensted-Jensen E, Martin-Platero AM,
Maller AP Innate humoural immunity is related to eggshell bacterial

load of European birds: a comparative analysis. Naturwissenschaften.
2011;98:807-13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The microbial environment modulates non-genetic maternal effects on egg immunity
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Ethics statement
	Experimental design and sample collection
	Experimental treatment
	Species, housing and experimental timeline
	Sample collection
	Birds 
	Eggs 


	Laboratory analysis of immune function in egg albumen, yolk and female blood plasma
	DNA extraction and 16S rRNA gene amplicon sequencing
	Sequence processing and assembly of amplicon sequence variants
	Statistical analyses
	Partial least squares path modelling (PLS-PM)

	Results
	No effect of environmental microbial diversity on egg immunity
	Consistent differences in egg immunity at the level of the female
	Maternal transfer of total antigen-specific antibodies to eggs is conditional on the microbial environment and maternal antibody levels
	The path model points out that maternal immunological priming of eggs may depend on the experienced microbial environment when females are in good body condition

	Discussion
	Egg immune function
	Maternal antibody transfer: interacting effects of microbial environment and female
	Path modeling: a systems-level perspective on maternal immune investment in eggs
	Conclusion and outlook: Non-genetic maternal effects on immune function in the context of microbial pressure

	Acknowledgements
	References


