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ORIGINAL ARTICLE
Heritable variation in maternally derived yolk androgens,
thyroid hormones and immune factors

S Ruuskanen?, P Gienapp?, TGG Groothuis®, SV Schaper?, VM Darras? C Pereira®, B de Vries® and
ME Visser®?

Maternal reproductive investment can critically influence offspring phenotype, and thus these maternal effects are expected to
be under strong natural selection. Knowledge on the extent of heritable variation in the physiological mechanisms underlying
maternal effects is however limited. In birds, resource allocation to eggs is a key mechanism for mothers to affect their offspring
and different components of the egg may or may not be independently adjusted. We studied the heritability of egg components
and their genetic and phenotypic covariation in great tits (Parus major), using captive-bred full siblings of wild origin. Egg mass,

testosterone (T) and androstenedione (A4) hormone concentrations showed moderate heritability, in agreement with earlier
findings. Interestingly, yolk triiodothyronine hormone (T3), but not its precursor, thyroxine hormone (T4), concentration was
heritable. An immune factor, albumen lysozyme, showed moderate heritability, but yolk immunoglobulins (IgY) did not. The
genetic correlation estimates were moderate but statistically nonsignificant; a trend for a positive genetic correlation was found
between A4 and egg mass, T and lysozyme and IgY and lysozyme, respectively. Interestingly, phenotypic correlations were found
only between A4 and T, and T4 and T3, respectively. Given that these egg components are associated with fitness-related

traits in the offspring (and mother), and that we show that some components are heritable, it opens the possibility that natural
selection may shape the rate and direction of phenotypic change via egg composition.
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INTRODUCTION

Maternal effects are referred as the effect of maternal phenotype on
offspring phenotype (Mousseau and Fox, 1998). They make a
significant contribution to variation in fitness by modifying offspring
phenotype, thereby altering the genotype-phenotype relationship,
potentially accelerating or impeding the response to selection on traits
affected by maternal investment (for example Kirkpatrick and Lande,
1989; McGlothlin and Galloway, 2014). Maternal genetic effects on
offspring traits can arise from among-female genetic variance in,
for example, postnatal parental care, or prenatal transfer of resources
or signals, such as hormones. However, additive genetic variation in
prenatal mechanisms underlying maternal effects has rarely been
studied in non-domesticated animals (for example, Wilson and
Reale, 2006) and in general, it is rarely studied in physiological traits
(especially in wild species, Charmantier et al., 2014).

Oviparous species, such as birds, are especially suitable models for
studying genetic variation in prenatal mediators of maternal effects as
their eggs develop outside the mother’s body, facilitating the measure-
ment of maternal resources and signals at the prenatal stage. Evidently,
the size of the propagule or egg is an important mediator of maternal
effects; it has a major influence on offspring phenotype and survival
(Williams, 2012). Indeed, high heritability of egg size in birds has been
reported (reviewed in Williams, 2012). Additionally, other resources in

the egg, such as antioxidants, immune factors and signals such as
hormones, are now widely acknowledged as crucial for offspring
fitness-related traits (McNabb and Wilson, 1997; von Engelhardt and
Groothuis, 2011; Grindstaff et al., 2003). Estimating and verifying the
genetic variation in the transfer of resources and developmental signals
to the egg is important because it is often assumed that it is shaped by
natural selection (Miiller et al, 2007; Tschirren et al, 2014) and
importantly, it could contribute to the evolution of multiple offspring
traits. As the physiological mechanisms behind the transfer of different
components to eggs as well as their costs (energetic, nutritional and
physiological) differ (Groothuis and Schwabl 2008), it is hence crucial
to study the extent of genetic variation and covariation in multiple egg
components in a single system.

Important developmental signals are egg hormones such as steroid
hormones (testosterone, T, and its precursor, androstenedione, A4,
von Engelhardt and Groothuis, 2011) and the less-studied thyroid
hormones (THs, the bioactive triiodothyronine, T3, and its precursor
thyroxine, T4; McNabb and Wilson 1997). Both can affect offspring
early development in various taxa (positively or negatively, reviewed
by, for example, McNabb and Wilson 1997; Dufty et al, 2002;
McNabb 2007; von Engelhardt and Groothuis, 2011), but also
phenotype and fitness in adulthood (von Engelhardt and Groothuis,
2011; Ruuskanen et al., 2012; Tschirren et al., 2014). The production
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or deposition of higher levels of hormones to eggs likely has no large
energetic or nutritional costs to the mother (Groothuis and Schwabl,
2008, but note the potential costs of iodine-limitation on TH
production), but may show physiological costs to the mother, for
example, arising from negative effects of elevated androgen levels in
female circulation (see also Tschirren et al, 2014) and context-
dependent effects in the offspring (von Engelhardt and Groothuis,
2011). Heritability of yolk androgen concentrations has only been
reported in a few studies: lines selected for yolk T showed moderate
realized heritability in captive quail (Coturnix japonica, Okuliarova
et al., 2011). In the only study in a wild species, Tschirren et al. (2009),
using mother-daughter regressions, reported high heritability for T,
but not for A4 in collared flycatchers (Ficedula albicollis). However,
similar analyses of yolk T in captive canaries (Serinus canaria) showed
no statistically significant heritability (Miiller et al., 2012). In addition,
studies on captive great tit (Parus major) lines selected for behavior,
T and A4 levels evolved as a correlated evolutionary response to
selection on behavior (Groothuis et al., 2008). These results make yolk
androgen hormones good candidates for further exploration of their
quantitative genetics. In contrast, yolk THs have been largely neglected
in the ecological literature and despite their potential importance for
development (Ruuskanen ef al., 2016a), data on environmental and
genetic variation are lacking.

Mothers also transfer multiple types of energetically or nutritionally
costly resources to eggs. These include immune factors, such as
immunoglobulins (IgYs) (for example, Grindstaff et al., 2003) and
albumen antimicrobial proteins (for example, lysozyme: Saino et al.,
2002), which affect hatching success, growth and even survival in birds
(reviewed in Grindstaff et al, 2003). Thus parent-offspring conflict
and trade-offs between female survival and embryo survival may exist,
and selection may be opposite for mothers and offspring. In poultry,
artificial selection experiments on immune factors suggest a genetic
basis of IgY and lysozyme transfer (Grindstaff et al, 2003;
Abdel-Moneim and Abdel-Gawad, 2006; Okuliarova et al., 2014),
but there are no studies on their heritability in non-domestic birds.

Importantly, the concentrations of different egg components may
not be fully independent, but phenotypically or genetically correlated
—the evolutionary potential depends on the genetic covariation with
other selected traits (Lande and Arnold, 1983). It has been hypothe-
sized that females balance the costs and benefits of one component
with another. For example, higher levels of immune factors could
compensate the immunosuppressing effects of high yolk androgen
levels (Royle et al., 2001; Groothuis et al., 2006), but the results of the
phenotypic correlations are currently contradictory (Groothuis et al,
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2006; Gasparini et al., 2007; Hargitai et al., 2009; Ruuskanen et al,
2011; Postma et al., 2014). On the other hand, yolk hormones A4 and
T that are phenotypically correlated have been found to show
differential effects in offspring: A4, but not T, decreased growth
(Muriel et al., 2013) and A4, but not T, was positively correlated with
offspring recruitment (Hegyi et al, 2011; Tschirren et al, 2014).
Furthermore, high yolk A4 concentrations and low T concentrations
were associated with higher maternal lifetime reproductive success
(Tschirren et al., 2014); suggesting that selection acts oppositely on the
correlated traits, which would constrain adaptive allocation. Currently,
to our knowledge, data on genetic correlations between egg hormones
and immunofactors are lacking (but see Okuliarova et al., 2014) and
such analyses for any physiological traits in the wild (birds) are scarce
(Charmantier et al., 2014). All in all, to understand the evolution of
multiple (correlated) egg components and the traits affected by this
maternal investment, it is important to study the heritability of
different egg components, and their genetic and phenotypic covaria-
tion, within a single species and environment.

We estimated the heritability in a number of maternally derived egg
components, that is, important mediators of avian maternal effects,
including yolk androgen hormones (T and A4), THs (T4 and T3),
immune factors (total IgY and lysozyme enzyme activity) and egg
mass, using a passerine bird model, the great tit (Parus major).
Furthermore, we analyzed both genetic and phenotypic correlations
among the egg components. We used eggs of captive-bred full siblings
of wild origin. In great tits, levels of yolk hormones and egg immune
factors vary within and across clutches with environmental and social
cues (for example, Groothuis et al., 2008; Remes, 2011; Ruuskanen
2016b), but genetic variation has not yet been studied. Most
importantly, many of these egg components have been found to
modulate offspring development and phenotype in great tits (Podlas
et al., 2013; Ruuskanen et al., 2016a). Especially interesting are the
potential effects of yolk androgens on dispersal strategies and
personality development in great tits (Tschirren et al, 2007;
Groothuis et al, 2008)—understanding the underlying quantitative
genetics of yolk androgen levels will thus provide insight into the
evolution of these traits.

METHODS

General protocol and captive rearing

The data collection and experiments are described in detail elsewhere (Schaper
et al., 2013). See Figure 1 and Table 1 for the data collection setup and sample
sizes. The birds were the offspring wild parental pairs (cal0 pairs per year) from
a long-term monitored population at the Hoge Veluwe National Park (the
Netherlands), where pedigree information is available. Thus, the females from

Chicks born in the wild |

.

| Chicks brought to captivity on day 10 post-hatching |

Experimentalyear | 2006 || 2007 || 2008 |[ 2009 |[ 2010 |
# broods=families brought to captivity 9 10 9 14 8
| Females laying eggs in captivity |
# females laying eggs in captivity 28 24 20 26 15
Eggs collected for analyses
#eggs collected 146 145 113 137 85

Figure 1 A schematic figure of the experimental design, data collection and sample sizes per experimental year.
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Table 1 Results of the ASReml animal model analyses of egg components of great tits (Parus major)

Egg mass (g) T (pg mgh) A4 (pg mg) T4 (pg mg'h) 73 (pg mg'h) Lysozyme activity IgY (U mit)
Ving 0.0048 (0.0056) 44.1 (70.3) 199.6 (129.0) 0.0741 (0.0235) 4.42e-09 (5.71e-10) 0.0286 (0.159) 0.0591 (0.0347)
A 0.0152 (0.007) 211.0 (91.1) 271.6 (149.6) 7.22e-08 (9.70e-09) 0.00443 (0.0018) 0.255(0.172) 0.041 (0.0379)
Vies 0.0120 (0.001) 181.6 (14.4) 350.5 (27.5) 0.143 (0.0192) 0.0132 (0.0017) 0.995 (0.082) 0.0613 (0.00566)
H 0.48 (0.19) 0.48 (0.18) 0.33 (0.17) 3.32e-07 (4.37e-08) 0.25 (0.09) 0.20 (0.13) 0.25 (0.22)
X /e 7.71 9.50 6.42 0.00 2.462 3.99 1.20
p 0.005 0.002 0.01 1.00 0.01 0.05 0.23
N (eggs) 411 429 424 188 188 410 331
N (females) 98 113 111 77 77 111 95
N (families) 26 (48) 30 (49) 30 (49) 21 (41) 21 (41) 30 (49) 25 (44)
Mean (s.e.) 1.57 (0.18) 68 (21) 112 (29) 1.5 (0.5) 0.23 (0.13) 10.4 (1.4) 141 (172)
range 1.1-2.4 26-143 38-216 0.4-3.1 0.08-1.12 5-13 4-1384

aNote: In one case V;,q was bounded at zero leading to unreliable log-likelihood values and thus significance is tested with t-tests from a model with only V, and V,e. T, testosterone (pg mg'l),
A4, androstenedione (pg mg1), T4, thyroxine (pg mg1), T3, triiodothyronine (pg mg1), Lysozyme, lysozyme activity (change in absorbance/min), IgY, immunologlobulin concentration (U mi1).
Final models including fixed factors are presented Supplementary Table 1 in full. Mean (+s.e.) and range of variation for each egg component is also shown. N (families): the number of families
with data from >2 siblings (and in brackets, the total number of families, as not all siblings laid eggs); N (females) is the number of individual females (=, nb of clutches), N (eggs) is the total

number of egg used in the analyses.

Variance components, heritabilities and sample sizes (N) are shown. Vj,q phenotypic variance related to individual female, V;, additive genetic component, Vs, residual variance. The heritability
(H?) is the proportion of the variance explained by the additive genetic effect (V4/Vp). Estimates are followed by their approximate standard errors (in brackets). Chi-square values and significances
refer to V, and these tests are likelihood ratio-test of model including effect vs model without effect. Bold values signifies P< 0.05.

which we analyzed egg composition come from a total of 50 families and some
individuals are full-sibs to each other. For the purposes of other studies,
parental broods of early and late egg-laying dates were selected. The selected
broods had known ancestors, large brood size and a balanced sex ratio.
Paternity by the social father was verified using paternity analyses (following
Saladin ef al., 2003). Chicks were raised in natural nests until day 10 post
hatching after which the chicks were taken to captivity (Netherlands Institute of
Ecology) as complete broods for hand-rearing under standardized conditions
(see Schaper et al., 2013), thus limiting an inflated heritability measure due to
common environment effects.

After independence, fledglings were transferred to single-sex groups in open
outdoor aviaries. Each year of the 5 study years, 36 breeding pairs were formed
avoiding sib-matings. On 1 December, the pairs were placed in climate-
controlled aviaries to breed in the next spring (see Schaper et al, 2013 for
details on the aviary conditions). Over 5 experimental years, birds were exposed
to varying temperature regimes, which were designed to test temperature effects
on the onset of reproduction (Schaper et al., 2013). Sibling females were subject
to different temperature treatments. Temperature was included in the statistical
analyses (see below). However, temperature treatments/realized temperatures
had only a very limited direct effects on the different egg components, except
on lysozyme (see Supplementary Table 1). All experimental procedures were
approved by the Animal Experimentation Committee (DEC) of the Royal
Netherlands Academy of Arts and Sciences (KNAW).

Data collection and sampling

Nest boxes inside the aviaries were checked daily for eggs, eggs collected on the
day of laying, weighed (~0.001 g) and replaced by artificial eggs. Eggs were
stored in — 80 °C until analyses were performed (see below). Steroid and THs
have been found resistant to long-term storage, and our results on hormones
and immune parameters are similar as measured in fresh samples (Ruuskanen
et al., 2016b) suggesting that any effect of storage time is likely to be small.
Additionally, year was controlled in the analyses, but did not have a statistically
significant effect (see below).

We included in our data all first clutches with clutch size between 4 and 15
eggs from all experimental years (analysis was restricted to these clutch sizes as
they are in the range of normal clutch sizes in Dutch wild populations).
Additionally, from clutches with clutch size of 3 eggs (N=5 clutches) or >15
eggs (N =8 clutches), we analyzed the third egg as a representative of the clutch
mean to increase our sample size (comparison of the clutch mean vs third egg,
1y 0.74-0.83, all P-values<0.001, N=74-91, depending on the egg compo-
nent). We analyzed all of the eggs in the laying sequence from 10 clutches
(divided across years) for yolk A4 and T, lysozyme and egg mass. From the rest
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of the clutches, we analyzed egg 1 and 3, then every third egg and always the last
egg for T, A4, lysozyme and IgY. Only a small sample volume was needed for
each of the above components; thus all these components could be measured
from a single egg. However, for yolk THs, a complete yolk was needed for the
analysis, and thus it could not be analyzed from the same eggs as the other
components. We thus analyzed egg 2, 4 and penultimate egg, if available,
for THs.

Laboratory analysis methods

Shell, albumen and yolk were separated by thawing. For the analyses of yolk
steroids and IgY the yolk was mixed with water (MilliQ 1:1) with the help
of glass beads, and frozen at —80°C wuntil assays were conducted.
See Supplementary material for a full description of the analysis methods.
Briefly, T and A4 concentrations were analyzed using extractions and radio-
immunoassay as described earlier (Ruuskanen et al., 2015), and are expressed as
pg/mg. T4 and T3 concentrations were also analyzed using extractions and
radioimmunoassay as described earlier (Ruuskanen et al, 2015) and are
expressed as pg/mg. Lysozyme activity was analyzed using a micro-plate
modification of a turbidimetric assay, following Ruuskanen ef al. (2011), where
lysozyme breaks down the bacterial cell walls in the suspension which can be
seen by the change in turbidity. The results are expressed as lysozyme
activity = change in absorbance/min x 1000. Immunoglobulin (IgY) concentra-
tions were determined using enzyme-linked immunoassays, following
Ruuskanen et al. (2011) and the results are expressed as Uml~! x 10°.

Statistical analyses

We first tested which environmental/phenotypic factors explain variation in the
levels of egg components, and thus should be accounted for in the quantitative
genetic analyses. Our responses were: egg mass, yolk T, A4, T4 and T3
concentration (log-transformed, pg mg~!), yolk IgY concentration (log-
transformed, U ml~!) and lysozyme activity (change in absorbance/min).
The models included the following fixed effects: proportional egg order and its
second-order term (0=first egg, 1=last egg, to account for within-clutch
variation, taking into account the very variable clutch sizes), size of the female
(tarsus), the date when the first egg of a clutch was laid (hereafter: egg-laying
date), clutch size, the female’s hatching date (that is, early conditions), year and
temperature during egg-laying (clutch mean temperature during laying of all
eggs, and variation within clutches, that is, deviation of average temperature
4 days before laying each egg from the clutch mean). We included clutch ID as
a random intercept to control for non-independence of eggs from the same
clutch. In the models for T3, T4, IgY and lysozyme, we also initially included
batch number as random effect due to possible variation among assays.



All models were reduced by removing nonsignificant interactions and main
effects, starting from the highest P-values. The statistically significant variables
retained in the final models were further used in our quantitative genetic
analyses. These mixed models (proc MIXED) were conducted with SAS 9.3.

As complete broods were taken into the laboratory for this experiment,
quantitative genetic parameters could have been estimated using full-sib
analyses. Some parents of these broods were however related and to make
use of this additional information we used so-called ‘animal models’, which
utilize such pedigree information (Wilson et al, 2010). The animal model is a
mixed model that allows partitioning the total phenotypic variance into several
components, which are: the additive genetic variance (V}), variance due to the
non-genetic individual component (Vj,;) and the residual variance (V).
Heritability (h?) and genetic correlations (rg) were calculated as

VA COVA (Zl ) Zz)
=— and G =—F—
Vp Va(z21)Va(z2)

We included all variables (fixed and random) that were retained in the final
models above as explanatory variables and added the additive genetic effect as a

h2

random effect. The significance of the additive genetic effect was tested using
Likelihood ratio-tests with one d.f. The significance of fixed effects was tested
with Wald tests with Kenward-Roger adjustment for denDFs. All animal
models were run using ASReml-R 3.0.

Finally, we analyzed genetic covariances and correlations between the egg
components that showed at least moderate heritabilities (even if not statistically
significant) as traits that show no genetic variation cannot—by logic—show any
genetic covariation, either. Genetic covariances were estimated with bivariate
animal models. To simplify the models and thereby improve model fit, we
averaged egg components over clutches (correcting for significant fixed effects).
Since this yielded a single clutch mean per individual we could drop the
individual random effect from the bivariate models, which hence separated (co)
variances into additive genetic and residual component only. The significance of
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the genetic covariance was tested with Likelihood ratio-tests with one d.f. by
comparing full models against models in which the genetic covariance was
constrained to be zero. Likelihood-ratio test statistic is calculated as two times
the difference in log-likelihoods of models and tested against Chi-square
distribution. To study phenotypic correlations, we calculated Pearson r using
clutch mean values.

RESULTS

Mean values and variation in the raw data for each egg component are
presented in Table 1. The variance components from ‘animal model’
analyses are presented in Table 1 and final, reduced models including
the fixed factors are in Supplementary Table 1 in full. We found that
egg mass was highly heritable (h?=0.48, Table 1). Both yolk T and A4
concentrations were highly/moderately heritable (T: h>=0.48, A4:
h*=0.33, Table 1). Furthermore, yolk T3 concentration showed low
(K2=0.25), but statistically significant heritability, while T4 concentra-
tion was not heritable (h*<0.01, Table 1). Considering the egg immune
factors, albumen lysozyme activity had low (h*>=0.20) and significant
heritable variation, while the heritability of IgY was similar (h*=0.25)
but statistically not significant (Table 1). Most of the egg components
varied across the laying order (statistically significant effects of propor-
tional egg number and/or its quadratic term), but there were very few
strong associations between individual or environmental variation and
egg composition (Supplementary Table 1).

We found a moderate, but statistically nonsignificant, positive
genetic correlation between T and A4 concentration, and A4
concentration and egg mass (Table 2). We also found positive
phenotypic correlations between T and A4, and A4 and egg mass
(Table 3). T concentration and lysozyme activity showed a marginally

Table 2 Genetic covariances and correlations among the egg components in great tits (Parus major), using clutch mean values

T A4 T3 gy Lysozyme Egg mass
T — 0.56+0.24 0.46+0.39 -0.12+0.41 0.61+0.36 0.33+0.34
N=111 N=77 N=95 N=111 N=98
A4 129.5+93.2 — 0.29+0.43 -0.05+0.46 0.09+0.39 0.65+0.35
X2=2.78, P=0.10 N=76 N=94 N=110 N=97
T3 0.508+0.436 0.379+0.543 — 0.03+£0.52 0.42+0.49 0.34+0.43
X2=1.52, P=0.22 X2=0.56, P=0.45 N=67 N=77 N=77
IgY -0.373+1.292 -0.170+1.667 0.0005+0.001 — 0.91+0.47 0.25+0.46
X2=0.09, P=0.77 X2=0.01, P=0.92 X2=0.00, P=1.00 N=94 N=82
Lysozyme 6.89+4.09 1.16+5.29 0.025+0.029 0.146+0.081 — -0.53+0.41
X2=3.00, P=0.08 X2=0.05, P=0.82 X2=0.82, P=0.37 X2=3.60, P=0.06 N=98
Egg mass 0.535+0.551 1.18+0.70 0.0038+0.0043 0.0061+0.0109 —-0.046+0.036 —

X?=1.05, P=0.31 X?=3.70, P=0.06

X?=NA, P=NA?

X?=0.35, P=0.56 X?=1.86, P=0.17

Covariances are given in the lower off-diagonals and genetic correlations in the upper off-diagonals. Estimates +s.e.s, and test statistics for covariances are presented. Sample sizes (N) are indicated
below. T, testosterone (pg mg1), A4, androstenedione (pg mg), T3, triiodothyronine (pg mg'l), Lysozyme, lysozyme activity (change in absorbance/min), Ig¥, immunoglobulin concentration (U mi1).

2Model likelihood did not converge; therefore, LRT against constrained model not informative.

Table 3 Phenotypic correlations (Pearson’s r) among the egg components in great tits (Parus major), using clutch mean values

Egg mass T T3 T4 244
T 0.12 (N=98)
A4 0.21* (N=97) 0.59*** (N=111)
T3 0.13 (N=77) 0.14 (N=77) -0.11 (N=76)
T4 -0.04 (N=77) -0.19 (N=77) -0.17 (N=76) 0.27* (N=77)
IgY -0.15 (N=82) 0.07 (N=95) 0.05 (N=94) 0.11 (N=67) 0.16 (N=67)
Lysozyme -0.11 (N=98 -0.01 (N=111) -0.08 (N=110) 0.03 (N=77) -0.03 (N=77) 0.16 (N=94)

***P<0.001, **P<0.01, *P<0.05.

T, testosterone (pg mg'!), A4, androstenedione (pg mgl), T4, thyroxine (pg mg'l), T3, triiodothyronine (pg mgl), Lysozyme, lysozyme activity (change in absorbance/min), IgY, immunologlobulin

concentration (U mlI'1). Sample sizes (number of clutches) are indicated in parentheses.
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statistically significant, positive genetic correlation (Table 2), but no
phenotypic correlation (Table 3). There were no other genetic or
phenotypic correlations among any hormones and immune factors
(Tables 2 and 3). T3 and T4 were positively phenotypically correlated
(Table 3), but T3 showed no genotypic correlation with any of the egg
traits (Table 2). Finally, IgY and lysozyme activity showed a moderate,
but statistically nonsignificant, positive genetic correlation (Table 2),
but no phenotypic correlation (Table 3).

DISCUSSION

As expected, egg mass was heritable (h*>=0.48), but somewhat lower
than published for this species previously (h?=0.66-0.86, reviewed in
Williams 2012). We found moderate heritability for yolk T concen-
tration, which is consistent with previous studies showing significant
heritability for T from lines selected for yolk T in captive quails
(h?=0.42; Okuliarova et al., 2011) and mother-daughter correlations
from wild collared flycatchers (h*=0.75; Tschirren et al, 2009).
Furthermore, in contrast to studies in the wild collared flycatcher,
where yolk A4 concentration was not heritable (Tschirren et al., 2009),
but consistent with the study in quails (Okuliarova et al., 2011), we
found moderate heritability also for yolk A4 concentration. Similarly
to our study, also in captive great tit lines selected for personality,
co-selection for both yolk T and A4 concentrations was confirmed
(Groothuis et al., 2008). Given that in great tits yolk T levels affect
offspring growth and sibling competition (Podlas et al, 2013) and
dispersal distances (Tschirren ef al., 2007), all of which are likely to be
related to offspring fitness, our results suggest there may be potential
for selection, and a response to selection, on yolk androgen levels in
great tits. Importantly, recent correlative and experimental studies
have reported associations between yolk androgen levels and offspring
local survival in other passerine species (Hegyi et al., 2011; Ruuskanen
et al., 2012; Tschirren et al., 2014). However, while most studies so far
focused on the effects of yolk androgens on the offspring, the fitness
effects, costs and benefits associated with differential yolk androgen
deposition for the mother have received less attention (for example,
Miiller et al., 2007), although this is crucial for understanding their
evolution. Tschirren et al. (2014) recently reported a positive correla-
tion between lifetime reproductive success and yolk A4, but a negative
with T. Furthermore, female lifespan was positively correlated with A4
and negatively with T (Tschirren et al., 2014), suggesting yet unknown
costs to the female. Unfortunately, such data from our study species
are lacking. Nevertheless, the accumulating evidence for genetic
variation and fitness effects of androgen deposition (on offspring
and mothers) thus suggest that this can be under selection.

It is also interesting to speculate about the effect of heritable yolk
androgen levels for trait evolution: In great tits, the evolution of
personality, that is, consistent behavioral differences, known to affect
fitness (Groothuis et al., 2008), could be affected by maternal effects.
Yolk androgens affect behavior and personality traits (neophobia,
aggression, habituation, for example, Daisley ef al, 2005; Tobler and
Sandell, 2007; Ruuskanen et al., 2012). In great tits, personality further
shows a small maternal genetic component (van Oers et al., 2004).
Thus, heritable variation in yolk androgen levels may contribute to the
heritability and variation in personality, and the rate of evolution of
personality. Another potential trait under maternal influence is
dispersal: in great tits higher yolk hormone levels are linked to longer
natal dispersal distances (Tschirren et al., 2007). If heritable variation
in yolk androgen transfer plays a role in evolution of dispersal
distances/strategies, it could further affect the population structure
or colonization processes.

Heredity

We found moderate heritability for yolk T3 concentration. There is
no prior data on heritability of yolk THs; the only available relevant
data show that there is consistent among-female variation in quail yolk
T4 levels (McNabb and Wilson, 1997). Yolk THs enter the ovum from
the female circulation and are assumed to reflect circulating THs
(although possibly with some control, suggested by their nonlinear
correlation; McNabb and Wilson, 1997; Groothuis and Schwabl,
2008). There is evidence for heritability of thyroid function
and circulating TH levels in adult vertebrates, including chickens
(for example, McLachlan et al., 2011; Loyau et al, 2013). Thus it
remains an open question whether heritability of yolk THs simply
reflect consistent variation in female circulating T3 levels, or whether
yolk T3 levels can evolve independently. Selection experiments would
be needed to confirm this (see, for example, Okuliarova et al., 2011 for
independent effects of selection on circulating and yolk T). Interest-
ingly, T4 was not heritable. These results suggest that environmental
influences are mainly responsible for the variation in yolk T4 levels.
These findings are supported by among- and within-clutch variation
in relation to temperature and laying date in the study species in yolk
T4 but not in T3 (Ruuskanen et al, 2015, 2016b). As T4 is the
prohormone for its biologically active metabolite T3, the data suggest
that genetic variation in enzymes for the conversion of T4 to T3 and/
or enzymes for T3 degradation exists (circulating T3 levels are
dependent on both T3 production and degradation, McNabb, 2007).
We can also hypothesize that as T3 is the biologically active form, its
regulation to the egg is more important, and multiple mechanisms
may have evolved to keep levels constant (independent of variation in
circulating T3 levels). However we found a phenotypic correlation
between T4 and T3, suggesting constraints on the independent or
metabolism transfer of the two hormones. In any case, a major
question is whether variation in yolk T3 has fitness consequences on
offspring or the mother, which selection could act on. Unfortunately,
the data are currently very limited; in the studied species, experimen-
tally elevated yolk THs (T4 and T3 combined) affected growth, but
not fledging success (Ruuskanen et al, 2016a). More studies are
needed to elucidate the environmental and genetic contributions and
functional significance of yolk THs and any role in trait evolution.

Concerning the egg immune factors, we found significant herit-
ability for egg lysozyme activity. Yolk IgY concentration showed a
tendency for low to moderate heritability but this was not statistically
significant. Previous data from poultry and quail suggest a heritable
basis for maternal IgY and lysozyme transfer (Grindstaff et al., 2003;
Abdel-Moneim and Abdel-Gawad, 2006; Okuliarova et al., 2014).
The lack of significant heritability for yolk IgY concentration may be
due to lack of power (given the large s.e.s). In contrast to hormones,
the production of which and transfer to egg is likely not energetically/
nutritionally costly, production and deposition of IgYs into eggs is
potentially condition/resource dependent and represents a cost—thus
a parent-offspring conflict arises. For example, Kowalczyk et al. (1985)
estimated that egg IgYs would reflect 10-20% of the female IgY
production. However for lysozyme the costs are not clear and it likely
does not derive from maternal circulation, as IgYs (see discussion in,
for example, Shawkey et al., 2008). Lysozyme levels correlate with, for
example, hatching success (Saino et al, 2002), but experimental
evidence for their fitness effects is lacking, and more research is thus
needed to understand their potential for being under selection.

Furthermore, we were interested in the genetic and phenotypic
covariation among different egg traits, to investigate whether their
transfer may be independent or correlated. The estimates of our
genetic correlations are moderate, but nonsignificant, likely due to
limited sample size. Reliably estimating covariances typically requires



more data than estimating variances. However, admitting these
limitations in our data, we can still speculate about some interesting
patterns that emerged: We found moderate but statistically nonsigni-
ficant positive genetic correlation and a positive phenotypic correlation
between T and A4 concentrations, which suggests lack of independent
regulation of the levels of the two hormones in eggs. The correlated
selection in A4 to selection for T in captive quails (Okuliarova et al.,
2011) corroborates our findings. Given the recent findings on
differential effects of A4 and T on offspring development and maternal
fitness (for example, Hegyi et al., 2011; Muriel et al., 2013; Tschirren
et al., 2014, see introduction), these results suggest that there may be
genetic constraints limiting the response to selection, potentially
caused by inflexibility in the physiological mechanism (both originate
from the ovaries, A4 being a precursor for T, Groothuis and Schwabl,
2008). Unfortunately, the differential effects of each hormone are not
known for the study species, and thus the potential evolutionary
constraints in great tits are not well understood.

In contrast to our predictions, we found weak or no genetic
or phenotypic correlation between androgens and immunofactors.
Thus these results provide only weak support for the adaptive
covariation hypothesis (Royle et al, 2001; Groothuis et al., 2006).
Previous results on phenotypic variation are controversial; in the study
species, a phenotypic correlation between androgens and immune
factors was found at between- but not within-clutch level (Postma
et al., 2014, see also Gasparini et al., 2007), but multiple other studies
find no support for the hypothesis (Groothuis et al., 2006; Hargitai
et al., 2009; Ruuskanen et al., 2011). In selection lines for yolk T and
behavior (quails, Okuliarova et al., 2014), IgY or lysozyme levels did
not respond to selection similarly as T, suggesting no genetic
covariation. Thus, a similar (or opposite) response to environmental
and social conditions could explain the reported phenotypic correla-
tion between yolk androgens and immune factors also in the study
species. However, a lack of genetic correlation also allows flexibility to
modulate, for example, offspring growth trajectories (within and
among clutches), for example in response to environmental context.

Importantly, concerning all the results, we need to consider that
birds were hand-reared from day 10 after hatching; thus we cannot
fully exclude the effects of similar rearing environment within a nest in
early development from genetic effects (Merild and Sheldon, 2000) or
a priming maternal effect, that is, an effect of hormone levels in the
egg on the function and development of the female hypothalamus-
gonadal axis, which then may further affect hormone allocation
(Groothuis and Schwabl, 2008). If present, it is possible that these
somewhat bias our heritability estimates upwards. However, yolk
androgen levels of experimentally in ovo manipulated canary females
showed no evidence for such priming effects (Miiller et al, 2011).
Furthermore, the fact that the birds were reared in captivity reduces
the effect of a common (brood) environment on siblings that can
inflate heritability estimates. However, the effect of captive conditions
may alter (increase or decrease) the phenotypic variation, which may
then affect the size of the heritability estimate. Finally, we should
mention that our sample size is not very large in respect to traditional
quantitative genetic analyses; however, similar sample sizes did show
significant heritabilities in a previous study on yolk testosterone (52
mother-daughter pairs, Tschirren et al., 2009).

Finally, in addition to the clutch mean levels, all of the above-
mentioned egg components have been found to show distinct within-
clutch patterns, that is, increase or decrease with laying order, also in
the studied species (Groothuis et al., 2008; Ruuskanen et al., 2016b), as
found also in this study. There are multiple mutually non-exclusive
explanations for such patterns, such as trade-offs between resource
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allocation between self and eggs, but also potentially adaptive
mechanisms, affecting sibling competition (for example,
Engelhardt and Groothuis, 2011). There is some evidence of repeat-
ability of the within-clutch patterns, but also environmental conditions
can affect these patterns (von Engelhardt and Groothuis, 2011); thus it
would also be interesting to estimate heritability of the within-clutch
patterns.

In conclusion, we found moderate heritability of multiple mediators
of maternal effects: egg mass, yolk T, A4, T3 and lysozyme, but not
IgY or T4, of which many have not been reported previously.
Especially interesting are T3 and its precursor T4 which showed a
phenotypic correlation, but different degrees of heritability. Our
results suggest that both maternal signals (hormones) and resources
(immune factors) show genetic variation. Our results indicated a trend
for a positive genetic and phenotypic correlation between A4 and T,

von

suggesting constraints for their independent deposition and evolution.
Yolk androgens and immune factors showed weak genetic or
phenotypic correlations, suggesting that these egg components may
evolve independently, and our results do not support the hypothesis of
mutual adjustment. Establishing a genetic basis in the pathways
mediating maternal effects is required to interpret these as potentially
adaptive, and also opens up the opportunity for (hormone-mediated)
maternal effects to respond to selection and thus to evolve. Such
indirect genetic effects can modify or accelerate phenotypic change in
natural populations. In great tits this may particularly be related to
personality and dispersal strategies.
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