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Abstract

Carotenoids are organic pigment molecules that play important roles in signalling, control of
oxidative stress, and immunity. Fish allocate carotenoids to their eggs, which gives them the
typical yellow to red colouration and supports their resistance against microbial infections.
However, it is still unclear whether carotenoids act mainly as a shield against infection or are
used up during the embryos’ immune defence. We investigated this question with
experimental families produced from wild-caught brown trout (Sa/mo trutta). Singly raised
embryos were either exposed to the bacterial pathogen Pseudomonas fluorescens or sham-
treated at one of two stages during their development. A previous study on these experimental
families reported positive effects of egg carotenoids on embryo growth and resistance against
the infection. Here, we quantified carotenoid consumption in these infected and sham-infected
maternal sib groups. We found that carotenoid contents mostly decreased during
embryogenesis. However, these decreases were neither linked to the virulence induced by the
pathogen nor dependent on the time point of infection. We conclude that egg carotenoids are
not significantly used up by the embryos’ immune defence.

Keywords - Astaxanthin, carotenoids, embryo development, growth, lutein, Pseudomonas
Sfluorescens, quantitative liquid chromatography high resolution mass spectrometry,
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1. Introduction
Carotenoids are naturally occurring pigments that have been shown to be relevant for a wide
range of physiological functions in animals. They are involved in (i) antioxidant activity by
facilitating singlet oxygen quenching and free radicals scavenging [1, 2], (ii) immune system
functioning by, for example, protecting immune cells and maintaining an efficient immune
response [3, 4] and (iii) retinol biosynthesis, which plays an important role in the immune
system, vision, and embryo development [5, 6]. Many fishes, including most salmonids,
allocate carotenoids to their eggs [7, 8]. For example, in Chinook salmon (Oncorhynchus
tshawytscha), females mobilize carotenoids from their muscles to their eggs a few weeks
before the spawning season, which produces the typical yellow to red egg coloration [9]. Egg
carotenoids may therefore be an important component of maternal environmental effects in
fish [5]. However, their role during embryo development is not sufficiently understood yet.
Salmonids are excellent models to study maternal effects. Females produce large
numbers of eggs that are externally fertilized. Therefore, (i) experimental studies based on in
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vitro fertilizations are possible, (ii) embryos can be raised in the laboratory where potentially
confounding factors such as female differential investment after zygote formation can be
controlled for [10], (iii) embryos can be singly raised at high replication, which enables
powerful statistical analyses [e.g. 11], and (iv) natural populations can be sampled, which
allows studying the variation in egg contents within their ecologically relevant range.
Previous studies found strong parental effects on embryo performance in response to different
types of environmental stressors, with maternal effects typically being larger than paternal
effects [e.g. 12, 13, 14]. The relative relevance of maternal effects decreases throughout
embryogenesis, possibly due to the depletion of maternally-allocated compounds to the eggs
and increasing relevance of paternal, i.e., additive genetic effects [15].

Experimental studies on captive populations and based on supplementary feeding of
carotenoids have found positive links between egg carotenoids and offspring performance
[16-19]. However, there seem to be non-linear dose dependencies, i.e., high amounts of some
carotenoids can be equally or even less beneficial than intermediate levels [20-22]. This
suggests that supplementary feeding could potentially produce artefacts. Wilkins et al. [23]
and Wilkins et al. [24] have therefore sampled natural populations of brown trout (Salmo
trutta) and studied the variance of naturally allocated egg carotenoids. They found
astaxanthin, lutein, and zeaxanthin to be present in the eggs of all females. Capsanthin was
found only in the eggs of few individuals. Importantly, egg carotenoid contents varied
significantly among females (some females allocated several times more of certain
carotenoids to the eggs than others). Wilkins et al. [23] and Wilkins et al. [24] investigated the
potential significance of this variation in carotenoids for embryo performance. In their first
study [23], embryos were stressed by an experimentally induced organic pollution. Embryo
mortality was high and positively correlated to loss in carotenoids during embryogenesis (as
determined at the level of the family and on the surviving embryos), but there was no
correlation between embryo mortality and the initial carotenoid content in the eggs. The
causalities of the links between carotenoids and stress-induced mortality remained unclear
because the consumption of carotenoids in embryos that had died remained unknown [23].
Their second study on a new sample of eggs [24] used a low-virulence strain of Pseudomonas
fluorescens as a stressor to avoid the constraints produced by high mortalities. This second
study also measured offspring traits beyond embryo survival. P. fluorescens is an
opportunistic pathogen that naturally occurs on brown trout eggs [25] and that can be used in
experimental infections [11, 15]. Wilkins et al. [24] found astaxanthin egg contents to be
positively correlated to larval growth in all treatment groups. Moreover, astaxanthin contents
seemed to protect embryos from the virulence caused by the pathogen. P. fluorescens induced
a delay in hatching time that was negatively correlated to the egg content of this carotenoid.
However, it remained unclear whether astaxanthin just prevented stress (i.e., reduced
susceptibility to the pathogen) or whether it was metabolized in the defense mechanism
against the infection [5].

If carotenoids only prevented stress, we would expect a positive correlation between
carotenoid contents in unfertilized eggs and indicators of stress resistance but no link between
carotenoid consumption and stress resistance. If, however, carotenoids were used up in the
response to stress, we would expect carotenoid consumption to be correlated to the stress
resistance. A positive correlation between indicators of stress resistance and carotenoid
consumption would indicate that carotenoids were used up in the response to stress but also
that carotenoid availability was often limited. A negative correlation between stress resistance
and carotenoid consumption would imply that embryos varied in their primary susceptibility
to the stress. This variation in susceptibility might be due to embryo genetics [15] or other
maternal environmental effects, such as egg size [26] or other compounds that females had
allocated to their eggs before spawning. [27-29]). Hence, embryos would consume
carotenoids according to their susceptibility and their response would not be 100% eftective.

Here, we studied carotenoid consumption in brown trout embryos that had been
experimentally exposed to P. fluorescens in order to test the aforementioned hypotheses. We
used a new sample of offspring of the females that Wilkins et al. [24] had studied. This
allowed us to link carotenoid consumptions to the life-history traits that were described in
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Wilkins et al. [24], and that are closely linked to two fitness-relevant traits of salmonids,
namely the timing of emergence from the gravel bed and the size at emergence [30, 31]. We
investigated whether carotenoids simply prevent pathogenic stress or are used by the embryo
defence against the bacterial pathogen.

2. Methods and materials

2.1 Ethical note

This study complied with the relevant ethical regulations imposed by the University of
Lausanne, the canton, and the country in which it was carried out. The Fishery Inspectorate of
the Bern Canton granted permission for handling adults and embryos. No authorization from
the cantonal veterinary office was necessary because manipulation of the adults was part of
the yearly hatchery program of the Bern Canton and all experimental manipulations on
embryos were performed prior to yolk sac absorption.

2.2 Field sampling and artificial fertilizations

Adult brown trout (37 females and 35 males) were caught at their natural spawning grounds
in two connected tributaries (Kiese and Rotache) of the river Aare in Switzerland. See
Stelkens et al. [32-34] for population genetic analyses of the various subpopulations in the
study region. Fish were stripped at a cantonal hatchery (Fischereistiitzpunkt Reutigen) where
a sample of four eggs per female was immediately frozen in liquid nitrogen for later
measurements of astaxanthin, capsanthin, lutein and zeaxanthin as described in Wilkins et al.
[24]). The remaining eggs were used for full-factorial in vitro fertilizations as in Jacob et al.
[35]. Females and males were split into seven breeding blocks. We produced five breeding
blocks composed of five females crossed with five males (i.e., 5 x 25 families) from the Kiese
population, and two blocks of six females were crossed with five males (i.e., 2 x 30 families)
from the Rotache population. After fertilizations, eggs were left undisturbed for two hours for
egg hardening, then immediately transported to the laboratory where they were washed and
distributed to 24-well plates for incubation in climate chambers that controlled for
temperature and light [24]. These experimental families had also been subjected to a previous
study that related maternally supplemented carotenoids in eggs to offspring survival under
pathogen stress [24]. The present study focuses on changes in carotenoids during embryo
development.

2.3 Experimental protocol

We sampled 24 embryos of each family and singly distributed them to individual wells of 24-
well plates (Falcon, BD Biosciences, Allschwil, Switzerland) filled with 1.8 ml of autoclaved
and aerated standardised water [36]. In the 24-well plates, families were distributed column-
wise so each plate contained 4 embryos of 6 different families. Embryos were kept at 6.5 °C
in a climate chamber with a photoperiod of 12 hours.

We exposed 12 embryos per sib group to P. fluorescens (PF) and sham-treated the
remaining to standardised water only. PF cultures were incubated, washed and diluted as
described for “PF1” in Clark et al. [37]. Embryos were exposed to the treatment with a stock
solution of 0.2 ml containing 107 bacterial cells/ml, yielding a final concentration of 10°
bacterial cells/ml.

In order to avoid a potentially selective disappearance of some phenotypes due to
pathogen-induced mortality, we chose a low-virulence strain of PF [37]. We also exposed
embryos to the pathogen at one of two different time points in order to spread the risk of time-
point related high mortalities. This was done because the virulence of the bacterial pathogen
can depend on host development stage [15]. Three breeding blocks of Kiese and one of
Rotache were exposed to the treatment 20 days after fertilization (early exposure), while the
remaining breeding blocks (two for Kiese and one for Rotache) were exposed 49 days after
fertilization (late exposure). It turned out that early exposure led to slightly higher mortalities
[24]. However, the overall mortality was so low (around 1%; [24]) that a potential mortality-
induced bias in the determination of mean carotenoid consumption could be ignored.
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Sixteen of these embryos were used by Wilkins et al. [24] to link various life-history
traits to egg carotenoid content. Briefly, embryo survival and hatching time were noted at the
day of hatching, and hatching time, hatchling length (= larval length at hatching), yolk sac
volume at hatching (calculated as in Jensen et al. [38]), and larval growth (during the first 14
days after hatching) were quantified based on images. The remaining eight embryos (four PF-
exposed and four sham-exposed) were available for the present study, i.e., for measuring
astaxanthin, capsanthin, lutein, and zeaxanthin at different time points during embryogenesis.
The embryo sampling (i.e., freezing and storing at -80°C) was performed 28 days after
exposure (i.e., 48 days post fertilization) for the early exposure breeding blocks and eight
days after exposure (i.e., 57 days post fertilization) for the late exposure blocks. These
measurements of carotenoids were compared to the measurements on eggs of the same
females recorded in Wilkins et al. [24] and allowed for an estimation of the change in embryo
carotenoid content in both treatment groups.

Since this study concentrates on maternal environmental effects, only one family per
female was used for carotenoid measurements. In order to avoid potentially confounding
paternal effects, a random sampling of families was performed without replacement of sire
identity so that the sample of each female was sired by a different male. We measured
carotenoid contents from embryos of 35 maternal half sib families, which yielded 70 samples
in total (i.e., two samples per family: one with embryos exposed to PF and one with controls).
Absolute change in carotenoids was determined as the initial carotenoid content per egg
(reported in Wilkins et al. [24]) minus the second measurement of carotenoid content per
embryo. Proportional change in carotenoids was determined as the absolute change in
carotenoids per embryo divided by the initial carotenoid content per egg. As reported before
[24], none of the four carotenoid contents was correlated to egg weight.

2.4 Carotenoid extraction and quantification
Immediately before carotenoid extractions, embryos were thawed, dried, and weighed. Four
embryos of each family were pooled to reach natural carotenoid concentrations that are likely
to be above detection limit [24], resulting in one sample per family and treatment.
Carotenoids were extracted with ethyl acetate as described in Wilkins et al. [24]. The dried
extracts were protected from light and stored at -80 °C until carotenoid quantification.
Carotenoids in eggs (N = 35) had been quantified previously for Wilkins et al. [24].
Astaxanthin, capsanthin, lutein and zeaxanthin in embryos were quantified by ultrahigh-
performance liquid chromatography — high resolution mass spectrometry (UHPLC-ESI-
HRMS), using the same methods that had previously been used for the eggs [24]. See S1
Table for carotenoid contents in embryos and for the technical repeatability of the
measurements.

2.5 Statistical analyses

In order to investigate whether carotenoid contents were reduced in embryos relative to eggs,
we performed paired t-tests for each carotenoid we quantified. We used Spearman’s rank
correlations (740) to compare changes in the different types of carotenoids and to analyse how
these changes are linked to initial carotenoid content of the eggs. Multivariate analyses of
variance (MANOVA) were performed in order to test whether infection and time point of
infection had an effect on the proportional change of the contents of the various carotenoids
(after graphical verification that the assumptions of the MANOVA were not significantly
violated).

When comparing changes in carotenoids to embryo phenotypes, we decided to
include proportional changes in carotenoids in our statistical models rather than absolute
changes, because (i) carotenoid measurements were significantly correlated, i.e., the females
with a higher initial carotenoid content also showed a greater change in carotenoids and (ii)
the use of proportional changes in carotenoids controls for possible confounding effects of
initial amounts of carotenoids in the eggs before fertilization. Moreover, proportional change
in carotenoids is an informative variable to study the role of carotenoids for stress tolerance
because it reveals the extent to which embryos consumed their carotenoid reserves. The links
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between mean embryo survival in both environments and changes in carotenoids was
analyzed with Spearman’s rank correlations. Hatching time (days), hatchling length (mm),
yolk sac volume at hatching (mm?), and larval growth (mm) were analysed as continuous
response variables in linear mixed models (LMM). In the models, treatment, and proportional
change in carotenoids were included as fixed effects, and dam as random effect. When
analysing response variables after hatching (i.e., hatchling length, yolk sac volume at hatching
and larval growth), we included hatching time and its interaction with treatment as fixed
effects in our statistical models.

The carotenoid measurements for one female yielded unexpectedly high negative
changes (female ADC: mean change in astaxanthin = -43.8 nM; mean change in lutein = -
52.6 nM; mean change in zeaxanthin = -65.4 nM) and would have had an extraordinary
influence on the LMM (i.e., violating the model assumptions - S1 Figure shows the
disproportional statistical leverage of this female for models on embryo performance). A
possible explanation for this highly negative change is the low absolute carotenoid contents
measured from this female, which makes the differences between the two contents more
sensitive to measurement errors. Therefore, this female was removed from LMM (but not
from non-parametric analyses).

To test the significance of an effect, a model including or omitting the term of interest
was compared to the reference model with Akaike’s information criterion and likelihood ratio
tests (LRT). All statistical tests were analysed in R v.3.1.3 [39], and mixed effect models
were run with the Ime4 package v.1.1.11 [40].

3. Results

3.1 Carotenoid contents

Astaxanthin, lutein, and zeaxanthin could consistently be quantified in all embryo samples
(astaxanthin: 495.6 nM/egg + 90.2 nM/embryo (means = 95% confidence interval); lutein:
151.9 nM/egg + 8.5 nM/embryo; zeaxanthin: 551.3 nM/egg + 77.1 nM/embryo; S2 Fig.). No
capsanthin was found above detection limit in any sample. Measurements of carotenoid
contents for each maternal half sib family and repeatability estimates are presented in S1
Table.

Measurements in eggs and embryos were significantly correlated for all carotenoids
and within both environments: females that had high levels of carotenoids in their eggs before
fertilization also showed larger amounts of carotenoids at the late-eyed development stage of
their offspring (Table 1, Fig. 1 a-c). Average astaxanthin and zeaxanthin contents in embryos
were reduced relative to their average content in eggs in either treatment (astaxanthin: ¢
always > 2.0, P always < 0.04, mean loss 231.4 nM/individual + 51.7 nM/individual (means +
95% confidence interval); zeaxanthin: ¢ always > 3.2, P always < 0.002, mean loss 302.3
nM/individual + 73.3 nM/individual). However, in both treatments, average lutein content
was not significantly different between embryos and eggs (¢ always < 1.8, P always > 0.08,
mean loss 27.5 nM/individual + 16.0 nM/individual). The absolute change in carotenoids was
correlated to initial content for all three carotenoids: greater changes were observed in the
eggs of females that already had a high initial carotenoid content (Table 1, Fig. 1d-f). Figure 2
shows the relationship between pairwise changes for all three carotenoids separately for the
control and the PF treatment. Astaxanthin and zeaxanthin changes were positively correlated
(rho always > 0.38, P always < 0.03; Fig. 2a). The same was true for lutein and zeaxanthin
(rho always > 0.40, P always < 0.02; Fig. 2b) in both treatments. For the comparison
astaxanthin vs. lutein, a significant correlation was only found for the PF treatment (7/0 =
0.46, P = 0.006; Fig. 2¢c) but not for the control (7o = 0.30, P = 0.08; Fig. 2c). Time point of
infection and of sampling did not significantly affect changes in carotenoids, neither by itself
nor in interaction with treatment (Table 2). Accordingly, time point of infection and sampling
were not included in any further statistical models.
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3.2 Embryo performance vs. changes in carotenoid content
Because we worked only with a subsample of the families from Wilkins et al. [24], in the
present study we did not investigate the main effects of the pathogen virulence and the
variance explained by dam identity on the embryo phenotypes analysed (these are reported in
Wilkins et al. [24]). Here, we rather focus on whether embryo performance was linked to
changes in carotenoids under a pathogen infection relative to a sham-treatment. We could not
find a significant link between embryo survival and changes in astaxanthin (40 always
between 0.23 and 0.24; P always > 0.17), lutein (rho always between -0.009 and 0.02; P
always > 0.91), or zeaxanthin (rho always between 0.04 and 0.25; P always > 0.14) in both
treatments. Proportional changes in the measured carotenoids were not significantly
correlated to hatching time (Table 3a; Fig. 3a — c¢). No significant relationship was found
between hatchling length and proportional changes in astaxanthin, lutein, or zeaxanthin under
neither control nor PF exposure (Table 3b; S3a — ¢ Fig.). Moreover, no significant links were
found between hatching time and hatchling length (Table 3b; S4a Fig.). Proportional change
in astaxanthin, lutein, and zeaxanthin were not significantly linked to yolk sac volume at
hatching in both treatments (Table 3c; S3d — f Fig.). Hatching time was significantly
correlated to yolk sac volume at hatching (Table 3c), with early hatchers tending to have
larger yolk reserves than late hatchers (S4b Fig.). Hatching time also correlated to larval
growth (Table 3d), with embryos that hatched later displaying faster growth than early
hatchlings (S4c¢ Fig.). However, no significant links between changes in carotenoids and
larval growth were found (Table 3d; Fig. 3d — f). S5 Fig. is analogous to Fig. 3 and S3 Fig.
but presents the results with the outlier female that had to be excluded from the LMM.
Separate models were tested for individual carotenoids. For hatchling length, yolk sac
volume at hatching and larval growth (panels b — d), models also account for the effect of
hatching time. Effects were tested by comparing a model lacking or including the effect of
interest to the reference model (in italics) with likelihood ratio tests. Significant effects are
highlighted in bold. See Wilkins et al. [24] for the effects of treatment and dam on embryo
traits.

4. Discussion

Studies on host-pathogen interactions often suffer from the problem that pathogen-induced
mortality can lead to the selective disappearance of some phenotypes and genotypes in the
samples [23]. Here, we successfully avoided this problem by using a pathogen strain that
turned out to induce virulence but only very low mortality (on average about 1%, [24]). Our
measurements of carotenoid consumption are therefore not confounded by non-random
mortality. We found that carotenoid consumption was not significantly linked to resistance to
this pathogen. Such a non-significant result can have one of the four potential explanations:
(1) It reveals that defence against this pathogen does not include significant consumption of
carotenoids, (ii) it is a product of large measurement error in carotenoid quantification and/or
offspring phenotypes, (iii) it is based on poor measures of pathogen resistance, and (iv) it is a
consequence of lack of statistical power due to insufficient sample size. In the following we
argue that the first is the most parsimonious explanation of our findings.

With regards to carotenoid quantifications: We found the carotenoid contents at late
embryonic stage measured here to be highly correlated to previous measurements on eggs
from the same females [24]. This builds confidence in our quantification methods. Moreover,
carotenoid measurements from PF- and sham-exposed embryos from the same family were
highly correlated within the present study. This builds further confidence in our
quantifications because carotenoids were independently extracted and quantified not only per
female but also per treatment. We therefore conclude that our methods allowed for great
repeatability of carotenoid quantifications.

We argue that the life-history traits that we investigated in this study are useful
indicators of pathogen resistance because they are linked to the timing of emergence from the
gravel and to the size at emergence. Both have been shown to be fitness-relevant in


https://doi.org/10.1101/293142
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/293142; this version posted April 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

salmonids. Brown trout depend on feeding territories [41], and larvae that emerge early from
the gravel bed after yolk sac consumption are more likely to establish such a territory and to
outcompete late-emerging competitors [30]. Larvae that emerge larger from the gravel bed
have better swimming ability and are superior competitors that can, for example, better evade
predators [31]. Regarding measurement errors in these early phenotypes: Salmonid embryos
have been previously used in various contexts and proved to be sensitive indicators of
environmental stress. For example, not only exposure to pathogens triggers changes in
various life-history parameters [13, 15] but even the sterilized odour of a pathogen infection
can induce precocious hatching within a few hours [42, 43]. Other types of environmental
stressors also induced significant changes in phenotypes, often at surprising low
concentrations. For example, the toxicity of 17a-ethinylestradiol (EE2) could be verified in a
single exposure to only 2 pg [14, 44], while previous studies had concentrated on higher doses
[45, 46]. Singly-raised embryos were repeatedly used to quantify the components of
phenotypic variance [e.g. 12, 15], and even within-family variation on a single genomic
region could be shown to affect phenotypes under different environmental conditions [e.g.
47]. Therefore, singly reared embryos in fully controlled laboratory environments are
sensitive indicators of environmental changes, and we are confident that our protocols would
have allowed the detection of changes in phenotypes in response to changes in carotenoids.

With regards to sample size: We used the females and exposure protocols of Wilkins
et al. [24], who quantified different aspects of embryo development in response to this
pathogen. While Wilkins et al. [24] quantified carotenoids in pools of 4 eggs per female
(N=35), we used pools of 4 embryos per female and treatment (i.e., a total of 70
measurements). Moreover, Wilkins et al. [24] found egg carotenoid contents (one
measurement per maternal sib group) to be linked to overall offspring performance and
resistance to PF. Since we linked the same observations of offspring performance to the
newly determined changes in carotenoid contents (two measurements per maternal sib group),
we argue that the statistical power of the present study is comparable to the one of Wilkins et
al. [24] to detect correlations between virulence measures and changes in carotenoids.

Comparing the results of Wilkins et al. [24] with the present study suggests that
carotenoids are useful for preventing a pathogen stress (i.e., they seem to be important at the
first line of defense by reducing susceptibility) but are not significantly consumed during the
immune response to the infection. We observed that carotenoids were lost over time in both
treatment groups. However, we did not find significant effects of the pathogen or of the
sampling time point (9 days difference) on carotenoid loss. Moreover, it remained unclear
whether changes in carotenoids are only due to consumption. A loss in carotenoids can also
be a consequence of degradation (when carotenoids are decayed by abiotic factors and lose
their typical chemical properties) or transformation (when one carotenoid is metabolized one
into another one). Carotenoids can be degraded by oxidation [48]. /n vivo oxidation is, for
example, caused by heat shock, exposure to light, or the interaction and stabilization of free
radical species [48]. For some sib groups, we found that the content of carotenoids was higher
in late embryonic stages than in eggs and average lutein contents did not significantly
decrease throughout ontogeny, suggesting carotenoid transformations played a role during
embryo development. Indeed, several carotenoids can be metabolites of other carotenoids
[49]. For example, astaxanthin, lutein, and zeaxanthin can be metabolites of each other in
several taxa, including fish [49-51].

The recent study by Wilkins et al. [23] found loss in carotenoids to be significantly
linked to embryo mortality under increased organic pollution. The contrast between their
results and ours suggests that, with regard to the role that carotenoids play during embryo
development, organic pollution affects embryos differently than a single-strain pathogen
infection. While a single-strain pathogen infection may largely be an immune challenge for
developing embryos, organic pollution is a change in the microecology that supports
symbiotic microbial communities. Increased microbial growth can directly induce virulence
and/or negatively change water quality, such as a reduction in oxygen concentrations [35, 52].
Therefore, high concentrations of organic pollution typically induce significant mortality in
salmonid embryos[23, 35, 52].
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Similar to our study, Tyndale et al. [19] investigated in the Chinook salmon
(Oncorhynchus tshawytscha) the loss of carotenoids during embryonic development and their
role for embryo survival. The authors did not experimentally add an environmental stressor,
but the mortality rates they observed suggest the presence of such a stressor. In accordance to
our results, Tyndale et al. [19] found that astaxanthin decreased during development, but that
its loss was not linked to embryo survival. The role of carotenoids for tolerance to
environmental stress may therefore be stress-specific.

In conclusion, we tested for a link between carotenoid consumption and pathogen
resistance using experimental protocols and a sample size that were sufficient to successfully
establish links between initial egg carotenoid contents and pathogen resistance [24]. We
found no effect of a pathogen infection on consumption of carotenoids, i.e., the infection did
not induce a higher loss of carotenoids. Although carotenoids are linked to the primarily
susceptibility to the pathogen we tested, they are not significantly consumed during immune
response.
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Table 1. Spearman’s rank correlation (r40) between carotenoid measurements in the
sham-treated controls and in Pseudomonas fluorescens (PF) treated embryos.

Controls: content in eggs' vs. PF: content in eggs' vs.
content in embryos absolute change content in embryos absolute change
Astaxanthin 0.95™ 0.64™" 0.94™ 0.64™"
Lutein 0.60"" 0.87" 0.51" 0.86""
Zeaxanthin 0.78"" 0.54" 0.74™ 0.54"
!Carotenoid contents in eggs are from Wilkins et al. [24].
" P<0.01,"™ P<0.001

Table 2. The effects of treatment, time point of infection/sampling and their interaction
on (a) proportional changes in astaxanthin, (b) lutein and (c) zeaxanthin tested with a
multivariate analysis of variance (MANOVA).

Mean Square ~ F P
(a) Change in astaxanthin
Treatment 36.5 0.1 0.79
Time point 516.6 1.0 0.31
Treatment x time point 252.4 0.5 0.48
Residuals 499
(b) Change in lutein
Treatment 4.9 <0.1 0.96
Time point 41.72 <0.1 0.88
Treatment x time point 0.8 <0.1 0.98
Residuals 1793
(c) Change in zeaxanthin
Treatment 78.8 0.1 0.76
Time point 1273.0 1.6 0.22
Treatment x time point 1.2 <0.1 0.97
Residuals 812.3
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Table 3. The effects of treatment, proportional change in carotenoid contents on (a)
hatching time, (b) hatchling length, (c) yolk sac volume at hatching, and (d) larval

growth.

Change in astaxanthin  Change in lutein Change in zeaxanthin

Model Effect ~AIC X P AIC X P AIC X P
tested

(a) Hatching time
ttc+d 1521 1519 1521
t+d c 1519 0.2 0.63 1520 24  0.12 1520 0.2 0.65
t+c+txa+d txec 1523 0.1 0.76 1521 04  0.52 1523 <0.1 0.91
(b) Hatchling length
ht+t+c+d 306 307 307
ht+t+d c 305 0.7 0.39 305 <0.1 0.93 305 <0.1 0.93
t+c+d ht 306 2.1 0.15 307 20 0.16 307 2.0 0.16
ht+t+c+txa+d txc 308 <0.1 0.93 309 0.1 0.73 309 0.3 0.60

ht+t+c+txht+d tx ht 308 03 0.57 308 04 0.52 308 0.4 0.51

(c) Yolk sac volume

ht+t+c+d 3014 3016 3016

ht+t+d c 3014 2.2 0.14 3014 <0.1 0.90 3014 0.7 0.41
t+c+d ht 3027 146 <0.001 3029 142 <0.001 3028 143  <0.001
ht+t+c+txa+d txec 3014 24 0.11 3016 2.6 0.10 3018 <0.1 0.85
ht+t+c+txht+d tx ht 3014 2.1 0.15 3017 1.6  0.20 3016 1.8 0.17
(d) Larval growth

ht+t+c+d 554 554 555

ht+t+d c 553 1.3 0.25 553 1.9 0.17 553 0.3 0.60
t+c+d ht 580 279 <0.001 578 26.6 <0.001 583 29.4  <0.001
ht+t+c+txa+d txc 556 <0.1 0.88 555 0.6 042 557 <0.1 0.99

ht+t+c+txht+d tx ht 556 0.1 0.74 556 0.1 0.74 557 0.2 0.68

Fixed effects: t, treatment; ht, hatching time; c, proportional change in carotenoid (i.e., either
astaxanthin, lutein or zeaxanthin). Random effect: d, dam.
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Fig 1. The relationship between carotenoid content in eggs and in embryos across
maternal half sib families. Astaxanthin, lutein and zeaxanthin contents were measured
before fertilization (“content in eggs”; data from Wilkins et al. [24]) and at a late-eyed
development stage (“content in embryos”) in sham-treated controls (circles and solid
regression lines) and after exposure to P. fluorescens (PF; triangles and dashed regression
lines). Panels a-c show the relationship between carotenoid contents at the two different time
points; and panels d-f the absolute changes in carotenoids relative to carotenoid contents
before fertilization. See Table 1 for non-parametric statistics (the regressions lines are shown
for illustration).
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Fig 2. Change in carotenoid composition during embryo development. Panels represent
the relationships between absolute change in (a) astaxanthin and zeaxanthin, (b) zeaxanthin
and lutein, and (c) astaxanthin and lutein from fertilization to the late-eyed development stage
in the sham-treated controls (circles and solid line) and in the P. fluorescens (PF) treated
samples (triangles and dashed line). See text for non-parametric statistics. The regressions
lines are shown for illustration.
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Fig 3. Proportional changes in carotenoid content relative to early fitness-related traits.
Embryo hatching time (a — c) and larval growth (d — f) are shown for change in astaxanthin,
lutein, and zeaxanthin. Changes in carotenoid contents are given for sham-treated controls
(circles and solid lines) and PF treated samples (triangles and dashed lines). See Table 3 for
statistics.
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Supporting information

S1 Table. Summary of the average concentrations (nM) of the measured carotenoids in
embryo samples per maternal half sib family and treatment with associated standard
deviations (SD) and coefficients of variation (CV). Data represent technical replicates (two
independent runs of the same sample at different times during ultrahigh-performance liquid
chromatography — high resolution mass spectrometry). The first three letters of the sample
name identify the dam, the last three numbers identify the sire, “-C-" stands for sham-treated
control, and “-PF-* stands for samples exposed to PF.

Lutein Astaxanthin Zeaxanthin

Sample SD cv SD cv SD cv
Average (nM) | (nM) (%) Average (nM) | (nM) (%) | Average (nM) | (nM) | (%)

ACW-C-106 2.6 0.2 8 23.9 2.8 12 17.4 0.8 4
ACW-PF-106 2.2 0.1 5 23.2 0.8 4 13.9 1.6 12
ACX-C-107 2.4 0.3 11 10.3 1.9 19 10.0 0.5 5
ACX-PF-107 2.9 0.3 9 15.3 0.7 5 11.9 0.9 8
ACY-C-112 1.6 0.2 13 7.2 0.6 9 11.4 1.4 12
ACY-PF-112 1.4 0.1 9 5.6 0.9 15 8.3 0.9 11
ACZ-C-109 2.6 0.2 8 13.4 0.8 6 20.7 2.0 10
ACZ-PF-109 2.1 0.2 12 9.5 1.2 13 14.3 1.8 13
ADA-C-111 1.7 0.1 5 16.1 0.7 4 9.3 0.4 5
ADA-PF-111 1.5 0.1 7 14.5 1.1 8 8.1 0.9 11
ADB-C-113 2.6 0.3 13 9.6 1.0 10 11.7 1.8 15
ADB-PF-113 2.4 0.2 7 8.9 1.1 12 10.9 0.2 2
ADC-C-110 1.5 0.2 12 4.2 0.9 21 6.5 1.2 19
ADC-PF-110 1.3 0.2 12 3.1 0.5 17 4.6 0.8 18
ADD-C-116 1.6 0.0 3 3.1 0.2 6 3.8 0.5 14
ADD-PF-116 1.9 0.1 5 3.4 0.1 2 5.3 0.1 2
ADF-C-116 1.42 0.03 2 4.2 0.5 12 8.7 0.9 10
ADF-PF-116 1.8 0.2 11 5.3 0.1 1 13.9 3.1 22
ADG-C-114 2.0 0.3 14 10.0 1.3 13 3.7 0.3 8
ADG-PF-114 2.0 0.2 9 114 0.8 7 4.2 0.7 16
ACP-101-C-1 2.1 0.1 2 2.7 0.5 19 8.5 1.1 14
ACP-101-PF-1 1.8 0.1 4 2.0 0.3 15 6.1 1.2 19
ACV-104-C-1 2.0 0.1 4 1.4 0.1 5 6.6 0.8 12
ACV-104-PF-1 1.9 0.0 1 1.5 0.1 4 7.1 0.2 3
AEK-151-C-1 2.5 0.2 6 0.6 0.0 3 5.7 0.3 6
AEK-151-PF-1 2.6 0.1 3 0.7 0.0 7 6.5 0.8 13
AEM-150-C-1 2.0 0.3 17 0.7 0.2 24 3.6 0.6 16
AEM-150-PF-1 2.2 0.1 4 0.7 0.0 7 3.8 0.5 12
AEN-147-C-1 2.3 0.2 8 0.9 0.1 17 2.3 0.3 11
AEN-147-PF-1 2.8 0.1 5 1.3 0.1 10 3.4 0.3 9
AEP-148-C-1 3.8 0.1 3 1.6 0.1 4 3.7 0.2 5
AEP-148-PF-1 3.9 0.2 6 1.7 0.1 7 3.7 0.3 9
AER-155-C-1 2.51 0.04 2 4.2 0.0 1 11.0 0.3 3
AER-155-PF-1 2.3 0.1 6 3.8 0.7 19 10.1 1.2 12
AES-155-C-1 2.1 0.1 2 5.0 0.3 5 2.6 0.2 9
AES-155-PF-1 2.1 0.1 4 4.8 0.7 15 2.6 0.2 8
AEV-153-C-1 2.0 0.1 4 6.9 0.1 1 2.8 0.2 8
AEV-153-PF-1 2.48 0.02 1 4.0 0.1 2 2.1 0.2 7
ACK-96-C-1 3.1 0.2 6 10.3 0.3 3 10.2 2.3 22
ACK-96-PF-1 3.0 0.1 4 8.7 1.0 12 8.4 0.6 7
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(b) Hatchling length
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(d) Yolk sac volume at hatching
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S1 Fig. Statistical leverage relative to standardized residuals of each female in linear
models on embryo performance, including the outlier female. Panels represent data of
models on the effects of treatment, change in lutein, and their interaction on (a) hatching time,
(b) hatchling length, (c) larval growth, and (d) yolk sac volume at hatching. Each female
represents two data points (one for PF exposure and one for sham treatment). The outlier
female (“ADC”) is indicated in each panel. This outlier female also presented disproportional
statistical leverage in models on embryo traits and change in astaxanthin.
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22 Females

23

24 S2_Fig. The three carotenoid measurements per female. Carotenoids were quantified in
25  eggs before fertilization (triangles), at the late-eyed development stage in the control

26  treatment (crossed diamonds) and in the PF treatment (filled diamonds) for (a) astaxanthin,
27  (b) lutein and (c) zeaxanthin. Data on the eggs come from Wilkins et al. [24].
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31

32 S3 Fig. Proportional changes in carotenoid content relative to early fitness-related traits.
33  Hatchling length (a — ¢) and yolk sac volume at hatching (d — f) are shown for change in

34  astaxanthin, lutein, and zeaxanthin. Changes in carotenoid contents are given for sham-treated
35  controls (circles and solid lines) and PF treated samples (triangles and dashed lines). See

36  Table 3 for statistics.
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S4 Fig. Relationship between larval traits. Means per families are shown for the control
group (white circles, dotted lines) vs. the PF treatment (black circles, solid lines) for hatching

time vs. (a) hatchling length, (b) yolk sac volume at hatching, and (c) larval growth. See Table
3 for statistics.
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S5 Fig. Proportional changes in carotenoid content relative to early fitness-related traits.
Embryo hatching time (a — c), hatchling length (d — f), yolk sac volume at hatching (g — 1),
and larval growth (j — 1) are shown for change in astaxanthin, lutein, and zeaxanthin. Changes
in carotenoid contents are given for sham-treated controls (circles and solid lines) and PF
treated samples (triangles and dashed lines). Data points of the female excluded from the
analyses presented in Table 3 and illustrated in Fig. 3 and S3 are highlighted in red. Slopes
correspond to the statistics in Table 3.
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