ResearchGate

See discussions, stats, and author profiles for this publication at:

Maternal allocation of carotenoids increases
tolerance to bacterial infection in brown trout

Article /n Oecologia - September 2017

DOI: 10.1007/500442-017-3952-y

CITATIONS READS

0 50

8 authors, including:

{@ University of Lausanne @ Ecole Polytechnique Fédérale de Lausanne

5 PUBLICATIONS 12 CITATIONS 50 PUBLICATIONS 1,469 CITATIONS
SEE PROFILE SEE PROFILE
‘ Ecole Polytechnique Fédérale de Lausanne ‘ University of Lausanne
33 PUBLICATIONS 81 CITATIONS 3 PUBLICATIONS 4 CITATIONS
SEE PROFILE SEE PROFILE
All content following this page was uploaded by on 20 September 2017.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/319635231_Maternal_allocation_of_carotenoids_increases_tolerance_to_bacterial_infection_in_brown_trout?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/319635231_Maternal_allocation_of_carotenoids_increases_tolerance_to_bacterial_infection_in_brown_trout?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lucas_Marques_Da_Cunha?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lucas_Marques_Da_Cunha?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Lausanne?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lucas_Marques_Da_Cunha?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Laure_Menin?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Laure_Menin?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Ecole_Polytechnique_Federale_de_Lausanne?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Laure_Menin?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel_Ortiz12?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel_Ortiz12?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Ecole_Polytechnique_Federale_de_Lausanne?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel_Ortiz12?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Nusbaumer?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Nusbaumer?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Lausanne?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Nusbaumer?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Laure_Menin?enrichId=rgreq-aeda98d2ad7fc64dbc5bdaf7c5fbb764-XXX&enrichSource=Y292ZXJQYWdlOzMxOTYzNTIzMTtBUzo1NDA1Mjg3MzYyNjAwOTZAMTUwNTg4MzUwMTg0Mg%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Maternal allocation of carotenoids
increases tolerance to bacterial infection in
brown trout

Laetitia G. E. Wilkins, Lucas Marques
da Cunha, Laure Menin, Daniel Ortiz,
Véronique Vocat-Mottier, Matay Hobil,
David Nusbaumer, et al.

Oecologia
ISSN 0029-8549

Oecologia
DOI 10.1007/s00442-017-3952-y

Oecologia

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag GmbH Germany. This e-offprint is

for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Oecologia
DOI 10.1007/s00442-017-3952-y

@ CrossMark

PHYSIOLOGICAL ECOLOGY - ORIGINAL RESEARCH

Maternal allocation of carotenoids increases tolerance to bacterial

infection in brown trout

Laetitia G. E. Wilkins'? - Lucas Marques da Cunha’ - Laure Menin® - Daniel Ortiz® -
Véronique Vocat-Mottier' - Matay Hobil' - David Nusbaumer! - Claus Wedekind!

Received: 8 October 2016 / Accepted: 3 September 2017
© Springer-Verlag GmbH Germany 2017

Abstract Life-history theory predicts that iteroparous
females allocate their resources differently among differ-
ent breeding seasons depending on their residual repro-
ductive value. In iteroparous salmonids there is typically
much variation in egg size, egg number, and in the com-
pounds that females allocate to their clutch. These com-
pounds include various carotenoids whose functions are
not sufficiently understood yet. We sampled 37 female and
35 male brown trout from natural streams, collected their
gametes for in vitro fertilizations, experimentally produced
185 families in 7 full-factorial breeding blocks, raised the
developing embryos singly (n = 2960), and either sham-
treated or infected them with Pseudomonas fluorescens. We
used female redness (as a measure of carotenoids stored in
the skin) and their allocation of carotenoids to clutches to
infer maternal strategies. Astaxanthin contents largely deter-
mined egg colour. Neither egg weight nor female size was
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correlated with the content of this carotenoid. However, asta-
xanthin content was positively correlated with larval growth
and with tolerance against P. fluorescens. There was a nega-
tive correlation between female skin redness and the carot-
enoid content of their eggs. Although higher astaxanthin
contents in the eggs were associated with an improvement
of early fitness-related traits, some females appeared not to
maximally support their current offspring as revealed by the
negative correlation between female red skin colouration and
egg carotenoid content. This correlation was not explained
by female size and supports the prediction of a maternal
trade-off between current and future reproduction.

Keywords Tolerance to infection - Bacterial infection -
Pseudomonas fluorescens - Salmonidae - Astaxanthin

Introduction

Carotenoids are lipid-soluble hydrocarbons that are syn-
thesized by plants and some bacteria and fungi (Goodwin
1984). Fish need to obtain them through their diet (van den
Berg et al. 2000). Carotenoids might represent essential
nutrients or play other important roles, for example, in the
immune defence or intra-species signalling (Lozano 2001).
Carotenoid-based colourations; i.e. yellow, orange and red,
are among the most conspicuous signalling traits and are
hence often used in the context of sexual selection (e.g.
Olson and Owens 1998; Balshine 2012). Sexual selection
theory predicts that such signals reveal genetic or parental
quality if they are costly (Johnstone 1997); i.e. if carotenoids
are limited or risky to obtain (Blount et al. 2000), if there
are constraints in the processing and storing of carotenoids
(Olson and Owens 1998; Garner et al. 2010), or if they are
required for other physiological functions (e.g. Stephensen
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2001; Kolluru et al. 2006). Here, we studied the dual roles of
different carotenoids as colour pigments and as components
involved in the physiological stress response.

Carotenoids may play at least three beneficial physiologi-
cal roles: (1) antioxidant activity against damage caused by
free radicals (Krinsky and Yeum 2003), (2) improved patho-
gen resistance by increasing the production of antibodies and
the proliferation of immune cells (Blount et al. 2000; Peters
2007), and (3) embryonic development (Stephensen 2001;
Blombhoff and Blomhoff 2006). In fish, maternally derived
carotenoids are therefore assumed to have positive effects
on embryo performance and survival (Christiansen and Tor-
rissen 1997; Tyndale et al. 2008; Janhunen et al. 2011), but
there are conflicting findings. Some feeding experiments
found that high doses of carotenoids either do not increase
embryo performance (Tyndale et al. 2008; Brown et al.
2016) or even decrease it (Kolluru et al. 2006; Anbazahan
et al. 2014). Such findings may indicate dose-dependent
effects (e.g. certain carotenoids being toxic at high concen-
trations). Moreover, in contexts where carotenoid contents
were not artificially increased, i.e. where naturally occurring
carotenoids were measured, a positive link between carot-
enoids content in eggs and later embryo performance could
not always be found (Svensson et al. 2006; Wilkins et al.
2017). Accordingly, the role of carotenoids in fish eggs is
not solved yet.

Carotenoid-based colours seem to signal genetic qual-
ity in many birds (Dale et al. 2015). Carotenoids are then
typically immobilized in feathers, and hence no more avail-
able for physiological use (Thomas et al. 2014). The situa-
tion seems different in fish where the skin can be used as a
storage organ and carotenoids can be re-allocated over time
(Garner et al. 2010; Brown et al. 2014). In fishes with paren-
tal care, carotenoid-based colouration has been described to
signal parental quality, as for example in the three-spined
stickleback (Gasterosteus aculeatus; Candolin and Tuki-
ainen 2015; Kim and Velando 2016). However, in fishes
where males offer no parental care, the role of carotenoid-
based signals is less clear. While in some species carotenoid-
based colouration is linked to male quality, e.g. in guppies
(Poecilia reticulata; Grether 2000), in other species con-
spicuously orange- or red-coloured males were of average
genetic quality (Janhunen et al. 2011) or even below average
(Wedekind et al. 2008; Backstrom et al. 2015).

The functional significance of red colouration in females
seems even less clear. In species with paternal care, the evo-
lution of female ornamentation may be a consequence of
male choice (Balshine 2012). Indeed, female sticklebacks
show carotenoid-based colours on their pelvic spines during
the breeding season, and less intense colours after breeding
(Nordeide et al. 2013; Amundsen et al. 2015), and female
two-spotted goby (Gobiusculus flavescens) signal the colour
of their eggs through transparent skin (Svensson et al. 2009).

@ Springer

In species with no parental care, we would expect male mate
choice to play a limited role (Kraaijeveld et al. 2007). How-
ever, females of many species have conspicuous colours, for
example, in Arctic charr (Janhunen et al. 2011) and in dif-
ferent Oncorhynchus species, where carotenoid reserves are
mobilized predominantly not only to eggs but also to skin
shortly before the breeding season (Foote et al. 2004; Garner
et al. 2010). The functional significance of such female skin
colours is still unclear.

Salmonids are an excellent model to study female repro-
ductive strategies. They show no parental care; i.e. there
is no differential investment after mating (Sheldon 2000;
Balshine 2012). In vitro fertilization can be used to produce
maternal and paternal half-siblings that allow separating
dam and sire effects on offspring performance (Lynch and
Walsh 1998). Females produce large numbers of eggs, and
embryos can be raised singly under experimental conditions
until hatching; i.e. large numbers of replicates allow for full-
factorial experimental designs and the study of important
interaction terms. Based on these powerful experimental
protocols, it could be established that there is significant
additive genetic variance for fitness-related traits like tol-
erance to infection (von Siebenthal et al. 2009; Aykanat
et al. 2012), to organic pollution (Jacob et al. 2010; Wilkins
et al. 2016), or to chemical pollution (Brazzola et al. 2014).
The importance of additive genetic effects increases dur-
ing embryogenesis and the embryo’s own genetics becomes
more relevant at later stages of development (Clark et al.
2014). At late embryonic stages, tolerance to infection could
even be linked to specific immune genes (Wedekind et al.
2004; Clark et al. 2013).

Dam effects are a mixture of maternal genetic and mater-
nal environmental effects, which together represent the
components that females put into their eggs before spawn-
ing. Dam effects are usually stronger than sire effects (von
Siebenthal et al. 2009; Aykanat et al. 2012) suggesting that
maternal environmental effects play a significant role in
embryo stress tolerance (Nagler et al. 2000). Variance in
maternal environmental effects may reveal differences in
female quality (health and vigour) or, in iteroparous sal-
monids, this variance could result from trade-offs between
current reproduction and survival to the next reproductive
season (Marshall et al. 2008; Nordeide et al. 2013). Mater-
nally derived carotenoids in eggs have shown to contribute
to overall maternal environmental effects on embryo perfor-
mance (Wilkins et al. 2017). Hence, they may reveal such
female trade-offs.

In this study, we sampled wild brown trout, determined
the variation in carotenoid contents of their eggs and linked
these contents to skin colouration (as measure of carote-
noid content; Steven 1949) and other female traits. We then
experimentally fertilized these eggs in full-factorial breed-
ing blocks to separate maternal from paternal effects, and
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raised the embryos singly until hatching. Embryos were
either exposed to Pseudomonas fluorescens, an opportun-
istic pathogen that has been found on naturally spawned
brown trout eggs in the study area (Wilkins et al. 2015),
or they were sham-treated in order to investigate the link
between maternally derived carotenoids and embryo toler-
ance to infection.

Materials and methods
Experimental protocol

Adult brown trout were caught with electrofishing from
their natural spawning grounds in a river network of two
adjacent tributaries (Kiese and Rotache; Stelkens et al.
2012) of the river Aare in Switzerland. Fish were kept at
the Fischereistiitzpunkt Reutigen (a cantonal hatchery) until
they were stripped for their gametes. Each female was then
photographed under standardized conditions (Fig. 1) with a
colour scale (Stufengraukeil und Farbkarte #13, B.I.G. Photo
Equipment) to measure her redness (for its estimation see
below). Four eggs per female were frozen in liquid nitrogen
for later quantitation of their astaxanthin, capsanthin, lutein,
and zeaxanthin content. These eggs were protected from
light and stored at —80 °C. The remaining gametes were
used for full-factorial in vitro fertilizations following the

A

Farbkarte #13

Fig. 1 Variation in female red colouration. Size-standardized exam-
ples of a female with a high and b low area of red spots relative to
body area. The colour scale was pasted on panel b. Black lines repre-
sent 5 cm (colour figure online)

protocols described in Jacob et al. (2010). After 2 h of egg
hardening, standardized photos were taken for egg counting
and measurements of egg colours. We produced five differ-
ent breeding blocks consisting of five females crossed with
five males each for the river Kiese (i.e. 5 X 25 families)
and two blocks consisting of six females crossed with five
males each for the river Rotache (i.e. 2 X 30 families). In
total, we used the gametes of 35 males and 37 females to
produce 185 families. For every family, 16 newly fertilized
eggs were individually distributed to 24-well plates (Falcon,
BD Biosciences, Allschwil, Switzerland) in 2 ml of standard
water according to OECD guidelines (OECD 1992). Stand-
ard water had been autoclaved, temperated, and oxygenated
before use. Embryos were raised at 6.5° C in a climate cham-
ber with a 12-h light—dark cycle.

Three breeding blocks of the river Kiese and one breeding
block of the river Rotache were either exposed to P. fluores-
cens (PF) at a concentration of 10° bacterial cells/ml per well
or sham-exposed (with standard water only) 18 days after
fertilization (75 and 30 families, respectively). The remain-
ing breeding blocks were exposed or sham-exposed 49 days
after fertilization (50 and 30 families, respectively). Every
family was exposed to both treatments: 8 embryos per family
were exposed to the pathogen and the remaining 8 embryos
were sham-exposed each. We treated embryos at two differ-
ent time points because the virulence of a bacterial pathogen
can depend on embryo development time (Clark et al. 2014).
PF cultures were prepared and diluted as described for “PF
1” in Clark et al. (2013).

Embryos were daily monitored for mortality and time
until hatching. At the day of hatching, embryos were individ-
ually transferred to 12-well plates (Falcon, BD Biosciences,
Allschwil, Switzerland) filled with 3 ml of fresh standard
water. Plates were then scanned under standardized condi-
tions (Scanner Perfection V37; Epson, Suwa, Japan). This
allowed us to individually measure embryonic length and
to estimate yolk sac volume at the day of hatching, as in
Jensen et al. (2008). Fourteen days after hatching, embryos
were scanned again in order to determine each embryo’s
individual growth rate.

Image analyses

Embryo images were analysed with ImageJ v.1.49u (Sch-
neider et al. 2012). Female standard length, carotenoid-
based colouration, and egg redness were also determined in
ImageJ. For fish carotenoid-based colouration, an ImageJ
macro was developed (see details in Electronic Supplemen-
tary Material). Briefly, the area of each red spot present on
both sides of the female body was measured in pixels. Then,
the area of all red spots was summed and divided by the
total body area to obtain the proportion of red area. The
mean redness of these red spots was estimated as the a*

@ Springer



Oecologia

component in the Lab colour space. The Lab colour space
contains all perceivable colours, where L represents light-
ness, and a* and b* are the colour opponent dimensions
(a* ranges from green (negative values) to red (positive val-
ues), and b* from blue to yellow). Then, the redness values
were standardized according to luminosity in each picture.
Finally, the redness of the red spots was calculated relative
to the redness value of the red reference of the colour scale
present in the pictures (i.e. relative redness). Egg redness
was determined analogously on 10 eggs per female.

Carotenoid extractions

Eggs were thawed, dried, and weighed before carotenoid
extractions. Four eggs were pooled for each of the 37
females, however, two pools got accidentally mixed during
handling (final number of pools = 35). Eggs were homog-
enized with five tungsten beads (3 mm; Qiagen, Hombre-
chtikon, Switzerland) in a mixer mill (MM300; Retsch,
Diisseldorf, Germany) for 2 runs of 2 min at 30 Hz. The
homogenate was centrifuged at 20,238 RCF for 2.5 min
(Centrifuge 5424; Eppendorf, Hamburg, Germany). The
supernatant was kept on ice and protected from light. The
pellet went through a second step of bead beating with the
residual tungsten beads and 1.2 ml of fresh ethyl acetate.
After combining both supernatants, they were dried in
a centrifugal evaporator (Centrivap; Labconco, Kansas
City, USA) for 70 min with the centrifuge kept at 35 °C.
Dried carotenoids were kept at —80° C in the dark until
quantitation.

Quantitative analysis of carotenoids
by UHPLC-ESI-HRMS

Quantitative analyses were conducted on a Xevo G2-S
QTOF mass spectrometer coupled to the Acquity UPLC
Class Binary Solvent Manager and BTN Sample Manager
(Waters, Corporation, Milford, MA). The separation was
achieved using an ACQUITY UPLC® BEH C18 1.7 pm
column, 2.1 mm X 50 mm (Waters) heated at 35 °C. We
focused on astaxanthin, lutein and zeaxanthin because these
three out of eight carotenoids were found above detection
threshold in previous samples taken within the larger study
area (Wilkins et al. 2017). Since preliminary analyses also
suggested high levels of capsanthin, we therefore included
this carotenoid type in our study. Mobile phase consisted of
ACN:MeOH 7:3 (v/v) as eluent A and water as eluent B.
The separation was carried out at 0.4 mL/min over a 15-min
total run time using the following programme (Rivera
et al. 2014): 0-2 min, isocratic 20% B; 2—3 min, 20-0%
B; 3—7 min, isocratic 0% B; 7-8 min, isocratic 0% B and
flow increase to 0.6 mL/min; 8—11.6 min, 0% B at 0.6 mL/
min; 11.6—12.6 min, 0-20% B at 0.4 mL/min; 12.6—15 min,

@ Springer

re-equilibration. The sample manager system temperature
was maintained at 10 °C and the injection volume was 2 pL.
Mass spectrometer detection was operated in positive ioni-
zation using the ZSpray™ dual-orthogonal multimode ESI/
APCI/ESCi® source. The TOF mass spectra were acquired
in the sensitive mode over the range of m/z 300-800 at an
acquisition rate of 0.036 s/spectra. The TOF analyser was
calibrated using a solution of sodium formate (0.01 mg/L
in isopropanol/H,O 90:10). A mass accuracy better than
10 ppm was achieved using a leucine-enkephalin solution
as lock-mass [200 pg/pL in ACN/H,0O (50:50)] infused
continuously using the LockSpray source. Source settings
were as follows: cone, 25 V; capillary, 3 kV, source tem-
perature, 150 °C; desolvation temperature, 500 °C, cone
gas, 10 L/h, desolvation gas, 500 L/h. Data were processed
using MassLynx™ 4.1 software and QuanLynx application
for quantification. Standard stock solutions of astaxanthin,
capsanthin, lutein and zeaxanthin were prepared at a con-
centration of 1 mM in DMSO and in Waters® Amber Glass
12 x 32 mm Screw Neck Vials. Carotenoid solutions were
further diluted 1:1000 in ACN:MeOH 7:3 (v/v) and cali-
bration curves achieved by a serial dilution in the 1-50 nM
concentration range (Supplementary Fig. S1). Egg samples
were diluted 1:250 in ACN:MeOH 7:3 (v/v) before LC-MS
analysis in order to fit into the calibration curves. Extracted
ions chromatograms (XIC) were based on a retention time
(RT) window of +0.5 min with a mass-extraction-window
(MEW) of +25 ppm centred on m/z,,, of each carotenoid.
The average peak area of three replicate injections at each
concentration was used for each data point. Calibration
curves were fitted with a polynomial order 2 equation with
R? > 0.995 for all carotenoids.

Statistical analyses

The relationships between the contents of the four egg
carotenoid types studied here were analysed with Pearson’s
product moment correlations (r) after graphical inspection
of the data suggested that the model assumptions were not
significantly violated. Analogously, the links between female
traits (length, relative redness and proportional red area) and
astaxanthin, capsanthin, lutein and zeaxanthin egg contents
were also analysed with Pearson’s product moment correla-
tions. The total amount of carotenoids that females allocated
to their clutch was log transformed to meet the assumption
of normality. In order to test whether timing of infection had
an effect on the virulence of P. fluorescens, mean embryo
responses between early and late infections were compared
using Wilcoxon rank tests for survival rates and paired t-tests
for time until hatching, length at hatching, yolk sac volume
at hatching, length 14 days after hatching and larval growth.

For the remaining analyses, embryo survival (dead before
hatching or hatched) was analysed in generalized linear
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mixed models, while timing of hatching (days), length at
hatching (mm), yolk sac volume at hatching (mm?) and
growth were analysed as continuous response variables in
linear mixed models (LMM). For each of these models,
treatment (control or PF), mean egg weight (g) and total
carotenoid content per egg (astaxanthin or lutein in nM/L)
were entered as fixed effects, while dam was entered as a
random effect. Our full-factorial breeding design controls
for potential sire effects that could therefore be ignored here.
The interaction terms of treatment with dam, egg weight
and carotenoid content per egg were also investigated.
Analogous models were analysed with carotenoid concen-
trations (astaxanthin and lutein) per gram of egg instead of
total content in each egg. Capsanthin and zeaxanthin were
not included in the models because (1) these carotenoids
were significantly correlated to astaxanthin content, and (2)
capsanthin could not be quantified above detection limit in
seven out of 35 females.

To test the significance of an effect, a model including
or lacking the term of interest was compared to the refer-
ence model. The goodness of fit of the different models is
given by the logarithm of the approximated likelihood and
by the Akaike information criterion. To test if models dif-
fer in their goodness of fit, the models were compared with
likelihood ratio tests (LRT). When there was a strong a priori
expectancy about the direction of an effect, the significance
level of the p value obtained from the LRT test was adjusted
accordingly (Rice and Gaines 1994), i.e. p value had to be
<0.01 to be considered significant for correlations in the
unexpected direction. All statistical analyses were performed
in R v.3.1.3 (R Development Core Team 2015), and mixed
effect models were run with the lme4 package v.1.1.11
(Bates and Sarkar 2007).

Results
Quantification of carotenoids

All four carotenoids could be separated and quantified using
the described UPLC-ESI-HRMS method that provided a
good inter- and intra-assay reproducibility in retention time
(RSD = 0.1%). The control of the sample temperature turned
out to be a crucial parameter to achieve this performance.
In our conditions, electrospray ionization (ESI) tended to be
more sensitive compared to atmospheric pressure chemical
ionization (APCI), and the molecular ion species observed
was either the protonated molecule [M+H]* (astaxanthin),
the molecular ion [M]*(lutein and zeaxanthin) or both (cap-
santhin). Figure S2 shows the extracted ion chromatograms
(XIC) of the four carotenoids together with their correspond-
ing HR-MS spectra resulting in a mass accuracy <10 ppm
for all of them. Despite their similarities in structure, lutein

and zeaxanthin could still be separated and quantified using
those conditions (Supplementary Table S1). The limit of
detection (LOD, defined as S/N > 3) and limit of quantita-
tion (LOQ, defined as S/N > 10) were 1 nM for lutein and
zeaxanthin, and 3 nM for capsanthin and astaxanthin. Rep-
licate injections resulted in an average % CV (Coefficient of
Variation) within sample of 18% for lutein, 10% for zeaxan-
thin and astaxanthin and 12% for capsanthin.

Maternal traits

Astaxanthin, lutein and zeaxanthin were found in the eggs of
all 35 females in the following amounts (means + 95% con-
fidence intervals): astaxanthin (720 nM/egg + 165), lutein
(178 nM/egg + 27) and zeaxanthin (848 nM/egg + 129).
Capsanthin could only be detected above threshold level in
28 females and showed wide confidence intervals (700 nM/
egg + 327). Because capsanthin content was highly variable
and at a different scale than the other measured carotenoids,
correlations involving capsanthin content were displayed
in independent figures in the Electronic Supplementary
Material.

The contents of astaxanthin and zeaxanthin in the eggs
were correlated (r = 0.39, n = 35, p = 0.019). The respec-
tive correlations to lutein were not significant (lutein vs.
astaxanthin: r = 0.11, p = 0.52; lutein vs. zeaxanthin:
r=0.31, p = 0.07). Capsanthin was correlated to astaxanthin
(r=0.36, p = 0.03), lutein (r = 0.41, p = 0.01) and zeaxan-
thin (r = 0.57, p < 0.001). When comparing female traits to
egg carotenoid content (Fig. 2a—d, S3 A-D), we found that
astaxanthin and zeaxanthin always behaved similarly. Astax-
anthin, capsanthin and zeaxanthin could not be significantly
predicted by female body length (Fig. 2a and S3A; astaxan-
thin: r = —0.06, p = 0.71; capsanthin: r = 0.15, p = 0.38;
zeaxanthin: r = 0.05, p = 0.76). Contrarily, lutein was nega-
tively linked to female length (Fig. 2a; r = —0.40, p = 0.02).
None of the four carotenoids was correlated to egg weight
(Fig. 2b and S3B; astaxanthin: r = —0.14, p = 0.43; cap-
santhin: » = 0.07, p = 0.65; zeaxanthin: r = 0.09, p = 0.60;
lutein: r = —0.20, p = 0.26).

The proportional area of red coloured skin of the mother
was negatively correlated to astaxanthin and zeaxanthin
content per egg (Fig. 2c; astaxanthin: r = —0.40, p = 0.016;
zeaxanthin: r = —0.53, p = 0.001) but not to capsanthin (Fig.
S3C; r = —0.15, p = 0.38) or lutein (Fig. 2c; r = —0.22,
p = 0.21). The total amount of each astaxanthin, lutein and
zeaxanthin that was provided to the total clutch was nega-
tively correlated to the proportional area of red coloured
skin (Fig. 2d; astaxanthin: r = —0.48, p = 0.004; lutein:
r=-0.42, p = 0.012; zeaxanthin: r = —0.58, p < 0.001).
The total amount of capsanthin provided to the clutch was,
however, not correlated to the proportional area of red-col-
oured skin (Fig. S3D; r = —0.16, p = 0.36). Skin relative
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Fig. 2 Relationship between
female (N = 35) traits and egg
carotenoid content. a Female
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redness was not correlated to the carotenoid content of the
eggs (absolute r always <0.21, p always >0.24). Astaxanthin
but not capsanthin, lutein or zeaxanthin was positively cor-
related to egg redness (Fig. S4, S5; astaxanthin: r = 0.54,
p < 0.01; capsanthin: r = 0.32, p = 0.06; lutein: r = —0.09
p = 0.61; zeaxanthin: r = 0.17, p = 0.34). Female length
correlated positively with the weight of the eggs (Fig. S6;
r =0.52, p = 0.002). Clutch size did not correlate with
female redness measures (i.e. proportional area of red col-
oured skin: p = 0.11, r = —0.27 and skin relative redness:
p = 0.62, r = —0.08). Since astaxanthin, capsanthin and
zeaxanthin were correlated, our statistical models on embryo
viability include only astaxanthin and lutein as independent
variables to avoid colinearity problems for further analyses.

Time point of infection

Early infection led to higher mortality than late infection
(Wilcoxon W = 100, p = 0.04) but both mortalities were
low (Fig. S7TA). All other embryo traits (timing of hatching,
length at hatching, yolk sac volume at hatching, and growth)
seemed not affected by the timing of infection (Fig. S7TB-E;
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absolute ¢ always <1.95, p always >0.06). Therefore, time
point was excluded from further analyses.

The effects of egg carotenoids and weight
across treatments

Lutein egg content was not significantly linked to any of the
analysed embryo traits under pathogen exposure or sham
treatment (Tables 1, 2, 3). Astaxanthin content in the eggs
did not seem to affect survival (Fig. 3a; Table 1), hatch-
ing time (Table 2A) and growth before hatching (Fig. 3b—d;
Table 2B, C). However, astaxanthin content was positively
correlated with growth after hatching (Fig. 3e; Table 3); i.e.
females that allocated more astaxanthin to their eggs pro-
duced offspring of faster growth.

Astaxanthin content in the eggs did not seem to affect
treatment-linked mortality (Fig. 3f; Table 1). However, it
mitigated the effects of P. fluorescens on developmental rate
and growth before hatching (Fig. 3g—i); i.e. while P. fluo-
rescens decreased developmental rate, this negative effect
was significantly less pronounced at higher astaxanthin
concentrations. Furthermore, there was also a close to sig-
nificant negative correlation between astaxanthin content in
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Table 1 The effects of treatment, egg carotenoid content, egg weight
and dam identity on embryo survival tested with likelihood ratio tests
on mixed models logistic regressions

Model terms Effecttested AIC df P
t+a+l+e+d 335 7
t+a+txa+l+e+d txa 335 8 1.2 0.27
t+a+l+txl+e+d txl 336 8 06 044
t+a+l+e+txe+d txe 337 8 0.03 0.86
t+a+l+e d 355 6 225 <0.001
t+l+e+d a 333 6 02  0.66
t+a+e+d 1 333 6 04 051
t+a+14+d e 338 6 56  0.02
a+l+e+d t 345 6 125 <0.001

Fixed effects: ¢ treatment, a astaxanthin content (nM/egg); [ lutein
content (nM/egg), e egg weight. Random effect: d dam. P values
<0.05 and the reference model are highlighted in bold

the eggs and differential larval growth between treatments;
i.e. growth of pathogen-exposed embryos minus growth of
sham-treated embryos (Fig. 3j; Table 3). Analogous analy-
ses on egg astaxanthin and lutein concentrations instead
of their total content in the eggs revealed similar results
(Tables S2—-S4). The only exception was that the correlation
between the difference in larval growth between treatments
and the astaxanthin concentration was significantly negative
(Table S4).

Embryo survival in the control group seemed nega-
tively correlated to egg weight if tested two-tailed (Table 1;
Fig. 4a). However, our a priori expectancy was that egg size
should have positive effects on embryo survival (as repeat-
edly found before; Einum and Fleming 1999, 2000). We
therefore adjusted the p value for effects in the unexpected
direction (i.e. p = 0.01; Rice and Gaines 1994) and conclude
that egg size has no significant effect of embryo survival in
our study. Embryos of larger eggs hatched earlier (Fig. 4b;

Table 2 The effects of

. Model terms Effect tested AIC df Y P
treatment, egg carotenoid
content, egg weight and dam (A) Hatching time
i Lt erd o
yolk sac volume at hatching t+a+txa+l+e+d tXa 8891 9 19.3 <0.001
tested with likelihood ratio tests t+a+l+txl+e+d txl 8910 9 0.02 0.89
on mixed models regressions t+a+l+e+txe+d txe 8897 9 13.3 <0.001
t+a+l+e d 9974 7 1067 <0.001
t+l+e+d a 8907 7 0.5 0.47
t+a+e+d 1 8907 7 0.4 0.54
t+a+1+d e 8911 7 4.2 0.04
a+l+e+d t 8961 7 54.2 <0.001
(B) Hatchling length
t+a+l+e+d 1520 8
t+a+txa+l+e+d txa 1522 9 0.06 0.80
t+a+l+txl+e+d tx1 1522 9 0.02 0.88
t+a+l+e+txe+d txe 1519 9 2.1 0.15
t+a+l+e d 2152 7 634.3 <0.001
t+1+e+d a 1518 7 0.3 0.55
t+a+e+d 1 1519 7 0.9 0.32
t+a+14+d e 1520 7 1.7 0.19
a+l+e+d t 1559 7 41.2 <0.001
(C) Yolk sac volume at hatching
t+a+l+e+d 15,816 8
t+a+txa+l+e+d txa 15,818 9 0.02 0.89
t+a+l+txl+e+d tx1 15,818 9 0.02 0.88
t+a+l+e+txe+d tXxe 15,816 9 2.5 0.11
t+a+l+e d 17,699 7 1885 <0.001
t+1+e+d a 15,814 7 0.05 0.82
t+a+e+d 1 15,814 7 0.4 0.51
t+a+14+d e 15,818 7 4.5 0.03
a+l+e+d t 15,815 7 0.8 0.36

Fixed effects: ¢ treatment, a astaxanthin content (nM/egg), [ lutein content (nM/egg), e egg weight. Random
effect: d dam. P values <0.05 and reference models are highlighted in bold
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Table 3 The effects of treatment, egg carotenoid content, egg weight
and dam identity on larval growth tested with likelihood ratio tests on
mixed models regressions

Model terms Effect tested AIC df »° P
t+a+l+e+d 2793 8
t+a+txa+l+e+d txa 2792 9 32 0.07
t+a+l+txl+e+d txl 2795 9 02 0.65
t+a+l+e+txe+d txe 2786 9 83  0.004
t+a+l+e d 2909 7 1184 <0.001
t+l+e+d a 2798 7 6.7  0.009
t+a+e+d 1 2792 7 1.6 021
t+a+1+d e 2791 7 03 056
a+l+e+d t 2796 7 55 002

Fixed effects: ¢ treatment, a astaxanthin content (nM/egg), [ lutein
content (nM/egg), e egg weight. Random effect: d dam. P values
<0.05 and the reference model are highlighted in bold

Table 2A) but there was no correlation between egg weight
and either hatchling length (Fig. 4c; Table 2b) or growth
after hatching (Fig. 4e; Table 3). However, yolk sac vol-
ume at hatching was positively correlated with egg weight
(Fig. 4d; Table 2C). The correlations between embryo
survival and egg weight were similar in the infected and
non-infected groups (Fig. 4a, f; Table 1). Infected embryos
hatched later and this effect increased with egg weight
(Fig. 4g; Table 2A). Infected hatchlings were significantly
smaller than controls (Fig. 4c, h; Table 2B). Yolk sac vol-
ume was not significantly affected by either treatment or egg
weight (Fig. 4d, i; Table 2C). If tested two-tailed, infected
larvae seemed to grow faster after hatching than uninfected
larvae, especially so in heavier eggs (Fig. 4j; Table 3). How-
ever, the direction of this effects was again against our a
priori expectancy (P. fluorescens have repeatedly been used
in infection experiments and never found to improve embryo
performance; von Siebenthal et al. 2009; Clark et al. 2013,
2014), and after adjusting the p value to 0.01 for effects in
the unexpected direction (Rice and Gaines 1994) we con-
clude that infection had no significant effect on larval growth
after hatching.

Discussion
Carotenoid content in the eggs

We found astaxanthin, lutein and zeaxanthin in all eggs, and
capsanthin in 80% of our samples. The first three carotenoids
have also been found in the eggs of other salmonids (Palace
and Werner 2006; Tyndale et al. 2008; Garner et al. 2010).
Capsanthin is usually not targeted in salmonid eggs (Tyndale
et al. 2008; Garner et al. 2010). Here, it was highly vari-
able and correlated to all the other carotenoids; i.e. when
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carotenoid concentrations were high, capsanthin concen-
trations were also elevated. The physiological relevance of
capsanthin in fish tissues has not been much studied yet. This
is different for the other three xanthophylls, particularly for
astaxanthin. It has been shown in rainbow trout that astax-
anthin was converted to zeaxanthin during the process of
lipid biosynthesis (Schiedt et al. 1986). This could explain
why we found these two carotenoids to be highly correlated
across females. Lutein was not correlated to astaxanthin or
zeaxanthin.

Egg redness was correlated with astaxanthin content as
found in previous studies (Tyndale et al. 2008; Garner et al.
2010). Such red colouration has been found to result from
conjugated double bonds at the centre of the astaxanthin
molecule (Ho et al. 2013; Ambati et al. 2014). Lutein content
was not linked to egg redness. Similar results were found in
three-spined sticklebacks where red skin colouration could
be linked to astaxanthin content and yellow skin colouration
to lutein content (Wedekind et al. 1998). Egg weight did
not predict carotenoid content. Under sham-treatment con-
ditions, i.e. when embryos were not challenged, none of the
carotenoids influenced embryo development. However, lar-
val growth after hatching was enhanced with increased asta-
xanthin contents in the eggs. This correlation could not be
explained by egg weight or female size. A positive relation-
ship between carotenoid content and larval growth supports
the prediction of Blount, Houston and Mgller (2000) that the
risk of peroxidation ultimately peaks after hatching because
of the rapid exposure to high concentrations of atmospheric
oxygen. Moreover, with the onset of respiration after hatch-
ing, larvae embark on a new phase of high metabolism with
an associated risk of oxidative stress during post-hatching
growth (Blomhoff and Blomhoft 2006).

Treatment effects

The opportunistic fish pathogen P. fluorescens proved to
be weakly virulent, in line with previous studies (von Sie-
benthal et al. 2009; Clark et al. 2013, 2014). Here it had
little effect on survival (it decreased survival by only a few
percent) and mainly slowed down embryo development until
hatching, a stress response that has been observed before in
other contexts (Barry et al. 1995; Clark et al. 2013, 2014).
The hatchlings of the exposed group were smaller but with
similar yolk sac volumes.

Carotenoid effects during pathogen stress

There were no correlations between lutein and embryo or
larval development, neither under the stressed nor under the
non-stressed condition. We only found a correlation between
lutein content in the egg and female size, as well as female
skin red colouration, that both remain to be further studied.
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Fig. 3 Egg astaxanthin content
and embryos’ early fitness-
related traits. a Embryo sur-
vival, b hatching time, ¢ hatch-
ling length, d yolk sac volume
at hatching and e larval growth;
a—e represent within the control
treatment. The female-wise
mean trait difference between
Pseudomonas fluorescens treat-
ment and control and its rela-
tionship with egg astaxanthin
content are shown in the analo-
gous panels f—j. Dashed lines
represent when this difference is
0. In all panels, points represent
female means (N = 35) based
on sibgroup means and solid
lines give the regressions. See
results for statistics
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Fig. 4 Egg weight and
embryos’ early fitness-related
traits. a Embryo survival, b
hatching time, ¢ hatchling
length, d yolk sac volume at
hatching and e larval growth;
a—e represent within the control
treatment. The female-wise
mean trait difference between
Pseudomonas fluorescens
treatment and control and its
relationship with egg weight are
shown in the analogous panels
f—j. Dashed lines represent
when this difference is 0. In all
panels, points represent female
means (N = 35) based on
sibgroup means and solid lines
give the regressions. See results
for statistics
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Astaxanthin seemed to have no effect on hatchling length
and yolk sac volume at hatching, neither in the sham treat-
ment nor under pathogen conditions. However, the more
astaxanthin in the eggs, the shorter the delay in hatching
time that was caused by our infection protocol. Hence, the
virulence of P. fluorescens turned out to be mitigated by
astaxanthin. Moreover, bacterial infection increases oxida-
tive stress in embryos (Anbazahan et al. 2014), leading to
a depletion of antioxidant substances (Stephensen 2001).
Astaxanthin had an overall positive effect on growth after
hatching that was indeed less pronounced in larvae that had
been infected during embryogenesis (this effect was signifi-
cant when tested with astaxanthin concentrations and close
to significance with total content in the eggs).

In the aquatic environment, astaxanthin is biosynthesized
by microalgae and phytoplankton (Seabra and Pedrosa 2010;
Yuan et al. 2011) and it has been cited as the most com-
mon carotenoid in fish, as well as in aquatic crustaceans
(Seabra and Pedrosa 2010). Although astaxanthin does not
possess a pro-vitamin A activity (Yuan et al. 2011), it has
been demonstrated that it had the highest antioxidant activ-
ity of several naturally occurring carotenoids in humans and
birds (Ambeati et al. 2014). The great antioxidant potential
of astaxanthin results from conjugated double bonds that
react with free radicals at the centre of this molecule. The
lipid-soluble part at the tail of the molecule can link with
the cells from the inside to the outside and terminate the
detrimental free radical chain reaction in a wide variety of
living organisms (Kim et al. 2009). Lutein and zeaxanthin
are stereoisomers of each other (Nwachukwu et al. 2016)
that have also shown to act as potent antioxidants, however,
about ten times less efficient than astaxanthin (Yuan et al.
2011; Ambeati et al. 2014). Because astaxanthin was signifi-
cantly linked to embryo performance and lutein was not, our
results are in line with these physiological descriptions of
naturally occurring carotenoids and underline the prominent
role of astaxanthin during the development of fish embryos.

Female skin colour

Carotenoids are largely responsible for the yellow, orange
and red colours of fishes (recent examples include Pham
et al. 2014; Alishahi et al. 2015; Pailan et al. 2015; Yi et al.
2015; Brown et al. 2016; Sorensen et al. 2016). Different
colour qualities can reveal the relative contributions of
different carotenoids at different stages during life history
(Wedekind et al. 1998; Black et al. 2014). The expected links
between carotenoids and skin colours have also been found
in various salmonids (Bjerkeng et al. 1992; Garner et al.
2010; Backstrom et al. 2014, 2015) who can show much
phenotypic plasticity in their skin colourations (Westley
et al. 2013).

In the present study, females differed in red colouration
irrespective of their body size, clutch size or average egg
weight. The proportion of red skin relative to total skin area
was significantly negatively correlated to the amount of asta-
xanthin, zeaxanthin and lutein that the females allocated to
their clutch and to the content of each of these carotenoids
per egg. Hence, the more colourful females produced off-
spring of lower viability, confirming a previous finding in
Arctic charr (Janhunen et al. 2011). We therefore expect
redder females to have a higher survival probability to the
next breeding season and conclude that female redness does
not signal egg quality in brown trout. It remains to be tested
whether skin redness is used for other kinds of intra-species
signalling (Foote et al. 2004), crypsis (Donnelly and Dill
1984) or for the protection against reactive oxygen species
(Tyndale et al. 2008). Our findings highlight the importance
of maternally derived carotenoids on offspring viability
and suggest maternal trade-offs between current and future
reproduction.

Data accessibility

Data on embryo performance (survival rates, hatching time,
length and growth measurements), on paternal characteris-
tics (size, carotenoid concentrations and redness measures)
and R-scripts are deposited on the Dryad repository doi:
10.5061/dryad.sj416.
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