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Sexual selection on male coloration has been implicated in the evolution of
colourtul species flocks of East African cichlid fish. During adaptive radiations,
animals diverge in multiple phenotypic traits, but the role of physiology has
received limited attention. Here, we report how divergence in physiology may
contribute to the stable coexistence of two hybridizing incipient species of
cichlid fish from Lake Victoria. Males of Pundamilia nyererei (males are red)
tend to defeat those of Pundamilia pundamilia (males are blue), yet the two
sibling species coexist in nature. It has been suggested that red males bear a
physiological cost that might offset their dominance advantage. We tested the
hypothesis that the two species differ in oxidative stress levels and immune
function and that this difference is correlated with differences in circulating
steroid levels. We manipulated the social context and found red males
experienced significantly higher oxidative stress levels than blue males, but
only in a territorial context when colour and aggression are maximally
expressed. Red males exhibited greater aggression levels and lower humoral
immune response than blue males, but no detectable difference in steroid
levels. Red males appear to trade off increased aggressiveness with physiolog-
ical costs, contributing to the coexistence of the two species. Correlated
divergence in colour, behaviour and physiology might be widespread in the
dramatically diverse cichlid radiations in East African lakes and may play a
crucial role in the remarkably rapid speciation of these fish.
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Introduction

Across vertebrates, there are numerous mechanisms that
can influence the evolution of colour diversity. Both
temporal and spatial niche partitioning (Schluter, 2000;
but see Vandermeer et al, 2002) and balancing and
frequency-dependent selection (Sinervo & Calsbeek,
2006; Gray & McKinnon 2007) have been invoked as
mechanisms that can promote coexistence of colourful
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conspecific morphs or sympatric sister species. Sexual
selection on male secondary sexual traits can also be a
powerful force driving population differentiation and
maintaining reproductive isolation between sympatric
species (West-Eberhard, 1979). The exceptionally diverse
haplochromine cichlid fishes in the East African Great
Lakes provide textbook examples of rapid speciation by
sexual selection (Kocher, 2004; Seehausen, 2006;
Salzburger, 2009). The species flocks in these lakes
are characterized by closely related sympatric species
or conspecific colour morphs that are typically ecologically
similar but differ greatly in male nuptial colouration. The
coexistence of ecologically similar haplochromine
species, and the maintenance of phenotypic bimodality
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at locations where they hybridize, has intrigued many
researchers and provides an ideal scenario to investigate
potential mechanisms for the persistence of phenotypic
variation (for reviews, see Salzburger & Meyer, 2004;
Genner & Turner, 2005; Seehausen, 2009).

In haplochromine cichlids, several forces of selection
have been identified as potential drivers of speciation,
including mate choice, intrasexual competition and
ecological resource competition (for reviews, see Kocher,
2004; Genner & Turner, 2005; Seehausen, 2009).
Haplochromine social systems exhibit intense male ter-
ritoriality and female-only parental care, factors that are
generally thought to be conducive of strong sexual
selection. Because colour is an important communication
cue in competition for territories, which are required to
gain access to females (Maan et al.,, 2004; Pauers ef al.,
2008), male-male competition can exert selection on
male colouration in haplochromines (Seehausen & Sch-
luter, 2004). Interestingly, sibling species or conspecific
colour morphs often differ in the intensity of male
territoriality (e.g. Dijkstra ef al., 2009a). However, despite
the common variation in male aggression in these
species, the potential role of physiological differences
facilitating phenotypic variation has rarely been
addressed in this group.

It seems likely that physiology is often intimately
linked to colour evolution. Across vertebrate species, key
physiological attributes such as oxidative stress physiol-
ogy and immunity are often correlated with colour via
pleiotropic mechanisms and/or pigment allocation strat-
egies (McGraw, 2005; Griffith et al., 2006; Ducrest et al.
2008). Oxidative stress physiology is a central mediator in
the evolution of life-history trade-offs, such as immunity
and sexual ornamentation (Dowling & Simmons, 2009;
Monaghan et al., 2009). Following the suggestion of Von
Schantz et al. (1999) that sexually selected traits might
advertise oxidative stress levels and that this might be
linked to genetic variation in fitness, there has been a
great interest in how oxidative stress may influence
expression of sexually selected traits (Dowling & Sim-
mons, 2009; Monaghan et al., 2009). Another important
physiological trait is the ability to mount an immune
response against pathogens and parasites (Folstad &
Karter, 1992; Kurtz et al., 2007).

Whereas physiological performance can be under
disruptive selection due to local environmental adapta-
tion, physiological processes in turn can exert or influence
selection on other fitness-related traits and vice versa (e.g.
androgens and immune function mutually affect one
another). The physiological basis of life-history trade-offs
is well recognized in evolutionary biology (e.g. Mills et al.,
2008; reviews: Zera & Harshman, 2001; Zera et al., 2007;
McKinnon & Pierotti, 2010). However, selection on
physiological traits is rarely considered in the haplochro-
mine cichlid species flock. In addition, physiological
performance can be an important factor in balancing
and frequency-dependent selection. For example, red-

headed male morphs of the Gouldian finch (Erythrura
gouldiae) aggressively dominate black-headed morphs in
competition for essential resources, but the former display
higher levels of testosterone and corticosterone along
with reduced cell-mediated immune responses as com-
petition increased. Thus, disruptive selection on physio-
logy may be a significant factor in evolutionary
diversification both in terms divergent selection on suites
of correlated traits, and as a component in balancing and
frequency-dependent selection (Zera etal, 2007;
McGlothlin & Ketterson, 2008; Nosil & Harmon, 2009).
Several lines of evidence suggest that closely related
cichlid species may differ in terms of physiological
performance. Firstly, between species or morph variation
in aggressiveness has been associated with higher andro-
gen levels in the more aggressive species (e.g. Owen-—
Ashley & Butler, 2004; Korzan et al., 2008). Higher
androgens can in turn increase oxidative stress (Mona-
ghan et al., 2009) and suppress immune function (Kurtz
et al., 2007). Secondly, species may differ in circulating
levels of glucocorticoids, which in addition to their role in
stress physiology are intimately linked to behaviour and
various other physiological functions, including immu-
nity (for reviews, see Wendelaar Bonga, 1997; Soma
et al., 2008). Thirdly, the pigments (carotenoids in
particular) used to produce ditfering colour patterns
may subserve additional functions, such as neutralizing
reactive oxygen species (ROS) and enhancement of
the immune system (McGraw, 2005; Griffith et al,
2006). Thus, variation in pigment allocation strategies
across sibling species may well result in different levels of
oxidative stress or immune status. Yet, these factors have
rarely been considered in attempts to understand the
rapid evolution of haplochromine cichlid radiations.
The haplochromine cichlid species Pundamilia punda-
milia (Seehausen et al., 1998), Pundamilia nyererei (Witte—
Maas & Witte, 1985) and their hybrids occur at various
stages of ecological and genetic differentiation around
different islands along a gradient of water clarity in Lake
Victoria, East Africa (for review see Seehausen, 2009).
Males of P. nyererei are crimson dorsally (including the
dorsal fin) and yellow on their flanks (referred to as
‘red’). Males of P. pundamilia are metallic blue on the
body and in the dorsal fin (referred to as ‘blue’). Colour
phenotype is largely genetically determined in this
system (Magalhaes et al., 2009). Along this gradient of
water clarity, the two species go from being one species
with phenotypic variation (unimodal, predominantly
intermediate between red and blue) to two incipient
species, and finally two reproductively isolated sister
species, in what has been called a ‘speciation transect’
(Seehausen et al, 2008). In the present study, we
selected from this speciation transect two frequently
hybridizing incipient species at Kissenda Island. The
Pundamilia species at this location showed the weakest
yet still significant bimodality in the distribution of male
nuptial colouration and the lowest significant differentiation
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at neutral loci, making them the most suitable population
to investigate traits under disruptive and divergent
selection (Magalhaes et al., 2009). At this location, female
mating preference for own colour is weakly significant,
but this preference for own colour can be overridden by
territory quality (Dijkstra ef al, 2008). Red is more
aggressive (Dijkstra et al., 2009a) and is more likely to
defeat blue in dyadic combats (Dijkstra et al, 2005).
However, red does not displace blue despite its domi-
nance advantage at this location, and throughout the
lake, the geographical distribution of red fish in Punda-
milia is nested within that of the blue colour (Seehausen
& Van Alphen, 1999), indicating that the behavioural
advantages enjoyed by red males may be offset by other
costs. We examined whether the two species differed in
aggressiveness, oxidative stress, immunity and circulat-
ing steroid levels.

There are several a priori reasons to hypothesize that
red males experience higher oxidative stress and show a
lower immune response than blue males. First, due to
their relatively high level of aggression, red males likely
exhibit a higher metabolic rate than blue males, possibly
resulting in more oxidative stress due to the link between
metabolic expenditure and production of ROS (Metcalfe
& Alonso-Alvarez, 2010). Second, red males may have
higher steroid levels, which may increase oxidative stress
and suppress immune function (see above). Finally, we
have previously shown that expressing red colouration
imposes an immunological cost in red Pundamilia males
(Dijkstra et al., 2007). The nuptial dress of red males
contains a far higher concentration of carotenoid pig-
ments than that of blue males (Maan et al, 2008).
Because carotenoids also have antioxidant and immu-
nostimulant properties and are thought to occur in
limited supply, there is a potential trade-off between
allocating carotenoids towards colouration or towards
health maintenance (Lozano, 1994; Hill, 1999; Blount,
2004). Based on these reasons, we predicted that red
males experience more oxidative stress than blue males,
but only when colouration and aggression are intensified
during territorial bouts (Dijkstra et al., 2007). In a second
experiment, we tested for differences in immune func-
tion by measuring the humoral immune response in fish,
using a sheep red blood cell (SRBC) challenge, and blood
leucocyte analyses. We predicted a lower humoral
immune response in red males than in blue males.
Together, our results show that red males exhibit a trade-
off in terms of social status and physiology and provide a
scenario through which physiology may counterbalance
the advantages of increased aggressiveness.

Material and methods

Study species and housing

We studied lab-bred offspring of wild-caught Pundamilia
fish from Kissenda Island, Lake Victoria, Tanzania,
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collected in 2002. Phenotypically distinct red and blue
phenotypes are common around this island, with inter-
mediate forms occurring at lower frequencies. We only
used distinct red and blue phenotypes (Fig. 1, see also
colour scale Dijkstra et al., 2007: 4 and 5, and 0 and 1, for
respectively red and blue phenotypes). For details of the
lab-bred stock and general aquarium conditions, we refer
to Dijkstra ef al. (2009a). In the experiments (detailed
below), males were housed individually in 25-L com-
partments as detailed elsewhere (Dijkstra et al., 2007).

Experiment 1. Oxidative stress, aggressiveness and
hormone profiles

Experimental design

We used a total of 52 adult fish (blue fish: body mass,
22.5 + 0.7 gmean =+ SE, standard length, 90.4 + 1.0 mm,
n =27, red fish: body mass, 21.9 + 0.6 g, standard
length, 89.6 + 0.8 mm, n = 25) in three treatment con-
ditions. Haplochromine males occur in two flexible
‘social phenotypes’; territorial, reproductively active
males that are brightly coloured, and nonterritorial
males, nonreproductive males that do not fully express
nuptial colouration (e.g. Hofmann, 2003). These different
social states are associated with different life-history traits
in terms of, for example, growth rate (Hofmann ef al.,
1999) and immunity (Dijkstra et al., 2007). We manip-
ulated social status by housing males either in social
isolation (resulting in nonterritorial status), or in a social
condition where males are ‘forced’ into a territorial state
(Dijkstra et al., 2007). We thus used two social conditions
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Fig. 1 Red (@) and blue males (O) differ in aggressiveness. Shown
are the rates per minute for attack and display behaviour

(mean + SE) in the continuous social treatment and the intruder
treatment. The significance of the species difference is indicated on
top. *P < 0.05, **P < 0.01.
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mimicking two types of territorial defence: ongoing
territory defence against a familiar rival male (continuous
social treatment, see Dijkstra ef al, 2007) and acute
territory defence against an unfamiliar intruder (intrusion
treatment, Hirschenhauser ef al., 2004). In all social
situations, rival males were matched on standard length
(difference was <10% the standard length of the smaller
fish). In the continuous social treatment, the focal male was
housed next to a rival male of the same colour -
separated by a transparent and perforated partition to
allow for visual and olfactory communication — to
stimulate territoriality and development of nuptial
colouration. Males were not exposed to males of the
other colour because previous studies had shown that
males of both species preferentially attack their own
colour (Dijkstra et al, 2009a), and our aim was to
maximize territorial condition. After keeping focal males
in this arrangement, we filmed focal males for a five-
minute period using a Sony Handycam (DCR-SR52) and
later scored their aggressive behaviour from the video
recordings. A five-minute interval is sufficient to obtain
highly repeatable estimates of rate of aggression (see e.g.
Dijkstra et al. 2006). Immediately after this, we collected
blood from the caudal vein using a needle and a syringe.
In the intrusion treatment, the focal male was also housed
next to a rival male of the same colour for at least a week,
but this rival male was then removed, and an unfamiliar
stimulus male enclosed in a transparent cylinder was
introduced into the compartment of the focal male. There
was a continuous flow of water over the top edge of the
cylinder into the compartment of the focal male to
provide olfactory stimulation. We filmed the fish for
15 min immediately from the moment the stimulus was
introduced and later recorded aggressiveness. A 15-min
interval was selected instead of 5 min since a pilot study
indicated that behaviour directed to a novel intruder is
more variable across time (unpublished data). Forty five
minutes after stimulus onset, we took a blood sample
from the focal male. Finally, in the isolation treatment, fish
were housed in physical isolation and without visual or
chemical contact to neighbouring fish for 1 week before
blood was collected. Because isolated fish do not exhibit
any social behaviour, we did not quantify their behav-
iour.

Immediately after the behavioural observation, we
collected blood from 10 red and 12 blue males in the
continuous social treatment, seven red and 10 blue fish
in the intrusion treatment and eight red and five blue
males in the isolation treatment. Blood was collected
(20- to 100-uL) within 2 min after capturing the fish
from the caudal vein using a 1-mL syringe and 25-gauge
needle (length 25 mm, cat. nr. 613-0557, Neolus). Upon
collection, each blood sample received a drop of heparin
(<1 pL) and was immediately placed on ice until centri-
fuged at 9447.1 g, radius 5 cm, 13 000 rpm for 10 min.
The plasma was then removed. To avoid repeated freeze—
thaw cycles, we prepared 5-20 pL plasma aliquots and

stored it at —80 °C for analysis in the oxidative stress and
hormone assays.

Quantification of behaviour

An observer quantified from the video recordings the rate
at which the focal male performed both display and
attack behaviours towards the stimulus male. A display
event was defined as a lateral or frontal display (Baerends
& Baerends—Van Roon, 1950). During frontal displays,
the focal male extends his dorsal fins, and sometimes
pectoral fin and operculum as well, while facing the
lateral or frontal side of the stimulus male. During a
lateral display, the male extends his dorsal, anal and
pelvic fins and positions himself such that his flank is in
front of the head of the stimulus male. An attack event
was defined as an individual butt or bite against the
transparent partition or cylinder.

Hormone assays

We measured in duplicate circulating levels of cortisol
(CORT) and two androgens, testosterone (T) and the
teleost-specific 11-ketotestosterone (11-KT), in blood
plasma using enzyme immunoassays (T and CORT: Assay
Design, Ann Arbor, MI, USA; 11-KT Cayman Chemical
Ann Arbor, MI, USA) following protocols established by
Kidd et al. (2010). These assay systems measure both the
free and bound (to steroid binding proteins) fraction.
Plasma (7.2 uL) was diluted 1 : 30 with assay buffer, and
the manufacturer’s instructions were followed (see Kidd
et al., 2010). A similar protocol was used for CORT and
11-KT. The quantity of plasma used in the CORT assay
was also 7.2 pL and in the 11-KT assay 3.6 uL. To assess
the inter- and intra-assay variation for each EIA, the
coefficient of variation was calculated (Kidd et al., 2010).
The intra-assay CV was 2.21%, 2.57% and 1.58% for the
CORT, 11-KT and T assays, respectively. For the inter-
assay variation, we assayed 13 (for CORT) and nine (for
T) samples twice on separate plates. For 11-KT, we used a
pooled sample of the African cichlid Astatotilapia burtoni
on three separate plates. The inter-assay CV was
10.18%, 4.46% and 6.56% for CORT, 11-KT and T,
respectively.

Oxidative stress

Normal metabolic activity is a primary source of ROS,
highly reactive molecules capable of causing oxidative
damage to biomolecules if not counteracted by the
antioxidant system (Matsuo & Kakato, 2000). In this
study, we did not measure oxidative damage directly, but
measured both reactive oxygen metabolite (ROM) con-
centrations and overall antioxidant capacity. The balance
between oxidants and antioxidants defines the level of
oxidative stress of an organism (Finkel & Holbrook 2000).
Therefore, we calculated the ratio of ROMs to antioxi-
dant capacity to assess the level of oxidative stress, with
higher values corresponding to higher level of oxidative
damage (Costantini et al., 2006; Bagni et al., 2007).
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Measurement of reactive oxygen metabolites

The serum concentration of ROMs (primarily hydroper-
oxides, ROOH) was measured by the d-ROM test
(Diacron, Grosseto, Italy), as in earlier studies of oxida-
tive stress levels in mammals (e.g. Tanganelli ef al,
2000), birds (e.g. Costantini et al., 2006) and fish (e.g.
Bagni et al., 2007). For more information, see Costantini
et al. (2006). Each serum sample (7.5 pL) was incubated
in duplicate for 75 min at 37 °C with 200 uL of 0.01 m
acetic acid/sodium acetate buffer, pH 4.81, v/v, contain-
ing N,N-diethyl-phenylenediamine as chromogen.
Absorbance was read at 490 nm by a Biolinx plate
reader. To perform the system calibration, 4.5 mm H,0,
as reference standard and a reagent blank were used. The
intra-assay CV was 7.55%. To evaluate the inter-assay
variation, 12 samples were run once on two different
plates, and the inter-assay CV was 9.14%.

Measurement of antioxidant capacity

Serum antioxidant defence was measured in the form of
free radical scavenging capacity, quantified as the capa-
bility to neutralize the oxidant action of HOCI using the
OXY assay (Diacron, Grosseto, Italy). The serum (2 uL)
was diluted 1 : 100 with distilled water. Five microliter of
each diluted serum sample was incubated in duplicate for
10 min at 37 °C with 200 uL of a titrated HOCI solution
as oxidant. Then, 5 ul. of the same chromogenous
solution used for the ROMs determination was added.
Absorbance was read at 490 nm as the end-point.
Calibration was achieved using a reference serum able
to neutralize 440 um HOCI. Measurements were
expressed as mM of HOCI neutralized. The intra-assay
CV was 5.87%. Fifteen samples were run once on two
different plates, and the inter-assay CV was 9.79%.

Statistical analyses

11-ketotestosterone, CORT, aggression, d-ROM and OXY
data were log transformed (In x + 1), and T was square-
root transformed prior to analysis to meet assumptions of
parametric testing. We first investigated differences
between the two species in hormones (CORT, T and
11-KT), aggressiveness or oxidative stress as a function of
the three social contexts using ANovas. In these analyses,
we also incorporated time of day of blood sampling
(sampling took place from 9.00 to 15.15 h) as a covariate,
because hormone levels may fluctuate diurnally (Oliveira
et al., 2001). We only report this effect when significant.
Models were run in a stepwise backward manner,
sequentially removing the nonsignificant (interaction)
effects using a threshold of P = 0.1. We verified normal-
ity by examining residual plots and tested for homosce-
dasticity by applying Levene’s test of homogeneity. T and
11-KT are highly linearly correlated (Pearson, r = 0.839,
P < 0.001). Due to this collinearity, it is difficult to assess
the independent effects of T and 11-KT. We therefore ran
separate models using either 11-KT or T as a covariate. In
the final models, we also tested for the effect of body
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mass difference between the focal male and the stimulus
male; this had no effect on the findings (Ps > 0.2).

We corrected for multiple testing using the algorithm
developed by Benjamini & Hochberg (1995). We set the
false discovery rate (FDR) at o = 0.05. In our study, three
‘families” of hypotheses can be distinguished where FDR
can be applied: those concerning species differences in
aggressiveness (n =4 tests, all P values 20.038 not
significant after FDR control), those concerning a hor-
monal response upon a challenge (n = 3 tests, all P values
20.034 not significant after FDR control), those concern-
ing the relationship between hormones and aggression
(n =16 tests, all P values 20.00625 not significant after
FDR control) and those concerning the relationship
between oxidative stress and hormones (n = 4 tests, all
P values 20.0125 not significant after FDR control). Note
that sample sizes (see result section) vary between the
different measures because in some cases, there was
insufficient volume of blood for all five different assays.

Experiment 2. Immune function

Experimental design

We used a total of 49 fish (not used in Experiment 1; blue
fish: body mass, 24.8 + 1.2 ¢ mean + SE, standard
length, 94.1 +1.4, n=21; red fish: body mass,
22.0 £ 0.7 g, standard length, 90.6 + 0.9, n = 28). On
Day 1, males were weighed and transferred to individual
compartments with visual and chemical access to a
neighbouring male of the same colour and similar body
mass behind a perforated transparent partition to stim-
ulate territoriality and development of nuptial colour-
ation. The housing condition thus was identical to the
continuous social treatment in the previous experiment. We
only used this housing condition because it was in this
treatment that we found the largest difference between
species in oxidative stress (see below). Oxidative stress
may affect immune function (Von Schantz et al., 1999),
and we therefore expected the most pronounced species
difference on immune function in this treatment.

On Day 9 or 10, males were injected with a suspension
of sheep red blood cells (SRBC; Harlan Inc., Horst, The
Netherlands). For details, we refer to Dijkstra et al
(2007). After 13 days (on day 22 or 23), the estimated
peak of antibody production (Dijkstra et al., 2007), we
collected 20-100 uL blood from the caudal vein with a
1-mL syringe to assess immune responses. The blood was
mixed with a drop of heparin (<2 uL), and we then kept
some of this blood for white blood cell characterization
(see below). The remainder was centrifuged at
13 000 rpm for 10 min; blood plasma was then separated
and stored at —20 °C for use in the agglutination assay.

Characterization of leucocytes

Changes in the humoral immune response, for instance
via lower agglutination titres against SRBC, can be
compensated through changes in the cell-mediated
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immune response, as shown by, e.g. increased T cell
proliferation (Kreukniet et al., 1994). For this reason, we
not only analysed the humoral immune response but
included, using flow cytometry, an analysis of the blood
leucocyte population. The majority of the peripheral
blood leucocytes (PBL) consist of (B and T) lymphocytes,
granulocytes and monocytes. B lymphocytes play a large
role in the humoral immune response, whereas T
lymphocytes are important in the cell-mediated immune
response, granulocytes are involved in phagocytosis, and
monocytes are involved in phagocytosis and antigen
presentation (Iwama & Nakanishi, 1996). The relative
abundance of large, activated lymphocytes can be esti-
mated using a flow cytometer (Forlenza et al., 2008),
allowing us to test whether the two species differ in this
measure of immune state.

Following blood collection (and mixing with a drop of
heparin as mentioned above), we mixed 7.5 uL of the
blood with 300 uL sterile heparinized cell culture medium
(RPMI1640, Cambrex Bio Science Verviers, Belgium) and
placed it on ice. Within 6 h of blood collection, total
leucocytes were isolated by layering heparinized blood
on a 1.0838 g mL™' Percoll (Amersham, Biosciences,
Roosendaal, The Netherlands) density gradient and
subsequent centrifugation for 25 min at 2000 rpm.
Leucocytes at the interface between cell culture medium
and Percoll were collected and washed once in RPMI
medium. Finally, cells were re-suspended in 300 uL of
RPMI medium containing 1 ug mL™! propidium iodide, to
exclude necrotic cells. Forward scatter (FSC, correspond-
ing to cell size) and side scatter (SSC, corresponding to
cell complexity) characteristics of 10 000 events were
acquired in linear mode, and fluorescence intensities
were recorded on a log scale using a Beckman Coulter
Epics XL-MCL flow cytometer. A gate was set to differ-
entiate between cells with both low FSC and low SSC
(small lymphocytes) and other cells (large lymphocytes,
monocytes). This allowed us to estimate the relative
abundance of large lymphocytes, that is, the proportion
of large lymphocytes relative to the total number of
lymphocytes. Note that monocytes were also included as
they are difficult to distinguish from large lymphocytes by
size and complexity alone. Because we were mainly
interested in changes in lymphocyte morphology,
granulocytes were excluded by gating.

Agglutination assay

Sheep red blood cell antibody concentrations in 20 uL of
plasma were estimated in a standard agglutination
titration assay (Hudson & Hay, 1989). For details, see
Dijkstra et al. (2007). Titres were scored visually as the
highest two-tfold dilution of plasma showing agglutina-
tion. Preimmunization blood samples for the agglutina-
tion test were not taken. Commonly, antibody titre
against SRBC is zero for unimmunized Pundamilia cich-
lids injected with saline only (nz = 11, Dijkstra et al., 2007,
n = 4 this study).

Statistical analyses

Proportions (relative abundance of large lymphocytes)
were arcsine-square root transtormed to meet assump-
tions of parametric testing. To investigate differences
between species in either antibody production or the
relative abundance of large lymphocytes, we used ano-
vAs or f-tests. Note that sample sizes vary between
antibody response and white blood cell characterization,
because when only a small volume of blood was
available, we gave priority to the agglutination test. Time
of sampling had no effect on the findings (results not
shown). Also, the body mass difference between the focal
male and the stimulus male did not affect the results (not
shown). Statistical analyses for both experiments were
carried out with SPSS 12.0.1 (Armonk, NY, USA).
Significance tests were two-tailed with « = 0.05. We
report means =+ standard error.

Results

Experiment 1. Oxidative stress, aggressiveness and
hormone profiles

Aggressiveness

The difference between red and blue males in aggres-
siveness varied according to the two different social
treatments (ANOVA, species X social treatment, display
rate: F; 33 =5.80, P=0.02; attack rate: Fj 33 =4.35,
P =0.045). We therefore analysed the data for each
treatment separately.

As expected, red males were significantly more aggres-
sive than blue males in the continuous social treatment
in both display rate (Fig. 1, F; 0 = 5.52, P =0.03) and
attack rate (Fy50 =6.39, P=0.02). In the intruder
treatment, red males were also more aggressive in terms
of display rate, but not attack rate (display rate:
Fy,4=18.84, P=0.001; attack rate: Fj 4 =0.26,
P =0.62). In the final model, the time of day appeared
to be predictive of display rates (but not attack rates), as
aggression towards the intruder male declined over the
course of the day (anovas, effect of time of day on
display rate: F;;4=4.67, P =0.049; attack rate:
Fy14=3.31, P=0.091). This effect of sampling time
was independent of species (interaction terms all
P>0.1).

Steroid Hormones

In this analysis, we also included the isolated males.
There was no effect of species on T or 11-KT levels,
contrary to our expectation (Fig.2; ANOVAS, species
effect on T: Fyso = 1.24, P = 0.27; 11-KT: F) 44 = 1.63,
P = 0.21; Treatment and times of day interaction retained
in the model, see below). There was also no effect of
species on CORT (Fy45 =1.03, P=0.32; treatment
retained in the model, see below). To determine whether
the sample sizes in our experiment were too small
to detect significant differences in hormone values
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depending on social treatment and/or species, we per-
formed a statistical power analysis (Cohen, 1988). We
found that the power was 100% when the expected
effect size was based on the display rate; and 57% (based
on the average of individual power estimates for the
three hormones), when based on the attack rate. Com-
bining these two power estimates yielded an average
power of 78%, which is very close to what is generally
considered sufficient (> 80%, Cohen, 1988).

To our surprise, housing treatment did not have a
significant effect on T (F, 45 = 0.18, P = 0.84). However,
for 11-KT, we found a significant interaction effect
between time of sampling and housing treatment
(F344 = 4.40, P =0.018). Early in the day, 11-KT was
elevated in the intruder treatment compared with the
other two treatments, but this hormonal response disap-
peared over the course of the day. Housing had a highly
significant effect on CORT levels with higher levels in the
social treatments (F; 43 = 8.00, P = 0.001). None of the
interaction terms that included treatment and/or species
were significant (all P > 0.2). We also re-ran the analysis
focusing on the social treatments only, but results
remained the same.

Steroid hormones and aggression
We tested whether hormone levels and aggressive
behaviour are related while controlling for the role of
species, using anovas with either display rate or attack
rate as response variable. In the starting model, we
entered two hormones (either T and CORT or 11-KT and
CORT), species and all two-way interaction effects. To
facilitate interpretation, we analysed the two social
treatments separately.

In the continuous social treatment, T levels were
positively associated with attack rate (anova, T: Fy 19 =
6.87, P = 0.02), but not with display rate (F; ;o = 2.45,
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P =0.13). Attack rate was positively and significantly
predicted by 11KT levels (Fjio=11.24, P =0.003,
species: Fj 19 = 9.27, P = 0.007). An interaction between
11-KT and CORT had a significant effect (after FDR
control) on display rate (F; ;3 = 11.12, P = 0.004), due to
11-KT and CORT showing nonsignificant, though con-
trasting relationships with display rate (11-KT, Pearson,
r=0.31, P=0.16; CORT: r=-0.16, P=0.47, n = 22).
Attack rate was not related to CORT levels (starting model
with T, effect of CORT: F; ;5 = 0.95, P = 0.34; starting
model with 11-KT, effect of CORT: F; ;5 = 1.09, d.f. =1,
18, P = 0.31). As indicated earlier, there was a significant
interaction between CORT and 11-KT on display rate.
However, there was no interaction effect between CORT
and T (F;16 = 0.57, P = 0.46), nor was there an effect of
CORT on display rate (F; ;5 = 0.45, P = 0.51).

In the intruder treatment, attack rate was not related
to T or 11-KT (aNova, T: Fy ;5 = 1.56, P = 0.24; 11-KT:
Fy 11 =0.27, P=0.61). Display rate was significantly
correlated with 11-KT (F; 12 = 6.53, P =0.03; species:
Fy1,=28.97, P=0.011) and showed a similar though
nonsignificant trend with T (F; ;4 =3.04, P=0.10;
species: Fj 14 = 12.20, P = 0.004). CORT had no signifi-
cant effect on attack rate when the starting model
contained T (F; 14 = 0.019, P = 0.89). When the starting
model contained 11-KT, the interaction term between
species and CORT was retained in the model as a
nonsignificant predictor of attack rate (F;,=4.13,
P = 0.07). CORT had no significant effect on display rate
(starting model with T, F, ;3 = 0.64, P = 0.44; starting
model with 11-KT, Fy, = 3.41, P =0.09). After FDR
control, none of the interaction terms that included
species were significant, indicating that the direction and
angle of the correlations are the same for red and blue
males, although sometimes at a different absolute level
(effect of species).
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Oxidative stress

Overall, neither ROM levels (d-ROM) nor antioxidant
capacity (OXY) differed significantly between the two
species (Table 1, anovas comparing species, d-ROM:
Fi4>=0.64, P=0.43; OXY: F 4 =1.06, P=0.31; in
both models, housing treatment and the interaction term
between treatment and species were removed from the
model, P > 0.12). However, the level of oxidative stress
(the ratio of d-ROM to OXY) was not only significantly
different across treatments (F 40 = 3.91, P = 0.028), but
also significantly higher in red males than in blue males
(Fig. 3, F140 F=5.30, P=0.027), consistent with our
prediction. Interestingly, the difference in oxidative stress

Table 1 The d-reactive oxygen metabolite (ROM) (Carratelli units,
see Costantini et al., 2006) and OXY (umol of HCIO mL™") values
for red and blue fish in the three different treatments (isolation,
continuous social and intruder). Shown are the mean and SE.

d-ROM OXY
Treatment Red males Blue males Red males Blue males
Isolation 8.8+ 1.1 7.5+0.8 2328+ 196 200+ 6.2
Continuous 11.35+1.3 9.1+04 187 £+ 165 216 £ 8.2
Intruder 103+ 1.5 10.1 £ 0.8 212 +216 228+ 122
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Fig. 3 Oxidative stress (ratio between d-reactive oxygen metabolite
and OXY) was higher for red (@) than for blue males (O), but
only in the social treatments. Sample sizes are indicated at the
bottom. Shown are the mean + SE.

between species was only significant in the two social
treatments (independent ¢-test in which the continuous
social treatment and intruder treatment are combined:
t3; = 2.46, P =0.02; isolation treatment: fo = 0.03,
P =0.97), suggesting that the difference in oxidative
stress between the species is dependent on the social
context. This is also supported by a marginally nonsig-
nificant treatment effect on the level of oxidative stress in
red males only (anovas, red males: treatment effect F, ;g
F=341, P=0.055 blue males: treatment effect
F>50=0.61, P=0.55), although the interaction term
between species and treatment was not significant (F, sg
F=1.66, P=0.21).

We also explored possible relationships between oxi-
dative stress and hormone profiles, using an anova with
oxidative stress as response variable, housing condition
and species as explanatory variable, and measures of T
and CORT, or 11-KT and CORT as covariates. When the
starting model contained T, T was as a significant
negative predictor of oxidative stress (F;ss F = 13.56,
P =0.001), whereas CORT was retained as a nonsignif-
icant effect in the final model (F; 35 F = 3.64, P = 0.06).
Other factors retained in the model were species (Fj sg
F=12.31, P=0.001) and treatment (F,;s F=3.88,
P =0.03). When the starting model contained 11-KT,
there was an interaction between species and 11-KT
(Fy36 = 4.30, P = 0.045) and between species and CORT
(Fy 36 = 6.66, P = 0.014). Treatment was also retained in
the model (F556 = 3.41, P = 0.044), but none of these
effects remained significant after FDR control.

Experiment 2. Immune function

The mean antibody response of blue males was 7.08
(£0.52, n = 21) and of red males 4.39 (+0.57, n = 28).
This difference was highly significant (anova,
Fy 47 =12.18, P =0.001). The relative abundance of
large lymphocytes did not ditfer between red and blue
males (blue fish: 0.38 + 0.05 mean + SE, n = 21; red fish:
0.37 + 0.04, n = 27, ANOVA, Fy 46 = 0.15, P = 0.70).

Discussion

In this study, we asked whether red males (P. nyererei)
bear a physiological cost that might constitute a trade-off
with their documented social dominance advantage over
blue males (P. pundamilia). First, we confirmed that red
males were more aggressive than blue males, consistent
with earlier findings (Dijkstra ef al, 2009a). We also
found that red males, when housed in a territorial
context, indeed experienced more oxidative stress and
produced fewer antibodies than blue males. We first
discuss several hypotheses that might causally underlie
the physiological differences between red and blue males.
We then explore implications of these differences for
understanding the coexistence and evolution of red and
blue Pundamilia males.
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Species differ in oxidative stress and immune
function

We found that only red males and not blue males
experienced more oxidative stress when they were
housed in a social condition. Social stimulation leads to
territoriality, which is not only associated with brighter
colouration, but also increased energy expenditure (Ros
et al., 2006a), higher androgen levels (Dijkstra et al.,
2007), testes maturation (Fraley & Fernald, 1982) and a
suite of other neurophysiological characteristics (Trainor
& Hofmann, 2006). Our findings thus suggest that red
males face more costs or constraints than blue males
when up-regulating the reproductive axis.

There are at least two mechanisms that could explain
the relationship between colour, oxidative stress and
territorial status. First, social stimulation triggers a grad-
ual increase in the intensity of the nuptial dress in red
males (up to three-fold, over the course of days rather
than hours), likely involving incorporation of additional
carotenoids into the skin (see Dijkstra et al, 2007).
Because the nuptial dress of red males contains far more
carotenoids than that of blue males (Maan et al., 2006), it
is possible that red males in a social situation allocate
carotenoids towards their nuptial dress and away from
antioxidant function, whereas blue males do not undergo
this reallocation. Consistent with such an explanation,
red males in our study did indeed suffer from higher
oxidative stress, but only in a social situation. It is likely
that a trade-off in carotenoid allocation may only apply
when carotenoids are limiting (Pike ef al., 2007), which
may be the case in the field. However, fish in our study
were fed with normal cichlid flake food containing plenty
of carotenoids. Future experiments should examine the
carotenoid trade-off hypothesis in more detail by limiting
carotenoid intake (Clotfelter et al, 2007, Pike et al.,
2007). Alternatively, it is possible that the species
difference in oxidative stress levels is caused by differ-
ences in metabolism resulting from the higher level of
aggression of red males compared with blue males
(Careau et al., 2008). Because aggression is metabolically
costly, it could be hypothesized that differences in
metabolic rate associated with activity during territorial
behaviour were responsible for the observed difference in
oxidative stress between species (Leeuwenburgh &
Heinecke, 2001; Ros et al.,, 2006a).

We found that red males produced fewer antibodies
against a foreign antigen than blue males, whereas the
relative abundance of large activated lymphocytes was
not different between the two species. This suggests that
the compromised state of the humoral immune response
in red males was not compensated for by a stimulated
state of the cell-mediated immune response, as has been
found in chickens (Kreukniet et al, 1994). A high
humoral immune response to SRBC has been associated
with high humoral immune responses to a variety of
antigens (Parmentier ef al, 2001). In addition to the
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humoral immune response, we also analysed blood
leucocyte populations of red and blue males to test
whether changes in the humoral immune response — for
instance via lower agglutination titres against SRBC — can
be compensated through changes in the cell-mediated
immune response (Kreukniet et al., 1994). Because of the
complexity of the immune system, we are cautious with
the interpretation of our findings, though it appears that
blue males probably have a more responsive humoral
immune system than red males.

The difference in immune response between red and
blue males is consistent with the literature. First, it has
previously been shown that carotenoid-dependent sex-
ual traits can be traded off against immune function
because carotenoids enhance immune function (e.g.
Alonso-Alvarez et al., 2004; but see Fitze et al., 2007),
including in fish (Grether ef al., 2004; Clotfelter et al.,
2007). For example, we have previously shown that
expressing red colouration imposes an immunological
cost in red Pundamilia males (Dijkstra et al., 2007).
Consistent with this allocation trade-off, we observed a
lower immune response in red males, which have far
more carotenoids in their nuptial dress than blue males
(Maan et al., 2006). Secondly, oxidative stress is known
to affect a variety of bodily functions including immunity
(Von Schantz et al., 1999). Because the housing condi-
tion was identical to the continuous social treatment in
Experiment 1 where we found that red males experi-
enced higher oxidative stress levels than blue males, it is
plausible that oxidative stress compromised the antibody
response in red males more than in blue males.

The role of steroid hormones

Androgens have been suggested to suppress the immune
system (Folstad & Karter, 1992) and increase oxidative
stress (Von Schantz et al., 1999). 11-ketotestosterone has
been shown to have suppressive effects on several
measures of immunity and to increase oxidative stress
(Kurtz et al., 2007; see also Ros et al., 2006b). Addition-
ally, it is well known that CORT can modulate immune
activity (for reviews for fish, see Wendelaar Bonga,
1997). As a first assessment of whether the differences in
antibody response and oxidative stress levels between the
two species could be mediated by these steroids, we
investigated whether red and blue males have different
hormone level profiles. We found that 11-KT, but not
testosterone (T) levels, correlated positively with aggres-
siveness, which is consistent with the suggestion that
11-KT is the behaviourally relevant androgen, rather
than T (Kime, 1993; but see Trainor & Hofmann, 2006;
Greenwood et al, 2008). CORT was not related to
aggressiveness. Unexpectedly, we failed to detect higher
T, 11-KT or CORT levels in the more aggressive red
males. Typically, animals show a strong hormonal
response to a social challenge (Wingfield et al., 1990;
Hirschenhauser ef al, 2004), and following this, we
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detected elevated steroid levels in 11-KT in the intruder
treatment, with this response attenuating over de course
of the day. This time effect is consistent with previous
reports (Oliveira ef al., 2001).

Importantly, the patterns in hormone variation were
not species-specific. Pronounced endocrine variation
between closely related species has been reported in
several taxa (Hirschenhauser et al.,, 2004; Owen—Ashley
& Butler, 2004), yet in other species, the assumed
proximate link between steroids and aggression levels is
less clear (Ball & Balthazart, 2008). Based on our results,
we suggest that the species differences in aggressiveness
are not mediated by differences in circulating androgen
levels, but that they might be mediated at various levels
of the steroid signalling cascade (e.g. steroid receptor
expression, steroid binding proteins regulating steroid
availability and enzymatic actions in the brain; see e.g.
Jennings et al., 2000). In addition, neuropeptide hor-
mones such as arginine vasotocin mediate behavioural
differences across vertebrates (Goodson & Bass, 2001;
Greenwood et al., 2008).

We found that T was negatively correlated with
oxidative stress, but it is difficult to say whether this is
in agreement with the notion that androgens induce
oxidative stress or not because oxidative stress can also
influence androgen levels (Von Schantz ef al., 1999).
Because the two species did not differ in circulating levels
of any of the three steroids, it appears more likely that
the observed species difference in oxidative stress and
immunity was linked to species-specific pigmentation
allocation strategies and/or the metabolic costs of aggres-
siveness, as suggested above (Ros et al., 2006a; Clotfelter
et al., 2007). Alternatively, it is possible that red and blue
males differ in sensitivity to androgens such that similar
circulating androgen levels have differential effects on
oxidative stress and immunity. Future experiments,
employing hormonal perturbations or quantification of
androgen receptor expression in different target tissues,
will shed more light on these possibilities.

Coexistence of red and blue in nature

Previous studies showed that red males experience a
social dominance advantage in dyadic combat with blue
males (Dijkstra et al, 2005). We hypothesized that a
lower immune responsiveness and/or higher oxidative
stress in red males has negative fitness consequences and
as a result may counterbalance their advantage in
aggressive interactions, stabilizing the coexistence of red
and blue in our study population. Although we lack
direct fitness estimates, we found some evidence for this
hypothesis in this study. The physiological costs to red
males may help explain why red Pundamilia populations
appear to always occur sympatrically with at least one
blue species, whereas entirely blue populations are not
uncommon (Seehausen & Van Alphen, 1999). In addi-
tion, we recently found that the social dominance

advantage of red males is frequency-dependent, possibly
due to increased red-red conflict in red-biased commu-
nities attenuating the dominance advantage of red males
over blue males (Dijkstra et al. 2010). It is tempting to
speculate that the physiological costs to red males are not
only dependent on social status, but also on their relative
abundance in the population (for an example of fre-
quency-dependent physiological performance, see Pryke
et al., 2007). Other factors may also affect their coexis-
tence, including ecological differentiation, ambient light
properties, predation risk (Fig. 4 arrow A) and mate
choice (Fig. 4, arrow C) (reviewed in Seehausen, 2009).
Factors that promote long-lasting coexistence of species
are also important for stabilizing the process of specia-
tion, increasing the time window for divergent and
disruptive selection to act (van Doorn et al, 2004). A
challenge will be to identify how social, ecological and
physiological factors jointly influence and maintain
species diversity in haplochromines.

In Lake Victoria, several separate Pundamilia popula-
tions exist where males display red, blue or intermediate
colouration along a gradient of water clarity (described as
a ‘speciation transect’, Seehausen, 2009). The focus of
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Fig. 4 Simplified representation of our conceptual framework
showing how physiological attributes are fundamental to our
understanding of how ecological and sexual selection can drive
differentiation in male phenotype. The blue boxes denote the factors
that are most relevant in the current study. Note that for the sake of
clarity, only the most obvious relationships are indicated, and the
direction of the effect may be ambiguous.
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the present study was on the Kissenda Island species
where red and blue populations form a frequently
hybridizing incipient species pair (Magalhaes et al,
2009). We predict, however, that the relationship
between colour and physiology applies to the entire
speciation transect, and possibly many other cases, given
the abundance of red-blue sister species and polymor-
phisms among Lake Victoria cichlid fish (Seehausen &
Van Alphen, 1999). Consistent with this prediction, red
and blue Pundamilia males from Python Island showed
the same humoral response pattern as we report here
(Dijkstra, van der Sluijs, unpublished results). A study by
Seehausen et al. (2008) compared red and blue pheno-
types along the ‘speciation transect’” and found strong
correlations between ambient light colour, male nuptial
colour, visual pigments and female mating preference for
male nuptial colour, which provided evidence for speci-
ation through sensory drive.

Along the ‘speciation transect’, red males become
increasingly more restricted to greater depth with
increasing water transparency (or rather, decreasing light
slope, see Seehausen et al,, 2008). We studied red and
blue males from Kissenda Island where red males also
occur at greater depths than blue males, though the two
incipient species show substantial overlap in vertical
distribution (Seehausen ef al., 2008). Consequently,
divergent adaptation might have contributed to the
observed physiological differences, in particular in
immune function (Fig. 4, arrow B; see e.g. Blais et al,
2007; Maan et al., 2008). Interestingly, disruptive eco-
logical selection favours the evolution of sexual prefer-
ences for specific ornaments (such as different colour
types) that signal local adaptation (Van Doorn et al.,
2009), and in the case of Pundamilia, adaptation to the
local light regime (Seehausen et al, 2008). Thus, it is
possible that species divergence in immunity due to local
adaptation might be facilitated or constrained by colour-
specific physiological trade-offs between sexual signalling
and health maintenance.

In the framework of evolutionary diversification, it is
important to distinguish between several unique roles of
physiology. First, as illustrated in Fig. 4, selection on one
trait is likely to impact the expression of other traits due
to pleiotropy and/or allocation trade-offs, a phenomenon
that is well recognized in life-history evolution (e.g.
Folstad & Karter, 1992; Ardia et al., 2011). Because of
these interrelationships between traits, divergent or
disruptive selection on multiple traits cannot be viewed
separately. Secondly, as suggested by our results, differ-
ences in trade-offs between sexual signalling and phys-
iological performance may stabilize the coexistence of
diverging phenotypes through balancing selection.
Finally, physiological trade-offs can be under negative
frequency-dependent selection (Pryke et al., 2007). It will
be interesting to explore how physiological trade-offs
influence the scope and conditions for adaptive specia-
tion using theoretical approaches.
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Sexual selection has been implicated in the dramatic
colour diversification of East African cichlid fish (e.g.
Kocher, 2004; Sechausen & Schluter, 2004), but the
physiological underpinnings of this process have received
very little attention. In the present study, we have shown
that divergence in colouration and agonistic behaviour in
two incipient species of haplochromine cichlids has been
accompanied by differentiation in immune function and
oxidative stress, but not in hormone profile. In addition,
it appears that the two species differ in the trade-off
between gaining territorial status and oxidative stress.
Asymmetric aggression between conspecific colour mor-
phs and sister species appears to be common in East
African cichlid fishes (e.g. Korzan et al., 2008; Dijkstra
et al., 2009b). Correlated divergence in colour, behaviour
and physiology might be widespread in the dramatically
diverse cichlid radiations in East African lakes and may
play a crucial role in the remarkably rapid speciation of
these fish.
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