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Introduction

The origin of males and females can be traced back to the

evolution of anisogamy that defines males as the sex

producing small gametes (sperm) whereas females pro-

vide large ones (eggs) (Stearns, 1987). The selective

advantage for anisogamy is still under debate, ranging

from sexual conflict (Parker et al., 1972) to sexual

cooperation (Iyer & Roughgarden, 2008).

However, contemporary selection pressures on both

sexes vary (Klein, 2000), causing the evolution of

differing life history strategies for males and females. As

females can only produce a limited amount of eggs per

unit time (Williams, 1966), female fitness is positively

correlated with longevity. Males, on the other hand, can

mate promiscuously to increase their chances to fertilize

the limited number of existing eggs. Male fitness is

thus maximized by increasing mating rates and relies

on immediately available resources that can be spent

whenever potential mating partners are abundant

(Bateman’s principle) (Bateman, 1948; Trivers, 1972;

Clutton-Brock, 1988). Under this scenario, intra-sexual

selection for the male sex is intensified (Bateman, 1948).

Assuming limited resources and a resulting allocation

trade-off, we expect reduced investment, for example,

into immunocompetence, evident in less efficient

defence against potential parasite and pathogen attacks

(Zuk & Stoehr, 2002).

In contrast, females are typically under selection to

maximize the length of their reproductive period, which

can be realized by lengthening the lifespan. This in turn

requires costly investment into immune defence. These

implications from Bateman’s principle could thus explain

the widespread sexual dimorphism in immune defence

among animals (Rolff, 2002).
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Abstract

In diverse animal species, from insects to mammals, females display a more

efficient immune defence than males. Bateman’s principle posits that males

maximize their fitness by increasing mating frequency whereas females gain

fitness benefits by maximizing their lifespan. As a longer lifespan requires a

more efficient immune system, these implications of Bateman’s principle may

explain widespread immune dimorphism among animals. Because in most

extant animals, the provisioning of eggs and a higher parental investment

are attributes of the female sex, sex-role reversed species provide a unique

opportunity to assess whether or not immune dimorphism depends on life

history and not on sex per se. In the broad-nosed pipefish Syngnathus typhle,

males brood and nourish the eggs in a ventral pouch and thus invest more into

reproduction than females. We found males to have a more active immune

response both in field data from four populations and also in an experiment

under controlled laboratory conditions. This applied to different measures of

immunocompetence using innate as well as adaptive immune system traits.

We further determined the specificity of immune response initiation after a

fully factorial primary and secondary exposure to a common marine pathogen

Vibrio spp. Males not only had a more active but also a more specific immune

defence than females. Our results thus indeed suggest that the sex that invests

more into the offspring has the stronger immune defence.
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Empirical data overwhelmingly support the notion

that females have a more efficient immune response and

parasite defence than males across the animal kingdom

(e.g. Kurtz et al., 2000; Roth et al., 2008; Schuurs &

Verheul, 1990; Siva-Jothy, 2000; Zuk & Mc Kean, 1996).

The mechanism for this pattern is less clear and still

under debate. The most prominent explanation goes back

to honest signalling of good genes by displaying sexual

signals at the cost of reduced immune defence (Hamilton

& Zuk, 1982; Folstad & Karter, 1992). A high level of

testosterone was proposed to induce the expression of

secondary sexual signals whilst simultaneously assuming

that testosterone has an immunosuppressive effect

(Folstad & Karter, 1992). However, this mechanism

cannot be universal as invertebrates lacking testosterone

also display the predicted difference in immune invest-

ment (Braude et al., 1999; Peters, 2000; Sheridian et al.,

2000; Bilbo & Nelson, 2001; Kurtz & Sauer, 2001;

McKean & Nunney, 2001). In addition, a meta-analysis

failed to support the notion that testosterone suppresses

immunity (Roberts et al., 2004). Consequently, Sheldon

& Verhulst (1996) argued that a resource allocation

trade-off accounts for sexual dimorphism in immunity.

As only a certain pool of resources is available to serve all

life history traits, investing more into ornamentation

may result in a trade-off such that not enough resources

are available for an efficient immune defence (Sheldon &

Verhulst, 1996).

Because in animals with conventional sex roles, the

provisioning of eggs and parental care are both insepa-

rable attributes of the female sex, sex-role reversed

species provide unique opportunities to demonstrate

whether or not immune dimorphism depends on life

history or on sex per se. In general, sex-role reversed

species, where competition-driven sexual selection is

higher in females than in males, can serve as valuable

tool for testing hypotheses about sexual selection

(Williams, 1975). Here, the phylogenetically much older

anisogamy of sexual products still defines males and

females while the life history strategy such as mate

choice and investment into offspring is inverted

(Clutton-Brock & Vincent, 1991). The Bateman gradient

that suggests selection to be stronger on males than on

females because of the greater pay-off by mating

(Andersson, 1994; Arnold, 1994) has been demonstrated

to be inverted in the sex-role reversed pipefish Syngna-

thus typhle. This implies that stronger sexual selection acts

on females (Jones et al., 2000, 2005).

We expect that also Bateman’s principle is reversed in

a sex-role reversed pipefish. Specifically, we predict that

sexual dimorphism in immunity manifests itself as

stronger immune investment and immunocompetence

in the males compared to females, which would support

a role for different life history constraints as ultimate

reason for such dimorphism (Rolff, 2002).

In the present study, differences of the pipefish

immune system among the sexes were investigated on

the cellular (leucocyte) and the humoral (blood plasma)

level. Pipefish leucocytes were isolated from the head

kidney, the major immune organ in bony fish (Tort &

Mackenzie, 2003), where leucocytes are produced and

proliferate (comparable to bone marrow and lymphatic

organs of mammals). Furthermore, leucocytes activated

in the periphery by pathogenic challenge migrate to the

head kidney to induce activation of leucocyte subsets

(lymph node of mammals). Thus, the absolute number of

lymphocytes and monocytes but also the composition

(number of lymphocytes versus monocytes) and activity

of head kidney leucocytes (HKL) is representative for the

actual cellular immune status of a fish. Humoral immu-

nity in bony fish depends on the antimicrobial activity of

proteins (e.g. lysozyme, complement and antibodies),

which opsonize and destroy invading pathogens.

Although few details are known on the immune system

of Syngnathids (but see Matsunaga & Rahman, 1998), an

analysis of head kidney leucocytes and humoral immu-

nity provides useful measures to investigate individual

differences in immunity of pipefish.

We first examined the sexual dimorphism in immune

responses in S. typhle using field data of four natural

pipefish populations. Second, sex differences in the

immune response were assessed under controlled condi-

tions in an experiment by priming and activating the

immune response of S. typhle with heat-killed Vibrio spp

bacteria, a common pathogen in the marine realm. The

present study is, to the best of our knowledge, the first

description of activity of the immune system in a sex-role

reversed species.

Materials and methods

The host–parasite system

The broad-nosed pipefish Syngnathus typhle is widespread

in macroalgal and seagrass beds along European coast-

lines (Wilson & Veragut, 2010). During copulation,

females transfer eggs to the brood pouch located on the

ventral surface of the male. Here, eggs are fertilized and

carried by the male until embryos are born several weeks

later (Berglund et al., 1986a,b). Males thus have 100%

paternity confidence (Jones & Avise, 1997). S. typhle is

sex role reversed as males are much choosier than

females, ultimately driven by much higher investment

into the progeny (Berglund et al., 1986b). Accordingly,

intra-sexual competition in females is stronger, and they

display nuptial ornaments to attract males (Berglund

et al., 1986a, 2005, 2006). The number of eggs produced

by females by far exceeds the available male brooding

capacity (Berglund et al., 1989; Berglund & Rosenqvist,

1993); hence, Bateman’s principle is reversed in S. typhle

(Jones et al., 2000, 2005).

Vibriosis is a common disease in aquaculture and

aquaria fishes caused by the bacteria genus Vibrio

(Hjeltnes & Roberts, 1993). Vibrio seems to be ubiquitous
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in the aquatic environment and is claimed to be respon-

sible for substantial negative impacts on fisheries (Austin

& Austin, 1999). Vibrio species are found in high density

on various marine organisms (Heidelberg et al., 2002;

Rosenberg & Ben-Hain, 2002; Sawabe et al., 2003;

Vandenberghe et al., 2003), including Syngnathids

(Alcaide et al., 2001; Balcazar et al., 2010a,b). The Vibrio

strains used here were isolated during a parallel study

across Europe using ten pipefish per location and plating

samples from liver, head kidney, stomach and gill on

Vibrio-sensitive agar.

Pipefish population and immunocompetence
measurements

In May-June 2010, pipefish (Syngnathus typhle) from four

populations were collected by snorkelling using hand

nets and brought to the aquaria facilities at the IFM-

GEOMAR in Kiel (Germany): Population 1: Venice

Lagoon (Italy, N 45�25.20’; E 12�27.85’), Population 2:

Wackerballig (Germany, N 54�75,57’; E 9�87,66’); Pop-

ulation 3: Lemvig (Denmark, N 56�56,30’; E 8�29.61’);

and Population 4: Fiskebäckskil (Sweden, N 58�24.80’; E

11�44.62’). At all four locations also Vibrio prevalence

was measured by plating organs of ten fish per location

on Vibrio-sensitive TCBS agar. Vibrio prevalence in the

field varied between 20% in Sweden, 45% in Germany

and 65% in Denmark and Italy.

Animals were kept for 1–3 weeks in large tanks (2–4

animals per aquarium, a total of 16 aquaria of 80l) in a

recirculation system at 18 �C with a 16 : 8 h light : dark

regime (summer conditions) at the salinity of the habitat

of origin (15–30 psu). Baltic Sea water was filtered

(20 lm), treated with UV-B light and exposed to ozone

(redox potential: 350) to reduce ambient pathogens and

parasites. The salinity was adapted to original salinities

using artificial sea salt (Instant Ocean, Aquarium System,

France). Animals were kept in low densities to avoid

stressful conditions. In addition, animals were separated

by sex to assure that animals did not reproduce. Thus, at

the day of the immune measurements, even though all

animals were mature, males were not carrying eggs in

their brood pouch, as pregnancy could affect the immune

response of male pipefish. Beginning of July, the animals

(separated per sex and location) were anaesthetized with

MS 222 (Tricaine, 0.5 g L)1; Sigma, Munich, Germany)

and killed by incision of the brain. Pipefish weight (to the

nearest 0.1 mg) and length (from the snout to the base of

the tail, to the nearest mm) were determined. The body

cavity was opened, and the head kidney was removed for

immunological assays.

Vibrio immunization experiment

In late June, mature but nonpregnant pipefish were

collected by snorkelling in a seagras meadow (Zostera

marina) in Lemvig (Denmark) using hand nets and

brought to the aquaria facilities in Kiel. After 2 weeks of

acclimatization, fish were immune primed. To this end,

the Vibrio strain I11Ma2 (isolated from the gut of an Italian

pipefish in May 2010, phylogenetically most closely

related to Vibrio gigantis) were grown in an overnight

culture in medium 101 (5 g Peptone, 3 g Meat extract,

30 g NaCL, 1000 mL distilled water) at 25 �C. Upon

centrifugation (10’ at 1600 r.p.m.), the bacteria pellet

was resuspended in 1 mL PBS (phosphate-buffered saline

pH 7). Bacteria were heat-killed (60 min at 65 �C), and

the concentration was adjusted to 109 bacteria cells mL)1.

The bacteria were heat-killed to avoid potentially con-

founding fitness reducing effects because of an infection,

such as only activation of immune defence upon Vibrio

exposure has been measured in this experiment.

Fish (n = 30 males and females, respectively) were

injected with 50 lL bacteria suspension into their body

cavity [intraperitoneal (IP) injection with 5 · 107 bacte-

ria cells]. Control fish were sham-injected with 50 lL

PBS (Caipang et al., 2008). The fish were kept in 16 tanks

(four tanks per gender and treatment) in a recirculating

system and fed daily with mysid shrimps and copepods

(Cyclops sp.). Aquaria temperature was kept at 18 �C with

a 16 : 8h light: dark regime (summer conditions). After

18 days, 26 of the Vibrio-injected animals were still alive,

13 males and 13 females. Of the sham-injected fish, 23

were still alive, 14 females and 9 males. Remaining fish

were fully factorial and randomly assigned to either a

secondary exposure to heat-killed Vibrio or a secondary

injection with PBS resulting in eight treatment groups

and six to seven fish per treatment group and sex,

whereas male control group only consisted of four

replicates. The treatment groups were as follows: females

exposed to Vibrio during first and secondary exposure

fV+V+; males exposed to Vibrio at first and second

exposure mV+V+ and so on: fV)V+, mV)V+; fV+V),

mV+V); fV)V), mV)V). Six days after the secondary

exposure, animals were anaesthetized with MS 222

(Tricaine, 0.5g L)1, Sigma) and killed by incision of the

brain.

Blood was drawn from the caudal vein into heparin-

coated haematocrit capillaries. Supernatant plasma was

collected after centrifugation and immediately frozen

at )20 �C. Pipefish weight (to the nearest 0.1 mg) and

length (from the snout to the base of the tail, to the

nearest mm) were determined. The Body cavity was

opened, and the head kidney was removed for immu-

nological assays. Animal experiments were performed in

accordance with animal welfare legislation.

Immune assays

Isolation of head kidney leucocytes
Immunological assays were performed according to

protocols developed for sticklebacks (Scharsack et al.,

2004, 2007a,b) with some modifications. For the isola-

tion of leucocytes from pipefish head kidney, all steps
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were performed on ice and only with refrigerated media

and cooled centrifuges. Cell suspensions from head

kidneys were prepared by forcing the tissues through a

40 lm nylon mesh screen. Isolated HKL were washed

twice (4 �C, 10 min 550 g) with RPMI 1640 medium and

resuspended in a final volume of 450 lL medium.

Flow cytometric analysis of pipefish leucocytes
Leucocyte subsets in HKL isolates were distinguished

according to their light scatter profiles [forward scattered

light (FSC) ) cell size, side scattered light (SSC) ) cell

complexity] by means of flow cytometry (FACS-Calibur,

Becton & Dickinson, Heidelberg, Germany). Lympho-

cytes (FSC ⁄ SSClow) and number of monocytes (FSC ⁄
SSChigh) among HKL were counted. Absolute lympho-

cyte number, lymphocyte index (lymphocytes ⁄ mg body

weight), absolute monocyte number, monocyte index

(monocytes ⁄ mg body weight) and lymphocyte-to-mono-

cyte ratio were calculated to estimate the cells of the

adaptive (lymphocyte) versus the innate (monocyte)

cellular immunity. Number of total viable HKL in

individual samples was determined with exclusion of

cellular debris (low scatter characteristics) and dead cells

by propidium iodide stain (2 mg L)1) with a flow

cytometer to adjust HKL numbers equally across indi-

vidual fish for subsequent immune assays.

Cell cycle analysis
Lymphocyte (B- and T-cell) proliferation is a significant

part during an adaptive immune response. Accordingly,

the proportion of lymphocytes in the synthesis (S) and

mitosis (M) phase of the cell cycle can be used as a

measure for the activity of the adaptive immune system.

Here, the relative number of lymphocytes in the G0–1

phase, S Phase and G2–M phase of the cell cycle was

determined after DNA labelling with propidium iodide

by means of flow cytometry (Scharsack et al., 2007a,b).

During the cell cycle in the G0–1 phase, cells have a single

set of chromosomes and a constant content of total DNA.

Cells starting to proliferate enter the S (synthesis) phase

and are characterized by increasing amounts of DNA per

cell. In the G2–M phase, cells have completed DNA

synthesis and are endowed with a double set of chro-

mosomes (DNA) and start to divide. Proliferating cells in

the G2–M phase can be distinguished from G0–1 and S

phase cells by their higher DNA content. For cell cycle

analysis, head kidney leucocytes were fixed with ethanol

(100 lL cell suspension in 200 lL ice cold Ethanol 98%)

and stored at 4 �C. For analysis, cells were centrifuged

(550 g, 10 min, 4 �C), and supernatant ethanol was

removed. Propidium iodide (Sigma Aldrich, Munich,

Germany) was added to a final concentration of 5 mg

L)1, and cells were incubated again for 10 min at room

temperature. Individual samples were measured for three

minutes or up to 30 000 events with a flow cytometer

(Becton Dickinson FACSCalibur). Red fluorescence (pro-

pidium iodide) was measured in linear mode. Cellular

debris (low scatter characteristics) and aggregated cells

(high scatter characteristics) were subtracted for further

evaluation. Doublet cells were subtracted from single

cells as described by Wersto et al. (2001). Lymphocytes

were identified according to their characteristic FSC ⁄ SSC

profile. Frequencies of lymphocytes in G0–1, S and G2–M

phase were acquired by DNA content analysis of red

fluorescence intensity (propidium iodide labelling) of

single cells from the lymphocyte gate.

Respiratory burst activity of head kidney leucocytes
As one of the most important effector mechanisms of

cell-mediated innate immunity, the respiratory burst

activity of HKL was quantified in a lucigenin-enhanced

chemiluminescence assay (CL) modified after Scott &

Klesius (1981), as described in Kurtz et al. (2004). In

white 96-well flat-bottom microtitre plates, 70 lL of cell

suspension (1 · 105 HKL well)1) was added to 20 lL

lucigenin solution (2.5 g L)1 PBS) and 60 lL RPMI 1640

medium. Phagocytosis and production of reactive oxygen

species were initiated by the addition of 20 lL zymosan

suspension (7.5 g L)1 PBS), and 20 lL PBS was added to

the corresponding controls. Chemoluminescence owing

to reaction of lucigenin with oxygen radicals was mea-

sured for 3 h at 20 �C with a microtitre plate luminom-

eter (Tecan Infinite 200). Respiratory burst activity was

expressed as total chemoluminescence (area under

curve) produced by zymosan-stimulated cultures relative

to controls.

Antimicrobial activity (only Vibrio immunization
experiment)
To measure the antimicrobial activity against either the

Vibrio strain animals were exposed to but also against

novel Vibrio strains, three bacterial strains of our Vibrio

cultures were chosen: I11Ma2, D3K3 and I2K3. The

bacteria were grown in medium in an overnight culture,

centrifuged at 1600 rpm, counted using a Thoma count-

ing chamber and then diluted to a density of 109

cells mL)1. Medium 101 with agar (7.5 g L)1 medium,

15 g NaCl) was autoclaved and cooled down to 40 �C.

Upon addition of bacteria to a concentration of

106 cells mL)1, medium and petri dishes were filled with

4ml bacterial medium. After polymerization, eight holes

per petri dish received 2 lL fish plasma each, one hole

with an antibiotic sample of tetracycline served as

positive and a water samples as negative control. The

petri dishes were incubated for 14 h at 25 �C. Subse-

quently, inhibition zones were measured with a calliper

to the nearest 0.1 mm. On every plate, inhibition zone

measures were standardized to the tetracycline inhibition

zone to account for inter-dish variation.

Statistical analyses

The pipefish population and immunocompetence mea-

surements were analysed with two-way ANOVASANOVAS with sex
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and origin as fixed factors. Origin was not treated as a

random factor as we were specifically interested in

comparing these four populations. As response variables,

we analysed the lymphocyte ⁄ monocyte ratio, absolute

lymphocyte count, lymphocyte index (lymphocytes ⁄ mg

body weight), absolute monocyte count, monocyte index

(monocytes ⁄ mg body weight), cell cycle (G0–1 phase,

S Phase and G2–M phase) and respiratory burst. The

random effect ‘tank’ was tested in an ANOVAANOVA. As the

effect was clearly not significant (P > 0.3) in all tested

factors, it was omitted from further analyses, for the sake

of reduced risk to commit type II errors (Underwood,

1997).

The pipefish Vibrio immunization experiment was

analysed with three-way ANOVASANOVAS taking sex, 1st expo-

sure and 2nd exposure as fixed factors. Lympho-

cyte ⁄ monocyte ratio, absolute lymphocyte count,

lymphocyte index (lymphocytes ⁄ mg body weight), abso-

lute monocyte count, monocyte index (monocytes ⁄ mg

body weight), cell cycle (G0–1 phase, S Phase and G2–M

phase), respiratory burst and antimicrobial activity

(activity against I11Ma2, D3K3 and I2K3) were the

response variables.

All data were tested for normal distribution using

residuals. If normal distribution was not fulfilled, data

were transformed accordingly.

Results

Pipefish population and immunocompetence
measurements

Males had higher absolute lymphocyte numbers than

females (female: 10043 ± 1290 (mean ± SE), males:

13937 ± 1712) (two-way ANOVAANOVA: F-model 7, 38; F origin3, 38

= 9.176, P < 0.0001; F sex1, 38 = 4.925, P = 0.0322; F

origin x sex3, 38 = 2.139, P = 0.1104). Also, the lympho-

cyte index (absolute number of lymphocytes ⁄ bodyweight

in mg) was higher in males than in females (female:

3.80 ± 0.663 (mean standard error), males: 6.79 ±

1.311) (two-way ANOVAANOVA: F-model7, 38; F origin3, 38 =

3.171, P = 0.0207; F sex1, 38 = 5.5773, P = 0.0232; F

origin · sex3, 38 = 1.2675, P = 0.2985). Animals from

different populations varied in their absolute lymphocyte

number (Denmark: 11667 ± 1504, Italy: 15977 ± 1548;

Germany: 15544.5 ± 2382. Sweden: 3821 ± 1616) and

in their lymphocyte index (Denmark: 5.88 ± 0.501, Italy:

3.64 ± 0.675; Germany: 8.43 ± 2.198. Sweden:

2.50 ± 1.907), especially Sweden had extremely low cell

counts compared to all three other locations. Monocyte

absolute numbers (two-way ANOVAANOVA: F-model 7, 38; F

origin3, 38 = 10.2998, P < 0.0001; F sex1, 38 = 0.1598,

P = 0.6915; F origin · sex3, 38 = 2.3674, P = 0.0851) and

monocyte index (two-way ANOVAANOVA: F-model 7, 38; F

origin3, 38 = 4.1892, P < 0.0114; F sex1, 38 = 2.0723,

P = 0.1578; F origin · sex3, 38 = 2.0450, P = 0.1230)

were consistent between males and females, but absolute

monocyte number (Denmark: 24125 ± 1610, Italy:

19469 ± 2272; Germany: 24770 ± 1799. Sweden:

8260 ± 9635) as well as monocyte index varied among

locations (Denmark: 13.59 ± 1.571, Italy: 4.77 ± 0.88;

Germany: 12.37 ± 2.02. Sweden: 4.99 ± 3.66).

Males had a higher proportion of cells from the

adaptive immune system (lymphocyte-to-monocyte

ratio) than females [female: 0.54 ± 0.054 (mean ± SE),

males: 0.79 ± 0.135]. Animals from different populations

varied in their lymphocyte-to-monocyte ratio. Whereas

Italian pipefish had the highest lymphocyte-to-monocyte

ratio, Denmark was the lowest, and Germany and

Sweden were in between (Fig. 1a). The interaction of sex

and origin had a significant effect of lymphocyte-to-mono-

cyte ratio (two-way ANOVAANOVA: F-model 7, 38; F origin3, 38 =

3.171, P = 0.035; F sex1, 38 = 6512, P = 0.015; F

origin · sex3, 38 = 3.080, P = 0.039).

Males had a higher respiratory burst (phagocytosis

activity) than females. Pipefish from the Swedish popu-

lation had a higher respiratory burst than fish from all

(a)

(b)

Fig. 1 Immune parameters of four different pipefish populations

(Denmark, Italy, Germany and Sweden), displayed for females

(black bars) and males (light bars). The lymphocyte-to-monocyte

ratio (a) is an indicator for the proportion of immune cells of

the adaptive immune system (lymphocytes) to the proportion

of immune cells of the innate immune system (monocytes).

Respiratory burst (b) shows the phagocytosis activity

of monocytes. Bars show mean + SE.
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other populations (Fig. 1b) (female: 6638.35 ± 1570;

male: 9682.25 ± 1730) (two-way ANOVAANOVA: F-model 7,

36 = 2.713; F origin3, 36 = 5.423, P = 0.004; F sex1, 36 =

4.132, P = 0.049; F origin · sex3, 36 = 0.045, P = 0.987).

Females had a slightly higher proportion of cells in

the resting stage than males (G0–1 phase) (female:

0.755 ± 0.008; male: 0.722 ± 0.008) (two-way ANOVAANOVA:

F-model 7, 37 = 2.073; F origin3, 37 = 0.389, P = 0.761; F

sex1, 37 = 4.237, P = 0.046; F origin · sex3, 37 = 1.641,

P = 0.197).

Vibrio immunization experiment

Males had a higher absolute lymphocyte count and a

higher lymphocyte index than females. Absolute mono-

cyte count but also monocyte index was not affected by

sex (Table 1a–d, Fig. 2a, b). Males had a higher propor-

tion of lymphocytes compared to females. Males that

were twice exposed to Vibrio had the highest proportion

of lymphocytes (Fig. 3a, Table 2a). A secondary exposure

to Vibrio led to a higher lymphocyte-to-monocyte ratio.

The significant three-way interaction of sex · 1st · 2nd

exposure suggests that the two sexes react differently on

the combination of 1st and 2nd exposure. Females had a

lower phagocytosis activity than males. In addition, if

males were treated with PBS upon secondary exposure,

their phagocytosis activity was higher than for females

regardless whether the latter were sham or Vibrio injected

(Fig. 3b, Table 3). Males had a higher proportion of

proliferating cells (S phase), suggesting a more active

adaptive immune system (Fig. 4, Table 2b). Females had

a higher antimicrobial activity against novel Vibrio strains

they had not been exposed to during the experiment

(D3K3, I2K3). However, if antimicrobial activity was

measured against I11Ma2, the strain that pipefish were

already exposed to, no sex difference was detectable.

Interestingly, a significant three-way statistical interac-

tion indicates that, depending on first vs. secondary

exposure, males and females react differently to Vibrio

(Fig. 5). This indicates that males catch up with the

antimicrobial activity to female levels if an earlier

exposure with the same strain occurred (Table 4). All

measured immune responses classified into constitutive

and inducible are again summarized according to their

strength for males and females in Table 5.

Discussion

In the sex-role reversed pipefish Syngnathus typhle, males

and not females have the more active immune system.

For the first time, we provide support for the notion that

widespread immune dimorphism among the animal

kingdom depends on life history and resource allocation

patterns and not on sex per se, which follows from a

life history trade-off view on Bateman’s principle (Rolff,

2002). Our findings of reversed immune dimorphism

apply to both correlative field data collected in four

different populations and to a controlled experiment

with a fully factorial primary and secondary exposure to

a ubiquitous bacterium. We assessed several cellular and

one humoral immune parameters (experiment only),

which collectively support the initial hypothesis, namely

that males display a higher immune activity than females

(Table 5).

Absolute lymphocyte numbers, the lymphocyte index

and the lymphocyte-to-monocyte ratio were higher for

males than for females in both experiments. This

suggests that males have more cells and a larger

proportion of cells from the adaptive immune system

than females. In mammals with conventional sex roles,

Table 1 Analysis of the effects of sex and Vibrio priming vs. sham

injection (during 1st or 2nd exp) on immune parameters using

three-way factorial ANOVAANOVA. Response variables are lymphocyte index

(absolute lymphocyte count ⁄ bodyweight in mg) (a), monocyte

index (absolute monocyte count ⁄ bodyweight in mg) (b), absolute

lymphocyte count (c) and absolute monocyte count (d). *P < 0.05.

ANOVAANOVA d.f.

Model 7

Error 32

Total 39

d.f. Estimate t ratio P

(a) Lymphocyte Index

Sex 1 )2.063 )2.05 0.048*

1st exp 1 )0.012 )0.01 0.990

Sex · 1st exp 1 )0.678 )0.68 0.504

2nd exp 1 )1.324 )1.32 0.197

Sex · 2nd exp 1 )0.891 )0.89 0.382

1st exp · 2nd exp 1 0.789 0.79 0.433

Sex · 1st exp · 2nd exp 1 0.512 0.51 0.614

(b) Monocyte Index

Sex 1 )1.253 )1.00 0.323

1st exp 1 0.105 0.08 0.934

Sex · 1st exp 1 )2.390 )1.91 0.065

2nd exp 1 )0.615 )0.49 0.626

Sex · 2nd exp 1 )1.283 )1.03 0.312

1st exp · 2nd exp 1 1.246 1.00 0.326

Sex · 1st exp · 2nd exp 1 0.957 0.77 0.450

(c) Lymphocyte Count

Sex 1 )1782.938 )3.80 < 0.001*

1st exp 1 )271.613 )0.58 0.567

Sex · 1st exp 1 445.987 0.95 0.350

2nd exp 1 )515.888 )1.10 0.280

Sex · 2nd exp 1 )750.488 )1.60 0.120

1st exp · 2nd exp 1 678.948 1.45 0.158

Sex · 1st exp · 2nd exp 1 423.938 0.90 0.374

(d) Monocyte Count

Sex 1 )253.800 )0.25 0.801

1st exp 1 57.300 0.06 0.955

Sex · 1st exp 1 )969.300 )0.97 0.339

2nd exp 1 653.325 0.65 0.518

Sex · 2nd exp 1 )883.575 )0.88 0.383

1st exp · 2nd exp 1 1102.575 1.10 0.278

Sex · 1st exp · 2nd exp 1 1818.675 1.82 0.078
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lymphocyte counts were shown to be higher for

females whereas neutrophil counts (cells of the innate

immune system) were higher in males, suggesting the

sex with a higher investment in reproduction to have

more cells from the adaptive immune system (Nunn

et al., 2009).

Males not only had more proliferating lymphocytes but

also a higher absolute lymphocyte count, demonstrated

by the lower number of cells in the resting stage (G0–1

phase) and a higher number of cells in the proliferating

phases (S Phase and G2–M phase). That males had an

induced activity of the adaptive immune system was

found in the experimental data and partly (lower

number of cells in the resting stage (G0–1 phase)) also

in the field data. Even though males possessed a lower

proportion from cells of the innate immune system

(monocytes) than females, they had a stronger respira-

tory burst when standardizing to absolute cell counts,

suggesting a more efficient phagocytosis activity.

For the humoral immune response that was assessed

here as antimicrobial activity of pipefish plasma mea-

sured directly against different strains of Vibrio spp.,

females inhibited growth of novel Vibrio stronger than

males in two strains assessed. However, if antimicrobial

activity was measured against the Vibrio strain that was

used in the experiment for the fully reciprocal priming

and challenge design, no sexual dimorphism could be

found, suggesting that males catch up with the antimi-

crobial activity of females after a previous exposure.

Furthermore, if the overall model is split and 2 · PBS-

injected animals are compared, females showed higher

(basal, noninduced) humoral activity than males to all

three Vibrio strains used here. Conversely, if only animals

are compared that were exposed to Vibrio twice, males

showed a higher humoral activity than females against

the Vibrio strain the animals were immunized with and

(a)

(b)

Fig. 3 Immune response measurements for female (black) and male

(light) pipefish fully subjected to heat-killed Vibrio spp in a factorial

design (sham and no-sham) upon first and secondary exposure

(treatment abbreviations: V+V): first exposure Vibrio, secondary

exposure sham injection; V+V+: both exposures Vibrio; V)V): both

exposures sham treatments; V)V+ first exposure sham injection,

secondary exposure Vibrio injection). Lymphocyte-to-monocyte

ratio (a) is an indicator for the proportion of immune cells of the

adaptive immune system (lymphocytes) to the proportion of

immune cells of the innate immune system (monocytes).

Respiratory burst (b) shows the phagocytic activity of monocytes.

Bars show mean + SE.

(a)

(b)

Fig. 2 Lymphocyte index (absolute lymphocyte count ⁄ bodyweight

in mg) (a) and absolute lymphocyte count (b) for female (black) and

male (light) pipefish fully subjected to heat-killed Vibrio spp in a

factorial design (sham and no-sham) upon first and secondary

exposure (treatment abbreviations: V+V): first exposure Vibrio,

secondary exposure sham injection; V+V+: both exposures Vibrio;

V)V): both exposures sham treatments; V)V+ first exposure sham

injection, secondary exposure Vibrio injection). Bars show

mean + SE.
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also against the closely related other Italian Vibrio strain.

Whereas intraperitoneal immunization with I11Ma2

affected females only weakly, males showed a clear

increase in the lymphocyte-to-monocyte ratio. Males

that were homologously exposed twice to an intraperi-

toneal injection with the same heat-killed Vibrio strain

showed highest immune response (Fig. 2). This suggests

that specificity and immune memory may occur upon

secondary exposure to the same Vibrio strain in males

but not in females, which was statistically supported by a

significant three-way interaction.

Humoral activity against bacteria may depend on both

innate immunity (e.g. lysozyme), which is more unspe-

cific, and highly specific adaptive immunity (i.e. anti-

body-mediated complement activation). Here, the latter

would be induced as a specific response to a previous

challenge, whereas the first would rather be indicative

of a general upregulation of innate humoral immunity,

Table 2 Analysis of the effects of sex and Vibrio priming vs. sham

injection (during 1st or 2nd exp) on immune parameters using

three-way factorial ANOVAANOVA. Response variables are lymphocyte-to-

monocyte ratio (a) and cell cycle (S phase) (b). *P < 0.05.

ANOVAANOVA d.f.

Model 7

Error 32

Total 39

d.f. Estimate t ratio P

(a) Lymphocytes ⁄ Monocytes

Sex 1 )0.096 )3.12 0.004*

1st exp 1 )0.045 )1.46 0.156

Sex · 1st exp 1 0.066 2.16 0.038*

2nd exp 1 )0.064 )2.08 0.046*

Sex · 2nd exp 1 )0.014 )0.44 0.663

1st exp · 2nd exp 1 0.001 0.02 0.985

Sex · 1st exp · 2nd exp 1 )0.063 )2.06 0.047*

(b) cell cycle S Phase

Sex 1 )0.018 )2.69 0.011*

1st exp 1 0.011 1.54 0.134

Sex · 1st exp 1 0.005 0.77 0.445

2nd exp 1 )0.001 )0.21 0.832

Sex · 2nd exp 1 )0.001 )0.15 0.885

1st exp · 2nd exp 1 0.009 1.33 0.194

Sex · 1st exp · 2nd exp 1 0.006 0.80 0.427

Table 3 Analysis of the effects of sex and Vibrio priming vs. sham

injection (during 1st or 2nd exp) on immune parameters using three-

way factorial ANOVAANOVA. Response variable is respiratory burst. Interac-

tions with P > 0.60 were removed from the analysis. *P < 0.05.

ANOVAANOVA d.f.

Model 5

Error 33

Total 38

Effect tests d.f. Estimate t ratio P

Sex 1 )13844.7 )2.72 0.010*

1st exp 1 )77.87.2 )1.51 0.14

Sex · 1st exp 1 5562.3 1.08 0.287

2nd exp 1 2370.9 0.47 0.644

Sex · 2nd exp 1 )12354.3 )2.43 0.021*

(a)

(b)

(c)

Fig. 4 Cell cycle analysis of head kidney leucocytes from female

(black) and male (light) pipefish fully factorial injected with heat-

killed Vibrio spp upon first and secondary exposure (V+V): first

exposure Vibrio, secondary exposure sham injection; V+V+: both

exposures Vibrio; V)V): both exposures sham treatments; V)V+ first

exposure sham injection, secondary exposure Vibrio injection). G01

indicates resting phase of lymphocytes, and S and G2M indicate the

proportion of proliferating lymphocytes. Bars show mean + SE.
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resulting in a broader (cross-reactive) immunocompe-

tence. Our observation that females show more cross-

reactivity supports a more important function of innate

humoral immunity, whereas males use adaptive humoral

immunity to clear the specific Vibrio strain they were

challenged with. While the overall outcome might be

identical (i.e. killing of the pathogen), an activation of

the adaptive humoral immunity component might be

more cost-effective compared to a broad immune stim-

ulation.

The four study populations (Italy, Germany, Denmark

and Sweden) can genetically only be differentiated into

a Northern (Germany, Denmark and Sweden) and a

Southern population (Italy) according to the polymor-

phism displayed at 10 neutral microsatellite loci. How-

ever, the differences in the immune parameters suggest

that all four populations are exposed to different parasite

infection pressures. In particular, Italian pipefish showed

a higher lymphocyte-to-monocyte ratio than the North-

ern pipefish. Italian pipefish experience higher temper-

atures throughout the year, what may increase the

parasite prevalence, which is also supported by the

highest Vibrio spp prevalence (65%). The opposite was

demonstrated for the most Northern pipefish population

sampled, Sweden (Skagerrak area). Here, pipefish had a

higher respiratory burst than fish of all other populations;

their adaptive immune system on the other hand

demonstrated a low activity.

This study explicitly focused on immune activation,

using the injection of heat-killed bacteria to prevent

confounding of results with possible virulence costs upon

infection. Thus far, it is unknown whether or not parasite

prevalence varies among the sexes in nature. In an

analogous manner to species with conventional sex roles

where males often reveal higher parasite prevalence,

we would expect female pipefish to suffer from more

parasites.

Our data indicate that in a sex-role reversed pipefish,

males do not only have a more activated immunocom-

petence but also a more specific immune response upon

a secondary exposure. Sexual immune dimorphism can

thus be concluded to mainly depend on parental invest-

ment and not on sex per se, as the sex that maximizes

fitness via longevity may indeed depend on a stronger

immune response. However, to draw more general

conclusions about Bateman’s principle and immunity,

studies on sex-role reversed animals should be expanded

to cover the full degree of sex-role reversal. For this,

Syngnathids are an ideal taxonomic group as they display

a continuum from conventional sex roles to complete

reversal.
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