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Abstract Several ant species vary in the number of

queens per colony, yet the causes and consequences of this

variation remain poorly understood. In previous experi-

ments, we found that Formica selysi workers originating

from multiple-queen (=polygyne) colonies had a lower

resistance to a fungal pathogen than workers originating

from single-queen (=monogyne) colonies. In contrast,

group diversity improved disease resistance in experi-

mental colonies. This discrepancy between field and

experimental colonies suggested that variation in social

structure in the field had antagonistic effects on worker

resistance, possibly through a down-regulation of the

immune system balancing the positive effect of genetic

diversity. Here, we examined if workers originating from

field colonies with alternative social structure differed in

three major components of their immune system. We found

that workers from polygyne colonies had a lower bacterial

growth inhibitory activity than workers from monogyne

colonies. In contrast, workers from the two types of colo-

nies did not differ significantly in bacterial cell wall lytic

activity and prophenoloxidase activity. Overall, the pres-

ence of multiple queens in a colony correlated with a slight

reduction in one inducible component of the immune sys-

tem of individual workers. This reduced level of immune

defence might explain the lower resistance of workers

originating from polygyne colonies despite the positive

effect of genetic diversity. More generally, these results

indicate that social changes at the group level can modulate

individual immune defences.

Keywords Queen number � Polygyny � Immunity �
Disease resistance � Social insects

Introduction

In social Hymenoptera, the number of reproducing indi-

viduals per colony is a labile trait that shapes many of the

colony characteristics (Keller, 1993; Bourke and Franks,

1995). In ants, monogyne colonies, which are headed by a

single queen and polygyne ones, which may contain up to

several hundreds of queens, generally differ in demogra-

phy, dispersal and mode of colony founding (Hölldobler

and Wilson, 1990; Bourke and Franks, 1995). The multiple

differences associated with social structure variation have

been collectively referred to as the polygyny syndrome

(Keller, 1993).

An interesting aspect of the polygyny syndrome is that

the presence of multiple reproducing queens reduces the

average relatedness between workers and the brood they

rear, which bears an inclusive fitness cost to workers

(Bourke and Franks, 1995). Conversely, polygyny increa-

ses intracolonial genetic diversity, which may in turn

improve disease resistance (the ‘‘genetic diversity for dis-

ease resistance’’ hypothesis, Hamilton, 1987; Sherman

et al., 1988) or colony homeostasis through a better divi-

sion of labour among genetic specialists (Oldroyd and

Fewell, 2007).

In a recent experiment, we have investigated whether

increased group diversity improved disease resistance in

the ant Formica selysi (Reber et al., 2008). This species is

socially polymorphic, with monogyne and polygyne colo-

nies coexisting in close proximity (Chapuisat et al., 2004).

Increased group diversity obtained by experimentally

mixing workers originating from monogyne field colonies
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improved the resistance to a fungal challenge with Meta-

rhizium anisopliae (Reber et al., 2008). However, workers

originating from polygyne field colonies had a lower sur-

vival than workers from monogyne field colonies, both in

controls and when challenged with the fungal pathogen

(Reber et al., 2008). These contrasting results suggest that a

higher genetic diversity improves disease resistance, but

that this effect is counterbalanced by other factors decrea-

sing worker resistance in polygyne field colonies. In

particular, changes in queen number might alter the

investment in immune defences in such a way that workers

from polygyne colonies would have reduced immune

defences, as compared to workers from monogyne

colonies.

In insects, immunity is mostly innate (Gillespie et al.,

1997; Schmid-Hempel, 2005b; but see also Moret, 2006)

and comprises fast-reacting constitutive components as

well as slower and more specific inducible defences

(Schmid-Hempel, 2005a; Haine et al., 2008). The intensity

of immune defences shows much variation both within and

across species (Schmid-Hempel, 2003). This variation can

result from genetic (Ryder and Siva-Jothy, 2001; Cotter

and Wilson, 2002) and environmental factors (Kurtz et al.,

2002; Yourth et al., 2002). A wide array of environmental

conditions may affect immunity, ranging from the risk of

predation or parasitism to the accessibility or quality of

food resources (Feder et al., 1997; Barnes and Siva-Jothy,

2000; Siva-Jothy and Thompson, 2002; Rantala et al.,

2003; Joop and Rolff, 2004).

In social Hymenoptera, immune defences vary at both

the individual and colony levels (Doums and Schmid-

Hempel, 2000; Evans and Pettis, 2005; Baer and Schmid-

Hempel, 2006; Decanini et al., 2007). Environmental,

behavioural and life-history factors, such as diet, parasite

exposure, nest environment, worker age or task speciali-

zation, influence the immune defences of workers (Doums

and Schmid-Hempel, 2000; Amdam et al., 2005; Bocher

et al., 2007; Castella et al., 2008; Simone et al., 2009).

Individual variation in immune defences may in turn

influence colony traits such as disease prevalence or colony

productivity (Evans and Pettis, 2005). Conversely, social

factors (Bocher et al., 2008) and colony traits such as

colony size (Doums and Schmid-Hempel, 2000) and col-

ony age (Moret and Schmid-Hempel, 2009) have been

shown to affect individual immune defences. Variation in

queen number per colony and its correlates may thus

influence the immune defences of workers, but to our

knowledge this has never been investigated so far.

Here, we examined if colony social structure correlated

with variation in worker immune defences in the ant

F. selysi. We sampled workers in monogyne and polygyne

field colonies and measured three major components of

their immune system, the bacterial growth inhibitory acti-

vity, bacterial cell wall lytic activity and prophenoloxi-

dase activity. We predicted that workers originating from

monogyne colonies should have higher levels of immune

defences than workers originating from polygyne colonies,

because workers from monogyne colonies were more

resistant to a fungal challenge (Reber et al., 2008), were

significantly larger (Schwander et al., 2005) and repre-

sented a higher energetic investment for the colony (Rosset

and Chapuisat, 2007). In addition, we also examined if the

three components of the immune system varied signifi-

cantly among colonies. Together these results will reveal if

social or ecological variation at the colony level has an

impact on the immune investment of individuals.

Materials and methods

Sampling

The ants were collected in a population of Formica selysi

located between Sierre and Susten along the river Rhône in

central Valais, Switzerland. We sampled workers from 19

monogyne colonies and 17 polygyne colonies. Detailed

genetic data on colony social structure were obtained from

the previous genotyping of 8–100 individuals per colony

at nine microsatellite markers (Chapuisat et al., 2004;

Schwander et al., 2005; Reber et al., 2008). Twenty-five

workers per colony were sampled on the top of the nests

between October and November 2006 and placed in plastic

boxes (13.5 9 15 9 5 cm) lined with Fluon to prevent ants

from escaping. The ants were provided with food (obtained

by mixing one chicken egg, 100 g of honey, 1 g of agar

and 100 g of water) and distilled water. The workers were

kept in the laboratory at 23�C, with a 12 h/12 h day/night

cycle, and were prepared for immune measurements within

the next 3 weeks.

Immune measures

We measured the individual immune defences of 19 ± 3

workers per colony, on average. We used worker homog-

enates, because the small size of workers precluded the

reliable sampling of sufficient volumes of haemolymph.

Workers were put in 0.5 ml Eppendorf tubes and chilled on

ice. The last three segments of the abdomen were removed,

because they contain the poison gland and reservoir for

formic acid (Hölldobler and Wilson, 1990). The head was

also removed and kept apart for size measurement. The

thorax and the remaining part of the abdomen were put in a

tube containing 20 ll of sodium cacodylate (Na-Cac

0.01 M; CaCl2 0.005 M) and squashed with a pellet pestle.

The sample was then vortexed for 1 min and centrifuged at

6,600 rpm for 15 min at 4�C. Ten microlitres of the
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supernatant was collected and immediately frozen at

-80�C.

Bacterial growth inhibitory activity and bacterial cell

wall lytic activity were measured with the inhibition zone

and clearing zone assays, respectively (Castella et al.,

2008, 2009; Moret and Schmid-Hempel, 2009). These two

assays consist in depositing a small drop of homogenate

solution on a culture medium. In the inhibition zone

assay, the medium is seeded with live bacteria that, in the

absence of inhibitor, grow to cover the entire surface. The

inhibitory activity of the homogenate sample is estimated

by measuring the mean diameter of the zone where bac-

terial growth has been inhibited. In the clearing zone

assay, the medium contains bacterial cell walls extract

and the lytic activity is estimated by measuring the mean

diameter of the clear zone where cell walls have been

lysed.

In the inhibition zone assay, we placed 2 ll of the

homogenate solution on the surface of a thin layer of

L-Broth agar (6 ml in Petri dishes of 9 cm diameter;

L-Broth agar contained 10 g of bactotryptone, 10 g of

bacto-agar, 10 g of NaCl, 5 g of yeast extract and 1,000 ml

distilled water, pH 7.5) mixed with the test bacteria Arth-

robacter globiformis (Institut Pasteur Paris, nr. 81.84T)

adjusted to 105 cells ml-1. After overnight incubation at

30�C, the minimum and maximum diameters of each zone

of inhibition were measured on a digital picture using the

ImageJ software (National Institutes of Health, Bethesda,

MD, USA).

For the clearing zone assay, 2 ll of the homogenate

solution were placed on the surface of a thin layer of bacto-

agar (5 ml in lids of cell culture plates; agar contained 1 g

of bacto-agar, 10 mg of streptomycin sulphate and 2% of

Triton X-100 in 100 ml of distilled water) mixed with

Micrococcus luteus cell walls extract (Sigma, 5 mg ml-1).

After overnight incubation at 30�C, the minimum and

maximum diameters of each zone of lysis were measured

on a digital picture using the ImageJ software (National

Institutes of Health, Bethesda, MD, USA).

Prophenoloxidase (proPO) activity was measured as

described by Moret and Siva-Jothy (2003), with slight

modifications. The total amount of enzymes is proportional

to the increase in optical density induced by the transfor-

mation of L-DOPA to dopachrome by phenoloxidase

(Söderhäll and Cerenius, 1998). Samples were tested with a

spectrophotometer for 96-well microplates (iEMS reader

MF, Labsystem). Four microlitres of homogenate solution

was mixed with 10 ll of phosphate buffered saline (PBS)

and 50 ll of trypsin (0.25%) in a microplate well and left for

5 min at room temperature. Trypsin proteolytically activates

prophenoloxidase (the inactive form of the enzyme) into

phenoloxidase (the active form), which results in a measure

of the total enzymatic activity of the sample. Ten microlitres

of L-DOPA (4 mg ml-1) was then added to the mix. The

mixture absorbance at 492 nm was measured at 30�C every

10 s for 50 min. The proPO activity was measured as the

slope of the reaction curve during the linear phase of the

reaction, expressed as the change in optical density (9100)

per second. Given the dilutions and units used, the pheno-

loxidase activity measured for individual workers ranged

from 0 to 3.73, with a mean ± SE of 2.46 ± 0.10 for the 20

workers with the highest activity. In contrast, no pheno-

loxidase activity was detected in the controls (mean ±

SE = 0.000 ± 0.000, n = 33).

Worker size variation

Head width was used to estimate worker size. This measure

covaries isometrically with other body measures in For-

mica selysi (Schwander et al., 2005) and is commonly used

as a dependent variable in studies of allometry in ants

(Wheeler, 1991). Head widths were measured to the

nearest 0.001 mm with a stereomicroscope Nikon Profile

V-12 (Schwander et al., 2005). Overall, worker size varied

significantly among colonies (one-way ANOVA, colony

effect: F35,666 = 14.61, P \ 0.0001). As shown previously

(Schwander et al., 2005), workers originating from mono-

gyne colonies were larger than workers from polygyne

colonies (mean worker head width ± SE: 1.30 ± 0.01 mm

for monogyne colonies and 1.19 ± 0.01 mm for polygyne

colonies; mixed ANOVA with social structure as fixed

factor and colony as random factor: F1,34.2 = 35.75,

P \ 0.0001).

Because we measured immunity on homogenates of

thorax and abdomen in a fixed volume of buffer, we had to

control for differences in the amount of tissue or haemo-

lymph in the samples. We therefore normalized immune

measures with respect to body size variation of workers. In

effect, we divided the individual immune measure by the

standardized size of the individual worker, which we cal-

culated as the head width of the individual divided by the

mean head width of all workers.

Statistical analyses

We compared the immunity of workers originating from

monogyne and polygyne colonies with independent two-

sample t-tests (Student’s t-tests or Welch’s t-tests for

unequal variance), using one mean value per colony. We

tested whether workers’ immunity varied among colonies

with Kruskal–Wallis tests, using all individual values. All

statistical analyses were performed with JMP 6.0 (SAS

Institute Inc., Cary, NC, USA).
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Results

Covariation between social structure and worker

immune system

Workers originating from polygyne colonies had a signifi-

cantly lower bacterial growth inhibitory activity than

workers originating from monogyne colonies (t-test: t =

-2.23, d.f. = 32.2, P = 0.03, Fig. 1a). The social struc-

ture explained 12.3% of the variance in inhibitory activity

among colonies. In contrast, the mean bacterial cell wall

lytic activity and mean proPO activity of workers did not

differ significantly between monogyne and polygyne

colonies (lytic activity: t = 0.57, d.f. = 21.9, P = 0.58,

Fig. 1b; proPO activity: t = -0.42, d.f. = 34, P = 0.68,

Fig. 1c).

Immune system variation among colonies

The bacterial growth inhibitory activity and bacterial cell

wall lytic activity of workers varied significantly among

colonies (Table 1). The inhibitory activity of workers

varied significantly among monogyne colonies, but not

among polygyne colonies, indicating a larger variance for

monogyne than polygyne colonies. The lytic activity of

workers varied significantly among monogyne as well as

among polygyne colonies. Finally, the level of proPO

activity of individual workers did not vary significantly

among colonies (Table 1).

Discussion

The transition from monogyny to polygyny is generally

associated with major changes in dispersal, colony demo-

graphy, nest density and relative investment in

reproduction and maintenance (Hölldobler and Wilson,

1977; Keller, 1993; Rosset and Chapuisat, 2007). Such

changes at the colony level may result in modifications of

individual characteristics, including physiological traits.

Here, we examined if variation in the social structure of

F. selysi colonies was associated with changes in immune

defences of workers.

The presence of multiple queens in field colonies was

correlated with a slight reduction in one component of the

immune system of individual workers. Indeed, workers

originating from polygyne colonies had a significantly

lower bacterial growth inhibitory activity than workers

originating from monogyne colonies. In contrast, workers

from the two types of colonies did not differ significantly in

bacterial cell wall lytic activity and prophenoloxidase

activity. Overall, these results suggest that workers from
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Fig. 1 Mean ± SE of a bacterial growth inhibitory activity, b bacte-

rial cell wall lytic activity and c prophenoloxidase activity of workers

originating from monogyne (n = 19) and polygyne (n = 17) colo-

nies. The immune measures were normalized with respect to body

size variation of workers. One mean value was used per colony,

averaging over 19 ± 3 workers per colony
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polygyne field colonies are slightly less immunocompetent

than workers from monogyne colonies, at least for some

specific types of defence. This finding is in line with our

previous experiments showing that workers sampled from

polygyne field colonies had a lower resistance to a fungal

challenge with M. anisopliae (Reber et al., 2008).

The inhibitory activity of worker homogenates can be

due to multiple compounds, including antibacterial pep-

tides in the haemolymph and secretions from exocrine

glands (Gillespie et al., 1997; Poulsen et al., 2002). The

production of antibacterial peptides is induced by bacterial

or fungal infections (Gillespie et al., 1997). The higher

inhibitory activity of workers originating from monogyne

colonies might thus be due to a higher exposure to patho-

gens in this type of colonies, possibly because of

differences in colony demography, colony size, or division

of labour (Rosset and Chapuisat, 2007). Alternatively, the

workers originating from monogyne colonies may be able

to mount a comparatively higher immune response for the

same level of pathogen exposure, possibly because their

larger body size (Schwander et al., 2005; this study) and

presumably higher energetic reserves allow them to invest

relatively more in immune defence per unit of size.

The three components of the immune system differed in

their pattern of variation among colonies. The bacterial

growth inhibitory activity and bacterial cell wall lytic

activity varied significantly among colonies. Both respon-

ses involve peptides that are synthesised by the insect fat

body in order to combat infections by pathogenic micro-

organisms and this inducible response may last for several

days or weeks (Boman and Hultmark, 1987; Gillespie

et al., 1997; Schmid-Hempel, 2005a; Haine et al., 2008).

Variation among colonies in inhibitory and lytic activities

may thus in part reflect differences in their past exposure to

parasites. Variation in inducible immune defences among

colonies has also been documented in the honeybee Apis

mellifera (Evans and Pettis, 2005) and the bumblebee

Bombus terrestris (Doums and Schmid-Hempel, 2000).

In contrast, the level of prophenoloxidase in workers did

not vary significantly among colonies. The prophenoloxi-

dase is a constitutive zymogen which, once activated into

phenoloxidase by proteolysis, leads to melanization

(Gillespie et al., 1997). Our measures of phenoloxidase

activity on workers homogenates were low and might have

been reduced by the action of proteolytic digestive

enzymes on prophenoloxidase or phenoloxidase. However,

there was also no significant variation in phenoloxidase

among colonies in the ant Cataglyphis velox (Bocher et al.,

2007). Together, these results suggest that the amount of

prophenoloxidase is a constitutive defence expressed at a

similar baseline level across ant colonies.

This study revealed that some colony-level characteris-

tics of F. selysi correlated with changes in specific

components of the immune system of workers, whereas

other components were unaffected. Overall, polygyny was

associated with a slight decrease in the level of bacterial

growth inhibitory activity of workers. This reduced

investment in immune defences is consistent with the

general pattern of allocation of resources to workers in

polygyne colonies. Indeed, polygyne colonies tend to

produce higher numbers of workers of lower quality, as

indicated by their more populous colonies (Rosset and

Chapuisat, 2007) composed of smaller workers (Schwander

et al., 2005; this study) that had a lower resistance to a

fungal challenge (Reber et al., 2008). More generally, our

results suggest that social and environmental changes at the

colony level affect the immune defences of individuals.

The causal chain linking colony characteristics and specific

components of the immune system of workers remains to

be investigated. The observed covariation between queen

number and immune defences might indeed be mediated by

multiple factors, including differences in past exposure to

pathogens, life-history or demography.
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