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To prevent epidemics, insect societies have evolved collective disease defences
that are highly effective at curing exposed individuals and limiting disease
transmission to healthy group members. Grooming is an important sanitary
behaviour—either performed towards oneself (self-grooming) or towards
others (allogrooming)—to remove infectious agents from the body surface of
exposed individuals, but at the risk of disease contraction by the groomer.
We use garden ants (Lasius neglectus) and the fungal pathogen Metarhizium
as a model system to study how pathogen presence affects self-grooming
and allogrooming between exposed and healthy individuals. We develop an
epidemiological SIS model to explore how experimentally observed grooming
patterns affect disease spread within the colony, thereby providing a direct link
between the expression and direction of sanitary behaviours, and their effects
on colony-level epidemiology. We find that fungus-exposed ants increase
self-grooming, while simultaneously decreasing allogrooming. This behaviour-
al modulation seems universally adaptive and is predicted to contain disease
spread in a great variety of host—pathogen systems. In contrast, allogrooming
directed towards pathogen-exposed individuals might both increase and
decrease disease risk. Our model reveals that the effect of allogrooming
depends on the balance between pathogen infectiousness and efficiency of
social host defences, which are likely to vary across host—pathogen systems.

1. Introduction

Disease dynamics in societies are affected by both within-host processes (immu-
nity) and between-host interactions (parasite transmission). Despite their joint
importance for understanding disease dynamics, immunity and parasite trans-
mission are often studied separately. In addition, the role of individual
behaviour, which affects contact rates and the probability of exposure, is
often unknown. Behavioural changes of infectious individuals—and those
they interact with—can influence both the individual course of disease and
the transmission to others. Animal behaviour therefore forms a crucial link
between individual immunity and parasite transmission [1]. Studying behav-
iour is thus of particular relevance when trying to understand disease
dynamics in societies where individuals engage in intensive social interactions
and have evolved collective anti-parasite defences (‘social immunity’ [2]), which
complement the individual immunity of each group member.

Collective defences include sanitary behaviours that often involve the use of
antimicrobials (either obtained from the environment [3,4], or self-produced [5,6]
or produced by a symbiotic partner [7,8]). Very important sanitary behaviours
are cleaning/grooming, whereby potentially infectious particles are removed
from the body surface [9,10]. Familiar examples include washing and delousing,
both of which can be directed towards the performing individual (self-grooming)
or towards its group members (allogrooming). In addition to hygienic measures,
the social interaction networks of groups play an important role for disease
dynamics, as they predict disease transmission routes within societies [11]. The
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fact that social interactions are often inherently heterogeneous
across individuals, owing to societies being composed of differ-
ent age or task groups, can lead to ‘organizational immunity”
([12-14], reviewed in [15]). Organizational immunity provides
prophylactic protection to particularly valuable group mem-
bers, such as the offspring or reproductive individuals, by
means of reduced exposure risk. Additional modulation of
these social interaction networks upon pathogen exposure
can further strengthen this effect [2,12,15-18].

Changes in the behaviour of infectious individuals, or
their group members, are likely to be reflected in their
social interaction network (though experimental confirmation
is scarce, see [15]), as some connections may be intensified
and others eliminated, for example through caretaking
[19-21] or isolation [22-25] of diseased individuals. Such be-
havioural modulations, in addition to the direction in which
behaviours are performed, can strongly impact the routes of
disease spread in the group, by affecting the risk of pathogen
exposure and transmission of the disease. Some individuals
may thus become the source and others the sink for pathogen
transmission, depending on the frequency and direction of
their interactions [26]. Moreover, in the analysis of directed
behaviours, it is important to compare the ratios between per-
formed and received behaviours, but it is also important to
determine how any changes in the ratios occur when compar-
ing pathogen-free and pathogen-exposed conditions. If, for
example, two individuals A and B obtained equal grooming
in pathogen-free conditions, but A receives more than B
under pathogen exposure, it is important to determine
whether the higher grooming of A versus B is a result of
increased grooming of A, or, conversely, a relative reduction
in grooming of B. Two distinct behaviours can thus result in a
similar ratio, but are important to distinguish as they can
have very different implications on disease dynamics.

In this work, we therefore aimed to bring both levels—
individual behaviour and collective disease dynamics—
together by integrating individual behaviours and interaction
patterns between exposed and healthy group members into
epidemiological modelling. Although behavioural responses
to pathogen presence are assumed to have crucial effects on
disease dynamics in all societies, most complex societies
cannot easily be manipulated experimentally, making such
studies very rare [1,27]. Insects societies, however, are very
suitable for investigating individual behaviour and disease
dynamics, as they can be kept in small to intermediately
sized groups in controlled laboratory settings, enabling be-
havioural observation of all individuals, while allowing
experimental manipulation of particular parameters [28,29].
Despite obvious differences to other societies (e.g. reproduc-
tive division of labour), they may still provide us important
insights into how general factors affect disease spread
within a society. Thus, recently, a few studies have developed
epidemiological models to investigate how disease trans-
mission in insect societies can be affected by (i) social
organization and interaction networks [17], (ii) mobility and
density of infectious individuals and nest architecture [30],
(iii) individual and social immunity and nest hygiene [31]
and (iv) immunization of nest-mates through social contact
to exposed individuals [32]. However, these studies did not
base their models on experimentally observed interaction
rates under pathogen presence.

Using societies of the invasive garden ant, Lasius neglectus,
we determined the behavioural changes of individuals exposed

to the fungal pathogen Metarhizium, and their healthy nest-
mates. We focused on individually and mutually expressed
sanitary behaviours, that is, self- and allogrooming, given
that previous work revealed these to be the most likely
routes to propagate—but also contain—the fungal pathogen
in this well-established host—pathogen study system [32].
Our experiments provide a social interaction network based
on grooming behaviours, and, by taking into account the direc-
tion of these behaviours between partners, we could create a
directed grooming network.

We also developed an epidemiological model to determine
whether the observed grooming behaviours are adaptive, i.e.
that they lead to a predicted decrease in disease spread
within the colony, and also to disentangle the effects of chan-
ging allogrooming direction. The parameters used in the
model were derived from the experimentally obtained groom-
ing and mortality data from our particular host—pathogen
system. In a second step, we applied parameter settings to
study a wider range of host—pathogen systems, with either
higher pathogen transmissibility/infectiousness, or more
efficient social host defences. To this end, we simulated the
spread of disease depending on different grooming rates and
different probabilities of grooming leading to either (i) healing
of the exposed individual, (ii) infection of the previously
healthy nest-mates, or a combination of both. Moreover, by
developing a deterministic, large-scale model, we were able
to extrapolate our findings from a small-scale experimental
set-up to larger, more natural society sizes.

2. Material and methods

(a) Experiment

We studied changes in behaviour and survival of the invasive
garden ant, Lasius neglectus, after exposure to the entomopatho-
genic fungus Metarhizium brunneum (strain Ma275, KVL 03-143,
formerly named M. anisopliae, but now recognized as a sister
species [33]). Twenty-four nests of L. neglectus were collected
from four populations (Jena, Germany; Volterra, Italy; Bellaterra
and Seva, Spain; six nests per population; as detailed in [25]).
From each nest, we set up two subnests (in individual Petri
dishes of @ 9cm and a 2 x 1 cm brood chamber indentation in
the plaster ground), each containing three larvae and six individu-
ally colour-marked workers to allow scoring of individual
behaviour and survival throughout the experiment. The two sub-
nests were randomly assigned to either a ‘sham control” treatment,
where one worker received 0.03 pl of a control solution (0.05%
Triton X), or a ‘fungus exposure’ treatment, where the treated
worker received the same amount of a fungal conidiospore suspen-
sion (freshly harvested Ma275 conidiospores from 6.5% sabaroud
dextrose agar plates grown at 23°C with 99% germination rate,
at concentration 1 x 10° ml™" in 0.05% Triton X; as detailed in
[25]), resulting in 24 replicates each of the sham control and
fungus exposure treatment. The five nest-mates (n = 120 for each
treatment, total n = 240) remained untreated (figure 1a). We per-
formed behavioural observations in the first 5 days after
treatment, and followed the mortality of ants over 12 days. The
experimental data were obtained by (i) reanalysing an already pub-
lished dataset [25], as detailed below and (ii) using additional data
from the same experiment (L.V.U. and S.C. 2006, unpublished
data). For additional details, please see Ugelvig & Cremer [25].

(i) Self- and allogrooming rates
Individual (self-) and social (allo-) grooming behaviours were
recorded during observational scan sampling (five scan samples
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Figure 1. Experimental set-up, observed grooming networks and model state
dynamics. (a) The experimental set-up comprised nests of five untreated ants
(grey), plus one ant treated with either a sham control solution (white) or
fungal conidiospore suspension (green). (b) An exemplified grooming net-
work, constructed for each treatment group, indicates the average rates of
grooming behaviours and maximum number of interacting ants per replicate.
Ants are illustrated as nodes (same colour scheme as in panel ag), with
untreated ants denoted susceptible, S, and treated ants infectious, /. Groom-
ing rates are split into individual self- (rs and r) and direction-resolved
allogrooming (rss, ns and rg) and indicated by the line weight of circle peri-
meters and arrows, respectively. See figure 2 for significance of up- and
downregulation of grooming rates after pathogen exposure compared with
the sham control. (c) Ants in the SIS model have one of two states: suscep-
tible (S, grey) or infectious (/, green). State changes (black dots inside circles)
from $ — [ and / — S can occur via self-grooming (circular arrows) or via
allogrooming during social contact (straight arrows), with state change pro-
pensities depending on the observed grooming rates and the infection and
healing probabilities (cc and B) as detailed in the model. Experimental
colonies initially only contained a single / individual, but disease contraction
may increase this number over time, resulting in allogrooming rates among
infectious individuals (r;) being integrated into the model, whereas
interactions involving no possibility of state change (rs and rss) are not
considered.

per day on each of the 5 days post-treatment; duration of
each scan was one to several seconds; time in-between scans >
20-30 min to assure independent behavioural recordings as indi-
vidual grooming bouts rarely exceed 1min). Grooming rates
were calculated as proportion of total observations during
which the particular grooming behaviour occurred. In these
experiments, 22% (66/288) of the ants could not be observed
for the full 25 scans, owing to mortality before day five, as well
as 2% of the ants escaping [25], leading to a mean of 23.3
(£0.8 s.e.m.) scans per individual ant. In contrast to [25], we
here calculated directed allogrooming rates, separated by the

direction in which they were performed, i.e. both from the trea-
ted individual towards its nest-mates, and from the nest-mates
towards the treated individual (figure 1b).

In accordance with the model (see §2.2), treated ants are
termed infectious (I), and their nest-mates susceptible (S) indi-
viduals (figure 1b). For the sake of simplicity, we keep this
terminology equal for the fungus exposure and the sham control
group, but indicate clearly which experimental group we refer to.
In both groups, we experimentally determined the self-grooming
rates of treated workers (1) and their nest-mates (rs), and the
allogrooming rates among untreated nest-mates (rsg), from trea-
ted workers to their nest-mates (rig), and from nest-mates to
the treated workers (rgy; figure 1b).

(i) Mortality of ants

To determine the mortality of ants, we monitored daily the survi-
val of fungus-exposed I workers over 12 days following exposure
that were either reared in isolation (1I alone; n = 82), or together
with five untreated nest-mates (11 + 5S; n = 24). All dead ants
were surface-sterilized [34], kept under humid conditions at
23°C for three weeks, and checked for fungal outgrowth [25].
Only ants that died from a confirmed Metarhizium infection were
included in the calculations of mortality rate.

(iii) Data analysis

To visualize the outcome of our behavioural observations, we
exemplify an artificial average grooming network for both the
sham control and the fungus exposure treatment. For each type
of grooming, we (i) determined the maximum number of indi-
viduals interacting within any replicate, and took this as the
number of arrows to be displayed, and (ii) calculated the mean
grooming rates across replicates, and displayed this as the rela-
tive weight of circle perimeters (for self-grooming) and arrows
(for allogrooming). Note that self-grooming occurs at much
higher rates than allogrooming, for which reason depicted self-
grooming rates were divided by five to be in the same order as
allogrooming rates, yet directly comparable between treatments
(figure 1b).

Grooming rates were calculated from the observational data
as grooming events per observation, thus yielding a single
value per replicate for both the treated ants and their nest-mates
(n =24 each for both sham control and fungus exposure). The
latter was done by calculating the mean for the five untreated
nest-mate ants per replicate, thereby preventing pseudo-
replication. We found no significant effect of population on
grooming rates, neither for the sham control (Kruskal-Wallis
test, )(2 = 2750, d.f. = 3, p = 0.432), nor the fungus exposure treat-
ment (}* = 3.267, d.f. =3, p = 0.352). For this reason, we did not
take population into account in the later statistical analyses. We
also found no significant effect of time when separating the
observed self- and directed allogrooming events into the five
observation days (electronic supplementary material, figure S1),
neither for the sham control (Kruskal-Wallis tests, all d.f. =4;
self-grooming of treated individuals: x> =2.024, p=0.731, and
nest-mates: x> = 1.532, p = 0.821; allogrooming by treated individ-
ual: }*=1.672, p=0.796, and nest-mates: x* = 6.659, p = 0.155)
nor for the fungus exposure treatment (self-grooming of treated
individuals: y* = 7.178, p = 0.127 and nest-mates: x> = 3.394, p =
0.494; allogrooming by treated individual: x*=7.613, p = 0.107
and nest-mates: x* = 3.878, p = 0.423). We therefore calculated a
constant grooming rate (grooming events/observations) for each
grooming behaviour.

To test whether presence of a fungal pathogen affected self-
(rs, r1) or allogrooming (rss, ris and rg) rates, we standardized
grooming rates from the fungus exposure group by subtracting
the average of the respective grooming rates from the sham
control (figure 2). We then applied f-tests to compare the
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Figure 2. Observed pathogen-induced grooming rate changes. Change in
observed (a) self-grooming and (b) directional allogrooming rates (grooming
events per observations) after fungal exposure (green) compared with the
sham control treatment (zero baseline). Fungus-exposed individuals significantly
increased self-grooming (r;) and decreased allogrooming of their nest-mates
(rs), compared with individuals treated with the sham control solution. Plots
represent mean + s.e.m. and 95% Cls (grey shading), n = 24; asterisks indi-
cate a significant difference from the sham control baseline at the 0.05 level;
n.s., non-significant. Note that the variation in the rates rs and rss across repli-
cates appears smaller than rates involving the treated individual, as these are
based on the means of the five nest-mates per replicate.

standardized grooming rates to the sham control baseline (=0),
after having normalized the data by /(X + 1) transformation
(in the case of rg, 1), or confirmed robustness of the results,
despite deviations from normality, using a sign test (in the
case of rgg, 115 and rg). Note that the variation in the rates
rs and rss across replicates appears smaller than rates involving
the treated individual, as these are based on the mean of the
five nest-mates per replicate. All statistical analyses were
performed in R v. 3.1.2 [35].

(b) Model

We modelled disease spread within ant colonies using a com-
partmentalized SIS model, in which ants were categorized into
two different states: ants susceptible to an infection are denoted
by S, and ants exposed to the fungal pathogen, meaning that
they are infectious to others and can die of the infection, are
denoted by I (figure 1b). We use a basic model similar to
Konrad et al. [32], but here focus on the contraction of disease,
i.e. neither addressing the effect of immunization (as in [32])
nor the effect of pathogen spread per se (as in [36]). We thereby
model disease spread in the colony as the fraction of infectious
versus susceptible ants, which represents the final outcome of
the pathogen interacting with the combined individual and
collective, behavioural and physiological anti-pathogen defences
of the hosts. Importantly, we here extend the model by includ-
ing (i) the effect of self-grooming and (i) the direction of
allogrooming on the propensity of state changes, allowing the
allogrooming rates (i.e. grooming events per time) from I — S
and S — I to differ from each other. We derive the propensities
of state changes (I — S or S — I) in an ant colony after fungal
exposure of a treated ant, either by self-grooming alone, or
during social interactions between infectious and susceptible
individuals (as shown in figure 1c). These propensities depend
on both the grooming rates and the probabilities of state
change per time spent grooming.

We include the self-grooming rate r; of I individuals, the
allogrooming rates rig (performed by I towards S) and rg; (per-
formed by S towards I), as well as the experimentally
undetermined allogrooming rate between infectious workers
(rn). The latter rate applies after cross-infection has changed the
state of a second or third individual in the colony to I, and is
thus relevant for longer-term simulation of disease dynamics.
Note that only interactions relevant for disease transmission
are considered, whereas self-grooming of susceptible ants or
interactions between two susceptible ants (at rates rs and rsg,
respectively) are not included, as such behaviours cannot lead
to state changes by either infection or healing (figure 1c).

The probabilities of state changes are defined as the ‘infection
probability’e (change from S to I) and ‘healing probability” 8
(change from I to S). To keep the model general, we allow for
healing probability 8 to be potentially different if grooming
is performed by the individuals themselves or by their nest-
mates, by including a separate healing probability by self-grooming
Bs and by allogrooming ,. As an example, when an S and I indi-
vidual meet, the propensity for the infectious individual I to
change state to S through allogrooming from the susceptible indi-
vidual, without the latter getting infected ((S,I) — (S,5)), is thus
the product of the allogrooming rate from S to I, rg;, the abundance
of susceptible and infectious individuals present, S-I, the healing
probability by allogrooming ,, and the probability that the groom-
ing, susceptible ant does not get infected during the grooming
process, which is 1 — a.

Using r;j :=71;; - N to account for the total number of individ-
uals (N) in the colony (only relevant for self-grooming), we
arrive at the following state transitions:

state change propensity description

|—S nBsl | gets healed via self-
grooming

n — (9 nBlll—1/N I grooms / and heals it

(LS) — (1) nealS/N I grooms S and infects it

51y — (59) 151 — ) B,SI/N S grooms / and heals it

SN — (.5) ryoBSI/N S grooms / and heals it,

but gets infected

rya(l — BISI/N S grooms / and gets

infected

(i) Stochastic small-scale model
We developed a stochastic model, exactly matching our experi-
mental set-up of small colonies of six ants (starting with a
single I and five S individuals) to infer the infection probabi-
lity @, and healing probability by social immunity B, for our
host—pathogen system.

Infection probability a. Any initially susceptible ant S has the
propensity p; to become infected

pr= tya g+ sy = U + i e
i.e. either during grooming of an infectious ant at rate rgj, or by
being groomed by an infectious ant at rate rs, assuming that
grooming is the only source of infection in the ant colony. As
conidiospores of Metarhizium attach strongly to the cuticle of
their hosts within 48 h, and are only transferable before that
[37,38], we set the time window for infection to 48 h. We further
assume no ‘secondary healing effect’ for ants becoming infected
(i.e. no S — I can revert back to S) in this period, so that the frac-
tion of infectious ants is 1 — exp(—p; - 48 h) following the theory
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of Poisson processes. Susceptible nest-mates becoming infectious
were estimated from nest-mates dying of the fungus. Studies
show that susceptible ants—as well as termites—rarely contract
the disease and die after contact with Metarhizium-exposed
nest-mates [21,32,39,40]. For L. neglectus, this fraction was as
low as 2% (3/150 [32]) at the present pathogen dose, which
is equivalent to a lethal dose of approximately 60% when
applied to L. neglectus ants in the absence of social interac-
tions (mortalityisolated ants)- We thus find mortality, g .o
(1 —exp(— p1-48 h)) = 0.02, which gives us p; and allows us
to solve for « in equation (2.1).

Healing probability B. Any initially infectious ant I has the
propensity p, to become susceptible with

T51BaS

N’
either by self-grooming at rate r;, or by being groomed by
another ant. As our experimental groups consisted of only one
infectious ant I with five susceptible nest-mates S, we need to
consider this to happen at rate rg in first-order approximation.
As fungal conidiospores can only be removed within the first
48 h, we again consider this to be the relevant time window for
our estimation. Thus, we assume a fraction of exp(—p,-48h)
individuals still remaining infectious after 48 h.

p2 = 11Bs + (2.2)

(ii) Deterministic large-scale model
To generalize to larger colony sizes than those in our experimen-
tal set-up, we approximated the small-scale model by a large-
scale model based on differential equations, which allowed us
to determine an analytical condition for the disease to go extinct.
We approximate the discrete number of ants by continuous
values S and I, between 0 and the total number of ants, now
assuming (i) a large number of ants in the colony that (ii) interact
randomly according to grooming rates (specified in figure 1b).
Natural colony sizes of ants vary from dozens to several millions
[41], with invasive supercolonies of L. neglectus being in the
high end of the range [42]; hence, the first assumption is valid
for our system and across other species of ants. The assumption
of free mixing is a simplification when compared with natural
conditions, where spatial and behavioural colony structures
imply some colony compartmentalization [29]. However, such
structure is predicted to be reduced in invasive ants such as
L. neglectus, which are characterized by their open colony
structure allowing individuals to mix freely [43-45].

Taking the limit At — 0 and integrating all state changes, we
arrive at the following stochastic differential equation for the
number of infectious ants:

dl = w()dt + o(I)dW,

with Wiener process W. Here, the drift term u(I) summarizes the
deterministic part of +1 and -1 jumps from the Markov jump
process describing changes in I:
mBII—1) regal(N—-1) rg(l— a)BIIN —1)
N =— I— 1~a 1S _ st a
/-L( ) rIBs N N N
i rge(l — B)IN —1)
N .

Moreover, we have replaced the number of susceptible ants S by
N — I, where N denotes the total number of ants. The noise part
is modelled by the diffusion term o(I), which is equal to the
rooted correlation thereof, so
/ /

oI = npil + rhﬁallg 1) N rISaI(£I I) N rg(1 a)ﬁaI(N I)
| el = B)IN ~ 1)

N

Technically, we have approximated the discrete model of a
Markov jump process by a diffusion process. To take the limit

of N — oo, we replace the actual number of infectious ants I by “

the continuous percentage i:=I/N of the total number of ants
(@i€[0,1]). This again is a diffusion, which can be determined
from above by dividing by N to satisfy

1
di = p(i)dt + Vi o(i)dW,

with drift

w(i) = —niPgi — ryBai* + rgai(l — i) — rgg(1 — )B,i(1 — i)
+rga(l — Bi(l — 1),

and squared diffusion

0(i)* = 1 Bai + 1rgBat® + rigai(1 — i) + (1 — a)B,i(1 — )
+ rga(l — B)i(l — i)

where we have neglected terms in 1/N ~ 0.

For sufficiently large N, we can neglect the diffusion term
because it scales with 1/,/N (electronic supplementary material,
figure S2). Thus, to understand the disease dynamics for suffi-
ciently large N, it suffices to study the deterministic part of the
stochastic differential equation. It is given by the ordinary
differential equation (ODE)

& (B~ (r+BP
which describes the time evolution of the mean percentage i of
infectious ants with

y = riga + rg(a — By)

For small i, the quadratic term in the former equation can be neg-
lected, and the condition for the disease to go extinct is simply
v < B, that is,

rsa + rg(a — B,) < 1.

Moreover, for small i, the number of infectious individuals
behaves according to di/dt = (y — r1,)i + O(i?), in other words
i(t) = Cexp((y—r1Bs)t). This implies that if the disease goes
extinct, the speed of the process is governed by degradation
with rate ri, — riga — rg (e — B,).

We use this model to derive the condition where the disease
will go extinct and to perform a sensitivity analysis for y, r1s and
rs1, by simulating the range of /8, from highly infectious patho-
gens (a > f3,), to systems where the social immunity of the host is
highly efficient (a < B,).

3. Results and discussion

(a) Grooming rates
(i) Self-grooming

We found no significant change in the self-grooming rates of
nest-mates of fungus-exposed ants when compared with
the sham control baseline (rs: t-test; t,3 = —1.321, p = 0.200).
However, self-grooming of the fungus-exposed ants them-
selves was significantly increased compared with the sham
control (ry: tr3 = -3.007, p = 0.006; figure 2a). The latter is in
line with other studies generally finding that ants increase
self-grooming in response to the exposure of external patho-
gens like entomopathogenic fungi [24,46—49] (but see [50]).
Interestingly, elevated self-grooming is not found in termites
upon fungal exposure [21,51,52], perhaps owing to less flexi-
bility caused by morphological constraints (absence of a
wasp waist) [21]. Self-grooming functions to remove infectious
agents from the body surface, and elevated self-grooming by
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healthy nest-mates after contact with an exposed individual
might thus be expected, but has not been found [38].

In our experiment, fungus exposure of one ant did not lead
to significant changes in allogrooming rates among its nest-
mates compared with the sham control baseline (rss: tr3 =
0.998, p = 0.329). The fungus-exposed ant, on the other hand,
significantly reduced its grooming activity towards its nest-
mates (rg: t3 = —2.453, p=0.022), whereas allogrooming
performed by the nest-mates towards the fungus-exposed
ant was not significantly changed compared with the sham
control baseline (rg;: t,3 = 0.647, p = 0.524; figure 2b). Studies
of allogrooming behaviour in social insects have typically
focused on the positive effect it has on the survival of patho-
gen-exposed individuals, and therefore tend to only report
the allogrooming those particular individuals receive. Termites
seem to consistently upregulate allogrooming towards fungus-
exposed individuals [21,53,54], and it appears that allogroom-
ing is much more important in reducing pathogen load, and
thus infection risk, when compared with self-grooming
[51,52]. This is less clear in ants, where some studies report
increased allogrooming of infectious individuals by their
nest-mates [24,38,40,47,49], and others do not [48,50]. When
elevated responses are reported they often occur immediately
after exposure, although responses at later stages where the
fungus is no longer infectious have also been found [38],
along with upregulation of allogrooming towards individuals
injected with internal immune elicitors [55]. Interestingly,
but not surprisingly, the latter has not been shown to elevate
self-grooming rates [55].

To the best of our knowledge, only one other study
experimentally determined allogrooming rates from fungus-
exposed individuals towards their nest-mates, although this
route is also important for spread of the pathogen in the
colony. Similar to our study, Bos et al. [24] reported a
reduction—in their study non-significant—of allogrooming
by infectious individuals to their nest-mates, suggesting
‘self-removal’ of the infectious individual [24,25,56] (but see
[57] for disease-independent self-removal). Moreover, the
fact that nest-mates did not change their mutual allogroom-
ing rates in our experiment indicates that there is no
upregulation of allogrooming among untreated colony mem-
bers when co-inhabiting the nest with an exposed individual.
Yet, previous contact with infectious individuals has been
reported to increase allogrooming responses towards incoming
nest-mates, independent of their health status [38,48].

We employ the stochastic small-scale model to determine the
ratio of the infection and healing probability by social immu-
nity a/B,, for the studied Lasius—Metarhizium system based
on the mortality rate obtained in the experiment. To this end,
we use the experimentally derived mortality rates to first deter-
mine the infection and healing propensities p; and p, (defined
in Material and methods), and use equations (2.1) and (2.2) to
solve for the infection and healing probabilities @ and f3,.

We found the mortality of fungus-exposed I ants dying from
a Metarhizium infection when reared in isolation to be 57%
(47/82). We can therefore solve for the infection propensity

p1 via 0.57 - (1 —exp(—p1- 48 h)) = 0.02, and infer the infection
probability « from equation (2.1) (see Material and methods
for derivation):

B N _ —log(1-0.02/0.57) N

AR 48h (4 7)1

=0.046 + 0.027 h™" (mean + s.d.)

Metarhizium-induced mortality of fungus-exposed I ants in
groups with five susceptible nest-mates was 42% (10/24) in
our experiment. Hence, we can relate the fraction of ants
remaining infectious after 48 h and the mortality of infectious
isolated ants via 0.57-exp(—p,-48 h)=0.42. Assuming an
equal healing probability for self- and allogrooming, B =
Ba, we find the healing probability by social immunity, B,,
using equation (2.2) to be (see Material and methods for

derivation):
P2 -1
=——=——=0.044 + 0031 h + s.d.
B TSN 0.044 + 0.03 (mean + s.d.)

In our experimental system, the infection probability «
and the healing probability by social immunity B,—both
characterized by considerable variation—are not significantly
different from each other (distribution test; 8, being from out-
side the distribution of «, p = 0.423; «a being from outside the
distribution of B,, p = 0.579; for details, see electronic sup-
plementary material, figure S3). This renders the infection/
healing ratio (a/B,) equal to 1.045, not significantly different
from 1.0.

To test whether the observed changes in the grooming
network (figures 1b and 2) represent an adaptive behavioural
modulation in response to fungal exposure of the treated ant,
we used our epidemiological model to reveal how disease
dynamics in the colony change as a function of the observed
grooming rates and infection and healing probabilities.

We used our large-scale deterministic model to determine the
condition for the disease to go extinct to be (see Material and
methods for derivation)

’”isa + rél(a - Ba) S rIBs’

It thus follows that the infection will go extinct faster if (i) the
self-grooming efficiency, B, or the self-grooming rate of the
infectious individual, ry, increases, and (ii) the infection prob-
ability « or the rate whereby the infectious ants groom the
susceptibles, rig, decreases. For the grooming of susceptibles
towards infectious ants, rg;, we find that the results depend
on the relative effect of pathogen infectiousness and effi-
ciency of social immunity. Increased rg; is harmful (disease
goes extinct slower) for host—pathogen systems with high
pathogen infectiousness (a > B,), and beneficial (disease
goes extinct faster) for systems in which social host defences
are efficient against the pathogen (a < ,). Note that the
condition for the disease to go extinct is independent of the
self-grooming of susceptible nest-mates, rs. A change in
self-grooming of susceptible nest-mates living with a
fungus-exposed individual is therefore not predicted, which
is consistent with our experimental observations (figure 2a)
and published work [38].
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Figure 3. Predicted effects of varying grooming rates and infection versus healing probabilities on disease spread. Simulation results based on the epidemiological
SIS model for the mean fraction of infectious ants as a function of grooming rates (a) r, (b) rs and (c) rs with varying infection probability v and healing
probability via allogrooming 3. The experimentally obtained «/f3, ratio of 1.045—approximated by the 1.0 line—is highlighted (thick green line), and the
observed mean grooming rates for the fungus exposure (solid vertical line) and sham control (dashed vertical line) groups are shown in the simulation plots.

In order to understand how the modulation of grooming
rates and infection/healing probabilities affect disease
dynamics, we carried out a sensitivity analysis and relate
this to our experimental results.

(d) Simulation of the mean fraction of infectious ants
Using the experimentally determined rates and estimated
probabilities in the range of estimated values, we simulated
the mean fraction of infectious ants per colony in the SIS
model using the initial condition of one infectious I and
five susceptible S ants. To generalize to other host—pathogen
systems with different infection/healing probability ratios
(figure 3), we varied grooming rates ry, 115 and rg; and infec-
tion probabilities for a/ 8, ratios ranging between 1.8 and 0.2,
where (i) values more than 1 represent high pathogen
infectiousness (a > f8,), (ii) 1 denotes the case of equal prob-
abilities of infection and healing (a = B,) and (iii) values less
than 1 characterize efficient social immunity (a < B,). If the
observed shifts in transmission-relevant grooming rates after
fungal exposure in our experiment (figure 2) are adaptive,
they should relate to model predictions with a lower mean
fraction of infectious ants in the colony.

We observed a significant increase in the self-grooming
rate of the treated ant r;, as a result of fungus exposure
(figure 2a). Our model simulation predicts this to decrease
the fraction of infectious ants in the colony, both in our
ant—fungus system (a/B,=1.045) but also generally
in other host—pathogen systems, independent of whether
a> B, or a < B, (figure 3a). The observed upregulation of
self-grooming in fungus-exposed individuals might therefore
be an adaptive behaviour to reduce disease spread in many
host—pathogen systems.

For the allogrooming between infectious and susceptible
group members, we first consider allogrooming directed
from the infectious ants to its susceptible nest-mates, ris.
The infectious ants showed a significant decrease of groom-
ing towards their nest-mates (figure 2b), which is predicted
to lower the number of infectious colony members. Again,
this is generally true for all ratios of a/B,, ie. including
that of our system (figure 3b). The observation that infectious
individuals decreased allogrooming of their nest-mates does
not seem to represent a trade-off caused by their increased
self-grooming. Fungus-exposed individuals self-groomed

approximately 12.3% of their total time observed (compared
with 6.4% in the sham control), whereas allogrooming per-
formance changed from 4.3% in the sham control to 2.8% of
total observed time after fungus exposure. Overall, fungus-
exposed ants showed a non-significant trend to increase
their overall grooming (Wilcoxon test, W= 217, p = 0.143;
electronic supplementary material, figure S1). We therefore
conclude that the observed reduction in rg is not caused by
time-limitation, but rather represents an adaptive behavioural
change, resulting in lower disease spread in the colony.

Allogrooming in the opposite direction, that is, performed by
the susceptible towards the treated ants, rg;, was not significantly
altered after fungal exposure (figure 2b). Such absence of an
observed alteration of rg; fits model predictions at «/ 3, = 1.045
(approximated by the 1.0 line, figure 3c), as the slope of the
curve is zero, and thus behavioural changes would not result
in a change of the mean fraction of infectious colony members.
The case of allogrooming from susceptible to infectious individ-
uals is particularly interesting, as the model shows that
increased allogrooming in the direction from S to I could have
both beneficial and detrimental effects on the society.

Only in host—pathogen systems where social immunity is
highly efficient against a particular pathogen (a < 3,) can
intensified grooming of infectious individuals by their nest-
mates lead to an overall decrease in the fraction of infectious
ants in the colony. Contrarily, in all systems where pathogen
infectiousness is high (a > B,), such intensified grooming
would promote disease spread within the colony, as suscep-
tible individuals have a high risk of contracting the disease
whilst taking care of their infectious nest-mates (figure 3c).

(e) General and comparative perspectives

Owing to its dual role in containing and transmitting even-
tual diseases, allogrooming is caught in a trade-off between
protection and exposure. This dichotomous effect also
became apparent in a model developed by Fefferman et al.
[31] to understand disease dynamics in a termite—fungus
system. They found allogrooming to be beneficial for
colony survival when pathogen exposure was periodic, as it
controlled exposure risk, but costly under constant pathogen
exposure, where it rather promoted pathogen transmission
throughout the colony [31]. Directed grooming has also
been found important for disease dynamics in non-insect
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societies, e.g. in groups of meerkats and brown spider
monkeys, where transmission of tuberculosis and gastrointes-
tinal helminths, respectively, was correlated with grooming
interactions, with individuals performing grooming being at
higher risk of infection than individuals receiving grooming
[19,58]. Interestingly, these examples point to grooming as
an important mechanism of transmission of also internal
pathogens, in addition to external ones like the infectious
stages of fungi [19,32,58—-60]. Despite these potential costs
of social allogrooming, the behaviour is widespread among
both vertebrate and invertebrate animal groups, and there
is compelling evidence that it is beneficial in reducing
pathogen loads [21,40,61-64].

The described dichotomous effect of allogrooming may
also explain the diversity of outcomes described in empirical
studies of ants, including both increased or unchanged
allogrooming from nest-mates towards pathogen-exposed
individuals [24,38,40,47—-50]. Such diversity in allogrooming
is expected owing to the diversity of host—pathogen systems
studied, as both the infectiousness of pathogens and the
expressed collective defences may reach a different balance
in each system. This can be due to species- or strain-derived
differences in pathogenicity [54,65,66], dosage dependence
of infection risk after exposure [21,40], or different expression
or efficiency of host sanitary actions [51,52,54,66]. Note that a
reduction in allogrooming from nest-mates to exposed indi-
viduals has not yet been reported in any previous study.
Assuming that this is not an effect of publication bias, it
might be due to the fact that ant societies either rarely face
highly infectious pathogens or that their social defences, par-
ticularly allogrooming, are extremely efficient in reducing
disease spread in the colony. The latter is supported by the
vast literature on social immunity (reviewed in [2,67,68])
and the fact that allogrooming is largely universal among
eusocial insects (ants [5,24,25,32,38,40,47-50]; bees [67-70];
wasps [71]; termites [21,51,52,54,72]) and in other complex
societies (e.g. primates and meerkats [10,19]).

4. Conclusion

In an experimental ant—fungus system (Lasius neglectus ants
and Metarhizium brunneum fungus), we observed significant
changes in grooming patterns upon fungus exposure, as
exposed ants (i) increased individual self-grooming rates, and
(ii) reduced allogrooming of nest-mates. An epidemiological
model revealed that these behavioural changes are predicted
to reduce disease transmission within the colony. This predic-
tion may also be valid in other host—pathogen systems with
varying ratios of pathogen infectiousness and efficiency of col-
lective host defences, and it can be generalized from our small
experimental group sizes to larger, more natural colony sizes.
In line with the obtained model predictions, most empirical
studies on ants reported increased self-grooming upon patho-
gen exposure [24,38,40,47,49], while our empirically observed,

References

1. Hawley DM, Altizer SM. 2011 Disease ecology
meets ecological immunology: understanding the

links between organismal immunity and infection 01753.x)

dynamics in natural populations. Funct. 2.
Ecol. 25, 48-60. (doi:10.1111/}.1365-2435.2010.

and theoretically predicted, reduction in allogrooming from
the exposed individual to its nest-mates awaits confirmation
by other studies.

To more fully understand the evolution of allogrooming
and its costs and benefits, it would be insightful to study
directed allogrooming patterns in relation to the particular
infection versus healing probabilities, found in different
host—pathogen systems. However, an exact match of model
predictions and observed behaviour would require that the
insects can very accurately assess pathogen infectiousness
and transmission in order for them to perform the optimal
strategy. However, the expected continuous arms race between
hosts and their (multiple) pathogens makes this trait hard to
evolve, particularly because the cost of making a wrong assess-
ment may potentially be very large (figure 3c). We may thus
expect that selection should be weak on behaviours with poten-
tially opposing effects on disease transmission (particularly if
accurate assessment of the optimal strategy is low), but
should strongly favour both a pathogen-induced increase in
self-grooming and a reduction of allogrooming performed by
infectious individuals to their healthy, susceptible nest-mates,
as these are consistently beneficial for containing disease
(i.e. independent of an exact assessment). Here, we may only
expect deviations from theory if expression of such behaviours
may be restricted or have little effect, as seems to be the case of
self-grooming in termites [21,51,52]. Yet, testing these predic-
tions is complicated by the fact that pathogen transmission
not always reflects disease transmission. Some low levels of
pathogen spread in societies can be beneficial, given that they
can induce immune-stimulating low-level infections of pre-
viously healthy group members, via social immunization [32].

Data accessibility. All experimental datasets supporting this article have
been made publicly available in the data repository Dryad: doi:10.
5061/dryad.d;j2bf.

Acknowledgements. We thank Meghan L. Vyleta for the genetical fungal
strain characterization and Eva Sixt for ant drawings, Matthias
Konrad for discussion and Christopher D. Pull, Barbara Casillas-
Peréz, Sebastian Novak, as well as three anonymous reviewers and
the theme issue editors Peter Kappeler and Charlie Nunn for
valuable comments on the manuscript.

Funding statement. Funding for this study was obtained by the European
Research Council (ERC StG240371-SocialVaccines to S.C.; StG259294-
LatentCauses to FJ.T., and IEF Marie Curie 302004-PathogenDetectors
to L.V.U.). In addition, the Junge Akademie (Young Academy) of
the Berlin-Brandenburg Academy of Sciences and Humanities and
the National Academy of Sciences Leopoldina funded this joint
Antnet project of S.C. and EJ.T., and the Wissenschaftskolleg zu
Berlin (Institute of Advanced Studies) supported L.V.U.

Authors” contributions. S.C. and EJ.T. conceived the study. The exper-
iment was designed and performed by L.V.U. and S.C., and
analysed by L.V.U. and C.M. The models were developed and par-
ameters estimated by F].T. Figures were created by L.V.U. and
F.J.T. The manuscript was written by S.C. and L.V.U. as principal wri-
ters with substantial contributions from F.J.T. and C.M. All authors
approved the final version of the manuscript.

Conflict of interests. The authors have no competing interests.

Cremer S, Armitage SAO, Schmid-Hempel P. 2007
Social immunity. Curr. Biol. 17, R693—R702.
(doi:10.1016/j.cub.2007.06.008)

80L0YLOZ “0LE § 205 Y "subif Jiyd  bio"buiysijgndAiaposiedorgiss H


http://dx.doi.org/10.5061/dryad.dj2bf
http://dx.doi.org/10.5061/dryad.dj2bf
http://dx.doi.org/10.1111/j.1365-2435.2010.01753.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01753.x
http://dx.doi.org/10.1016/j.cub.2007.06.008
http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on May 18, 2016

Christe P, Oppliger A, Bancala F, Castella G,
Chapuisat M. 2003 Evidence for collective
medication in ants. Ecol. Lett. 6, 19—22. (doi:10.
1046/j.1461-0248.2003.00395.x)

Simone M, Evans JD, Spivak M. 2009 Resin
collection and social immunity in honey bees.
Evolution 63, 3016—3022. (doi:10.1111/j.1558-
5646.2009.00772.x)

Tragust S, Mitteregger B, Barone V, Konrad M,
Ugelvig LV, Cremer S. 2013 Ants disinfect fungus-
exposed brood by oral uptake and spread of their
poison. Curr. Biol. 23, 76—82. (doi:10.1016/j.cub.
2012.11.034)

Yek SH, Mueller UG. 2010 The metapleural gland of
ants. Biol. Rev. Camb. Philos. Soc. 86, 774-791.
(doi:10.1111/}.1469-185X.2010.00170.x)

Koch H, Schmid-Hempel P. 2011 Socially
transmitted gut microbiota protect bumble bees
against an intestinal parasite. Proc. Natl Acad. Sdi.
USA 108, 19 288—19 292. (doi:10.1073/pnas.
1110474108)

Rosengaus RB, Schultheis KF, Yalonetskaya A,
Bulmer MS, DuComb WS, Benson RW, Thottam JP,
Godoy-Carter V. 2014 Symbiont-derived beta-1,3-
glucanases in a social insect: mutualism beyond
nutrition. Front. Microbiol. 5, 607. (doi:10.3389/
fmicb.2014.00607)

Curtis V. 2013 Don't look, don’t touch, don’t eat,
p. 184. Chicago, IL: University of Chicago Press.
Nunn G, Altizer S. 2006 Infectious diseases in
primates: behavior, ecology, and evolution, p. 384.
Oxford, UK: Oxford University Press.

Brockmann D, Theis F. 2008 Money circulation,
trackable items, and the emergence of universal
human mobility patterns. /EEE Pervasive Comput. 7,
28-35. (doi:10.1109/MPRV.2008.77)

Bansal S, Read J, Pourbohloul B, Meyers LA. 2010
The dynamic nature of contact networks in
infectious disease epidemiology. J. Biol.

Dyn. 4, 478-489. (doi:10.1080/17513758.2010.
503376)

Naug D, Smith B. 2007 Experimentally induced
change in infectious period affects transmission
dynamics in a social group. Proc. R. Soc. B 274,
61-65. (doi:10.1098/rspb.2006.3695)

Salathé M, Jones JH. 2010 Dynamics and control of
diseases in networks with community structure.
PLoS Comput. Biol. 6, €1000736. (doi:10.1371/
journal.pchi.1000736)

Stroeymeyt N, Casillas-Pérez B, Cremer S. 2014
Organisational immunity in social insects. Curr.
Opin. Insect Sci. 5, 1-15. (doi:10.1016/j.cois.2014.
09.001)

Miller JC. 2009 Spread of infectious disease through
clustered populations. J. R. Soc. Interface 6, 1121—
1134. (doi:10.1098/rsif.2008.0524)

Naug D, Camazine S. 2002 The role of colony
organization on pathogen transmission in social
insects. J. Theor. Biol. 215, 427 -439. (doi:10.1006/
jthi.2001.2524)

Schmid-Hempel P, Schmid-Hempel R. 1993
Transmission of a pathogen in Bombus terrestris,
with a note on division-of-labour in social insects.

19.

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

Behav. Ecol. Sociobiol. 33, 319—327. (doi:10.1007/
BF00172930)

Drewe JA, Eames KT, Madden JR, Pearce GP. 2011
Integrating contact network structure into
tuberculosis epidemiology in meerkats in South
Africa: implications for control. Prev. Vet. Med.
101, 113-120. (doi:10.1016/j.prevetmed.2011.
05.006)

Noble C, Bagrow JP, Brockmann D. 2013 The role of
caretakers in disease dynamics. J. Stat. Phys. 152,
787—798. (doi:10.1007/510955-013-0787-8)
Rosengaus RB, Maxmen AB, Coates LE, Traniello JFA.
1998 Disease resistance: a benefit of sociality in the
dampwood termite Zootermopsis angusticollis
(Isoptera: Termopsidae). Behav. Ecol. Sociobiol. 44,
125-134. (doi:10.1007/5002650050523)

Arakawa H, Arakawa K, Deak T. 2010 Sickness-
related odor communication signals as determinants
of social behavior in rat: a role for inflammatory
processes. Horm. Behav. 57, 330—341. (doi:10.
1016/j.yhbeh.2010.01.002)

Behringer DC, Butler MJ, Shields JD. 2006 Ecology:
avoidance of disease by social lobsters. Nature 441,
421. (doi:10.1038/441421a)

Bos N, Lefevre T, Jensen AB, d'Ettorre P. 2012 Sick
ants become unsociable. J. Evol. Biol. 25, 342—-351.
(doi:10.1111/j.1420-9101.2011.02425.x)

Ugelvig LV, Cremer S. 2007 Social prophylaxis:
group interaction promotes collective immunity in
ant colonies. Curr. Biol. 17, 1967—1971. (doi:10.
1016/j.cub.2007.10.029)

Naug D, Gibbs A. 2009 Behavioral changes
mediated by hunger in honeybees infected with
Nosema ceranae. Apidologie 40, 595—599. (doi:10.
1051/apido/2009039)

Fefferman NH, Traniello JFA. 2009 Social insects as
models in epidemiology: establishing the
foundation for an interdisciplinary approach to
disease and sociality. In Organization of insect
societies: from genome to sociocomplexity (eds

J Gadau, J Fewell), pp. 545—571. Cambridge, MA:
Harvard University Press.

Baracchi D, Cini A. 2014 A socio-spatial combined
approach confirms a highly compartmentalised
structure in honeybees. Ethology 120, 1167 —1176.
(doi:10.1111/eth.12290)

Mersch DP, Crespi A, Keller L. 2013 Tracking
individuals shows spatial fidelity is a key regulator
of ant social organization. Science 340, 1090—1093.
(doi:10.1126/science.1234316)

Pie MR, Rosengaus RB, Traniello JFA. 2004 Nest
architecture, activity pattern, worker density and
the dynamics of disease transmission in social
insects. J. Theor. Biol. 226, 45—51. (doi:10.1016/].
jtbi.2003.08.002)

Fefferman NH, Traniello JFA, Rosengaus RB, Calleri
DV. 2007 Disease prevention and resistance in social
insects: modeling the survival consequences of
immunity, hygienic behavior, and colony
organization. Behav. Ecol. Sociobiol. 61, 565—577.
(doi:10.1007/500265-006-0285-y)

Konrad M et al. 2012 Social transfer of pathogenic
fungus promotes active immunisation in ant

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

colonies. PLoS Biol. 10, €1001300. (doi:10.1371/
journal.phio.1001300)

Bischoff JF, Rehner SA, Humber RA. 2009 A multilocus
phylogeny of the Metarhizium anisopliae lineage.
Mycologia 101, 512—530. (doi:10.3852/07-202)
Lacey LA, Brooks WM. 1997 Initial handling and
diagnosis of diseased insects. In Manual of
techniques in insect pathology (ed. LA Lacey),

pp. 1-16. London, UK: Academic Press.

R Core Team 2014 R: a language and environment
for statistical computing. Vienna, Austria: R
foundation for statistical computing. See http:/
www.R-project.org/.

Novak S, Cremer S. 2015 Fungal disease dynamics in
insect societies: optimal killing rates and the
ambivalent effect of high social interaction rates. J.
Theor. Biol. 372, 54—56. (doi:10.1016/j.jtbi.2015.
02.018)

Vestergaard S, Butt TM, Bresciani J, Gillespie AT,
Eilenberg J. 1999 Light and electron microscopy
studies of the infection of the western flower thrips
Frankliniella occidentalis (Thysanoptera : Thripidae)
by the entomopathogenic fungus Metarhizium
anisopliae. J. Invertebr. Pathol. 73, 25-33. (doi:10.
1006/jipa.1998.4802)

Walker TN, Hughes WOH. 2009 Adaptive social
immunity in leaf-cutting ants. Biol. Lett. 5,
446 - 448. (doi:10.1098/rsb1.2009.0107)

Ugelvig LV, Kronauer DJ, Schrempf A, Heinze J,
Cremer S. 2010 Rapid anti-pathogen response in ant
societies relies on high genetic diversity.

Proc. R. Soc. B 277, 2821-2828. (d0i:10.1098/rspb.
2010.0644)

Hughes WOH, Eilenberg J, Boomsma JJ. 2002 Trade-
offs in group living: transmission and disease
resistance in leaf-cutting ants. Proc. R. Soc. Lond. B
269, 1811-1819. (doi:10.1098/rsph.2002.2113)
Holldobler B, Wilson EQ. 1990 The ants, p. 732.
Cambridge, MA: Harvard University Press.
Espadaler X, Rey S, Bernal V. 2004 Queen number in
a supercolony of the invasive garden ant, Lasius
neglectus. Insect. Soc. 51, 232—238. (doi:10.1007/
500040-003-0732-y)

Cremer S et al. 2008 The evolution of invasiveness
in garden ants. PLoS ONE 3, e3838. (doi:10.1371/
journal.pone.0003838)

Ugelvig LV, Drijfhout FP, Kronauer DJ, Boomsma JJ,
Pedersen JS, Cremer S. 2008 The introduction
history of invasive garden ants in Europe:
integrating genetic, chemical and behavioural
approaches. BMC Biol. 6, 11. (doi:10.1186/1741-
7007-6-11)

Passera L. 1994. Characteristics of tramp species. In
Exotic ants: biology, impact, and control of
introduced species (ed DF Williams), pp. 23-43.
Boulder, C0: Westview Press.

Morelos-Juarez C, Walker TN, Lopes JFS, Hughes
WOH. 2010 Ant farmers practice proactive personal
hygiene to protect their fungus crop. Curr. Biol. 20,
R553 —R554. (doi:10.1016/j.cub.2010.04.047)
Okuno M, Tsuji K, Sato H, Fujisaki K. 2011 Plasticity
of grooming behavior against entomopathogenic
funqus Metarhizium anisopliae in the ant Lasius


http://dx.doi.org/10.1046/j.1461-0248.2003.00395.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00395.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00772.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00772.x
http://dx.doi.org/10.1016/j.cub.2012.11.034
http://dx.doi.org/10.1016/j.cub.2012.11.034
http://dx.doi.org/10.1111/j.1469-185X.2010.00170.x
http://dx.doi.org/10.1073/pnas.1110474108
http://dx.doi.org/10.1073/pnas.1110474108
http://dx.doi.org/10.3389/fmicb.2014.00607
http://dx.doi.org/10.3389/fmicb.2014.00607
http://dx.doi.org/10.1109/MPRV.2008.77
http://dx.doi.org/10.1080/17513758.2010.503376
http://dx.doi.org/10.1080/17513758.2010.503376
http://dx.doi.org/10.1098/rspb.2006.3695
http://dx.doi.org/10.1371/journal.pcbi.1000736
http://dx.doi.org/10.1371/journal.pcbi.1000736
http://dx.doi.org/10.1016/j.cois.2014.09.001
http://dx.doi.org/10.1016/j.cois.2014.09.001
http://dx.doi.org/10.1098/rsif.2008.0524
http://dx.doi.org/10.1006/jtbi.2001.2524
http://dx.doi.org/10.1006/jtbi.2001.2524
http://dx.doi.org/10.1007/BF00172930
http://dx.doi.org/10.1007/BF00172930
http://dx.doi.org/10.1016/j.prevetmed.2011.05.006
http://dx.doi.org/10.1016/j.prevetmed.2011.05.006
http://dx.doi.org/10.1007/s10955-013-0787-8
http://dx.doi.org/10.1007/s002650050523
http://dx.doi.org/10.1016/j.yhbeh.2010.01.002
http://dx.doi.org/10.1016/j.yhbeh.2010.01.002
http://dx.doi.org/10.1038/441421a
http://dx.doi.org/10.1111/j.1420-9101.2011.02425.x
http://dx.doi.org/10.1016/j.cub.2007.10.029
http://dx.doi.org/10.1016/j.cub.2007.10.029
http://dx.doi.org/10.1051/apido/2009039
http://dx.doi.org/10.1051/apido/2009039
http://dx.doi.org/10.1111/eth.12290
http://dx.doi.org/10.1126/science.1234316
http://dx.doi.org/10.1016/j.jtbi.2003.08.002
http://dx.doi.org/10.1016/j.jtbi.2003.08.002
http://dx.doi.org/10.1007/s00265-006-0285-y
http://dx.doi.org/10.1371/journal.pbio.1001300
http://dx.doi.org/10.1371/journal.pbio.1001300
http://dx.doi.org/10.3852/07-202
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.1016/j.jtbi.2015.02.018
http://dx.doi.org/10.1016/j.jtbi.2015.02.018
http://dx.doi.org/10.1006/jipa.1998.4802
http://dx.doi.org/10.1006/jipa.1998.4802
http://dx.doi.org/10.1098/rsbl.2009.0107
http://dx.doi.org/10.1098/rspb.2010.0644
http://dx.doi.org/10.1098/rspb.2010.0644
http://dx.doi.org/10.1098/rspb.2002.2113
http://dx.doi.org/10.1007/s00040-003-0732-y
http://dx.doi.org/10.1007/s00040-003-0732-y
http://dx.doi.org/10.1371/journal.pone.0003838
http://dx.doi.org/10.1371/journal.pone.0003838
http://dx.doi.org/10.1186/1741-7007-6-11
http://dx.doi.org/10.1186/1741-7007-6-11
http://dx.doi.org/10.1016/j.cub.2010.04.047
http://rstb.royalsocietypublishing.org/

48.

49.

50.

51.

52.

53.

54.

55.

56.

Downloaded from http://rstb.royalsocietypublishing.org/ on May 18, 2016

japonicus. J. Ethol. 30, 23—27. (doi:10.1007/
510164-011-0285-x)

Reber A, Purcell J, Buechel SD, Buri P, Chapuisat M.
2011 The expression and impact of antifungal
grooming in ants. J. Evol. Biol. 24, 954—964.
(doi:10.1111/}.1420-9101.2011.02230.x)

Yek SH, Boomsma JJ, Schiott M. 2013 Differential
gene expression in Acromyrmex leaf-cutting ants
after challenges with two fungal pathogens. Mol.
Ecol. 22, 2173-2187. (doi:10.1111/mec.12255)
Graystock P, Hughes WOH. 2011 Disease resistance
in a weaver ant, Polyrhachis dives, and the role of
antibiotic-producing glands. Behav. Ecol. Sociobiol.
65, 2319-2327. (doi:10.1007/500265-011-1242-y)
Yanagawa A, Shimizu S. 2007 Resistance of the
termite, Coptotermes formosanus Shiraki to
Metarhizium anisopliae due to grooming. BioControl
52, 75-85. (doi:10.1007/s10526-006-9020-X)
Yanagawa A, Yokohari F, Shimizu S. 2008 Defense
mechanism of the termite, Coptotermes formosanus
Shiraki, to entomopathogenic fungi. J. Invertebr.
Pathol. 97, 165—170. (doi:10.1016/j.jip.2007.
09.005)

Myles TG. 2002 Alarm, aggregation, and defense by
Reticulitermes flavipes in response to a naturally
occurring isolate of Metarhizium anisopliae.
Sociobiology 40, 243-255.

Yanagawa A, Fujiwara-Tsujii N, Akino T, Yoshimura T,
Yanagawa T, Shimizu S. 2011 Behavioral changes in
the termite, Coptotermes formosanus (Isoptera),
inoculated with six fungal isolates. J. Invertebr. Pathol.
107, 100—106. (doi:10.1016/}jip.2011.03.003)
Aubert A, Richard FJ. 2008 Social management of
LPS-induced inflammation in Formica polyctena
ants. Brain Behav. Immun. 22, 833—-837. (doi:10.
1016/j.bbi.2008.01.010)

Rueppell 0, Hayworth MK, Ross NP. 2010 Altruistic
self-removal of health-compromised honey bee

57.

58.

59.

60.

61.

62.

63.

64.

65.

workers from their hive. J. Evol. Biol. 23, 1538-
1546. (doi:10.1111/j.1420-9101.2010.02022.x)
Heinze J, Walter B. 2010 Moribund ants leave
their nests to die in social isolation. Curr. Biol. 20,
249-252. (doi:10.1016/j.cub.2009.12.031)
Rimbach R, Bisanzio D, Galvis N, Link A, Di Fore A,
Gillespie TR. 2015 Brown spider monkeys (Ateles
hybridus): a model for differentiating the role of
social networks and physical contact on parasite
transmission dynamics. Phil. Trans. R. Soc. B 370,
20140110. (doi:10.1098/rsth.2014.0110)

Hernandez AD, Sukhdeo MVK. 1995 Host grooming
and the transmission strategy of Heligmosomoides
polygyrus. J. Parasitol. 81, 865—869. (doi:10.2307/
3284031)

Drewe JA. 2010 Who infects whom? Social networks
and tuberculosis transmission in wild meerkats.
Proc. R. Soc. B 277, 633 —642. (doi:10.1098/rsph.
2009.1775)

Barton R. 1985 Grooming site preferences in
primates and their functional implications.

Int. J. Primatol. 6, 519—532. (doi:10.1007/
bf02735574)

Tanaka |, Takefushi H. 1993 Elimination of external
parasites (lice) is the primary function of grooming
in free-ranging Japanese macaques. Anthropol. Sci.
101, 187-193. (doi:10.1537/ase.101.187)

Zamma K. 2002 Grooming site preferences
determined by lice infection among Japanese
macaques in Arashiyama. Primates 43, 41-49.
(doi:10.1007/BF02629575)

Mooring MS, Blumstein DT, Stoner CJ. 2004 The
evolution of parasite-defence grooming in
ungulates. Biol. J. Linn. Soc. 81, 17-37. (doi:10.
1111/j.1095-8312.2004.00273.x)

Mburu DM, Ochola L, Maniania NK, Njagi PGN,
Gitonga LM, Ndung MW, Wanjoya AK, Hassanali A.
2009 Relationship between virulence and repellency

66.

67.

68.

69.

70.

1.

72.

of entomopathogenic isolates of Metarhizium
anisopliae and Beauveria bassiana to the termite
Macrotermes michaelseni. J. Insect Physiol. 55,
774-780. (doi:10.1016/j.jinsphys.2009.04.015)
Yanagawa A, Fujiwara-Tsujii N, Akino T, Yoshimura
T, Yanagawa T, Shimizu S. 2012 Odor aversion
and pathogen-removal efficiency in grooming
behavior of the termite Coptotermes formosanus.
PLoS ONE 7, e47412. (doi:10.1371/journal.pone.
0047412)

Wilson-Rich N, Spivak M, Fefferman NH, Starks PT.
2009 Genetic, individual, and group facilitation of
disease resistance in insect societies. Annu. Rev.
Entomol. 54, 405—423. (doi:10.1146/annurev.ento.
53.103106.093301)

Evans JD, Spivak M. 2010 Socialized medicine:
individual and communal disease barriers in honey
bees. J. Invertebr. Pathol. 103, 562—572. (doi:10.
1016/.jip.2009.06.019)

Richard FJ, Aubert A, Grozinger CM. 2008
Modulation of social interactions by immune
stimulation in honey bee, Apis mellifera,

workers. BMC Biol. 6, 50. (doi:10.1186/1741-7007-
6-50)

Richard FJ, Holt HL, Grozinger CM. 2012 Effects of
immunostimulation on social behavior, chemical
communication and genome-wide gene expression
in honey bee workers (Apis mellifera). BMC
Genomics 13, 558. (doi:10.1186/1471-2164-13-558)
Sumana A, Starks PT. 2004 Grooming patterns in
the primitively eusocial wasp Polistes dominulus.
Ethology 110, 825—833. (doi:10.1111/j.1439-0310.
2004.01024.)

Traniello JFA, Rosengaus RB, Savoie K. 2002 The
development of immunity in a social insect:
evidence for the group facilitation of disease
resistance. Proc. Natl Acad. Sci. USA 99, 6838
6842. (doi:10.1073/pnas.102176599)


http://dx.doi.org/10.1007/s10164-011-0285-x
http://dx.doi.org/10.1007/s10164-011-0285-x
http://dx.doi.org/10.1111/j.1420-9101.2011.02230.x
http://dx.doi.org/10.1111/mec.12255
http://dx.doi.org/10.1007/s00265-011-1242-y
http://dx.doi.org/10.1007/s10526-006-9020-x
http://dx.doi.org/10.1016/j.jip.2007.09.005
http://dx.doi.org/10.1016/j.jip.2007.09.005
http://dx.doi.org/10.1016/j.jip.2011.03.003
http://dx.doi.org/10.1016/j.bbi.2008.01.010
http://dx.doi.org/10.1016/j.bbi.2008.01.010
http://dx.doi.org/10.1111/j.1420-9101.2010.02022.x
http://dx.doi.org/10.1016/j.cub.2009.12.031
http://dx.doi.org/10.1098/rstb.2014.0110
http://dx.doi.org/10.2307/3284031
http://dx.doi.org/10.2307/3284031
http://dx.doi.org/10.1098/rspb.2009.1775
http://dx.doi.org/10.1098/rspb.2009.1775
http://dx.doi.org/10.1007/bf02735574
http://dx.doi.org/10.1007/bf02735574
http://dx.doi.org/10.1537/ase.101.187
http://dx.doi.org/10.1007/BF02629575
http://dx.doi.org/10.1111/j.1095-8312.2004.00273.x
http://dx.doi.org/10.1111/j.1095-8312.2004.00273.x
http://dx.doi.org/10.1016/j.jinsphys.2009.04.015
http://dx.doi.org/10.1371/journal.pone.0047412
http://dx.doi.org/10.1371/journal.pone.0047412
http://dx.doi.org/10.1146/annurev.ento.53.103106.093301
http://dx.doi.org/10.1146/annurev.ento.53.103106.093301
http://dx.doi.org/10.1016/j.jip.2009.06.019
http://dx.doi.org/10.1016/j.jip.2009.06.019
http://dx.doi.org/10.1186/1741-7007-6-50
http://dx.doi.org/10.1186/1741-7007-6-50
http://dx.doi.org/10.1186/1471-2164-13-558
http://dx.doi.org/10.1111/j.1439-0310.2004.01024.x
http://dx.doi.org/10.1111/j.1439-0310.2004.01024.x
http://dx.doi.org/10.1073/pnas.102176599
http://rstb.royalsocietypublishing.org/

	Opposing effects of allogrooming on disease transmission in ant societies
	Introduction
	Material and methods
	Experiment
	Self- and allogrooming rates
	Mortality of ants
	Data analysis

	Model
	Stochastic small-scale model
	Deterministic large-scale model


	Results and discussion
	Grooming rates
	Self-grooming
	Allogrooming

	Infection and healing probabilities
	Infection probability α

	Healing probability β


	(c) Condition for the disease to go extinct
	Simulation of the mean fraction of infectious ants
	General and comparative perspectives

	Conclusion
	Data accessibility
	Acknowledgements
	Funding statement
	Authors’ contributions
	Conflict of interests
	References


