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Social network plasticity decreases
disease transmission in a

eusocial insect

Nathalie Stroeymeyt'*t, Anna V. Grasse?, Alessandro Crespi®, Danielle P. Mersch't,

Sylvia Cremer?t, Laurent Keller'f

Animal social networks are shaped by multiple selection pressures, including the need to
ensure efficient communication and functioning while simultaneously limiting disease
transmission. Social animals could potentially further reduce epidemic risk by altering
their social networks in the presence of pathogens, yet there is currently no evidence for
such pathogen-triggered responses. We tested this hypothesis experimentally in the ant
Lasius niger using a combination of automated tracking, controlled pathogen exposure,
transmission quantification, and temporally explicit simulations. Pathogen exposure
induced behavioral changes in both exposed ants and their nestmates, which helped
contain the disease by reinforcing key transmission-inhibitory properties of the colony’s
contact network. This suggests that social network plasticity in response to pathogens is
an effective strategy for mitigating the effects of disease in social groups.

ocial insects are an ideal system to study

the potential role of social network plas-

ticity in disease defense. The networks of

social and physical interactions of insect,

vertebrate, and human societies share
many properties that are known to influence
disease spread (I-1I). In addition, because the
high genetic similarity and frequent physical
contacts between individuals heighten the risk
of infection transmission within colonies, social
insects have evolved a variety of collective mech-
anisms to prevent infection and limit the spread
of pathogens through the colony [social immu-
nity, (12, 13)]. In particular, the organization
of the colony into distinct age-and-task groups
has been predicted to confer a double disease-
related benefit by inhibiting global transmission
dynamics and by disproportionately protecting
high-value individuals (i.e., the queen and young
workers) from pathogen exposure (12-16). We
first tested these predictions in the absence of
disease (constitutive organizational immunity)
by using an automated ant tracking system to
detect all physical contacts in 22 Lasius niger
colonies and quantify transmission-relevant prop-
erties of their social networks (Fig. 1, A and B,
and fig. S1). We focused on global network prop-
erties known to either inhibit or facilitate disease
spread (see Table 1) and compared them to those
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of null model networks, obtained by randomizing
the identity of interacting ants while preserving
the temporal properties of the contact sequence
and the total number of contacts for each ant.
The observed networks displayed transmission-
inhibiting rather than transmission-enhancing
properties: They had higher modularity, lower
density, larger diameter, and lower mean and
maximum degree centrality than the random
networks (fig. S2 and table S1). To further test
whether the ant network’s overall topology does
inhibit disease transmission, we developed a
stochastic epidemiological model simulating
the spread of a pathogen through the colony
and parameterized it using experimental data
on the transmission of conidiospores (hereafter
“spores”) of the fungus Metarhizium brunneum,
a natural pathogen of L. niger ants (12, 17, 18).
Our simulation model had high predictive power
and outperformed simpler models in predicting
the intensity and biological consequences of
transmission across individuals (Fig. 2A and
table S2). Simulations confirmed that, relative
to the random networks, the topology of the
observed networks results in slower pathogen
transmission, smaller amounts of pathogen trans-
ferred to nestmates, and a more-pronounced
right skew in the distribution of final pathogen
loads, which corresponds to a greater proportion
of host individuals receiving a low, presumably
harmless load (19) and a lower proportion of in-
dividuals receiving a high, potentially disease-
inducing load (fig. S3 and table S1).

In addition to the overall network topology,
the relative positions of individuals in the
network also contributed to decrease disease
impact. In social insects, new infections are
more likely to be picked up by foragers outside
the nest than by indoor workers (hereafter re-
ferred to as “nurses”) (12, 13), because the nest
is subject to effective preventative hygienic treat-
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ments (20). Importantly, there was a strong
negative relationship between degree central-
ity and time spent outside in the observed
networks [general linear mixed model (GLMM)
with type III Wald chi-square test: x> = 402.9,
df = 1, P < 0.0001; fig. S4 and table S3], in-
dicating that the ants that have a higher chance
of encountering pathogens (i.e., frequent for-
agers) also have fewer connections within the
network. This should confer important disease-
related benefits because epidemic risk is re-
duced when the disease originates from nodes
with few connections (4, 10). In agreement with
this prediction, simulations indicate that patho-
gens spread significantly more slowly and less
broadly when they originate from frequent for-
agers than when they originate from occasional
foragers, nurses, or random workers (fig. S5),
showing that the ant social network provides
strong colony-wide protection against the most
likely source of disease. Moreover, analysis of
the social organization of the 22 colonies in
our main experiment and an additional 11 age-
marked colonies (“age experiment”) showed that
L. niger colonies display marked segregation
between potential disease sources (foragers) on
one hand and high-value individuals (young
workers acting as nurses and the queen) on
the other (fig. S6). Simulations indicated that this
organization disproportionately protects high-
value individuals from the most likely source
of disease (i.e., pathogens carried back to the
nest by frequent foragers; fig. S7).

After describing the constitutive transmission-
inhibitory characteristics of the ant social network,
we tested whether colonies change their pat-
terns of social contacts in an adaptive way when
confronted with disease [induced organizational
immunity (14, 21)]. To do so, we randomly se-
lected 10% of the colony’s workers among for-
agers and exposed them either to a control
solution (sham-treated colonies; 7 = 11) or to a
suspension of M. brunneum spores (pathogen-
exposed colonies; 7 = 11) and then returned them
to the foraging arena. After a recovery period of
2 hours, the colony’s behavior was tracked for
an additional 24 hours, at which time we de-
termined the spore load of each individual from
pathogen-exposed colonies using quantitative,
real-time PCR (qPCR; fig. S8). M. brunneum spores
are transferred by physical contacts between
ants, which can lead to the transmission of dis-
ease to healthy nestmates regardless of the fu-
ture fate of the originally exposed ants (19). The
spores typically penetrate the host’s body to cause
infection from 1 to 2 days after initial exposure
(22), that is, after the end of the experiment. As
a consequence, any behavioral changes induced
by pathogen exposure should reflect an active
response by the host rather than a manipula-
tion by the pathogen or a side effect of disease
because no infection could take place during the
experiment. Additionally, because the pathogen
did not start replicating during the experiment,
the measured spore loads should closely reflect
the contamination level of each ant depend-
ing on its position within the colony’s contact

lof5

8T0Z ‘€ Jaqwadaq uo /610 Bewasualds adualds//:dny wolj papeojumod


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 1. Pathogen-
induced changes in
social networks.

(A) Individually tagged
L. niger queen (1.6-mm
tag) and workers
(0.7-mm tags). [Photo
credit: T. Brutsch, Uni-
versity of Lausanne]
(B) Geometrical
approach used to infer
physical contacts. Each
ant is overlaid with a
trapezoid (red), and a
contact is recorded if
the front end of the
trapezoid of one ant
overlaps with the trape-
zoid of the other ant.
Red X's indicate

the front end of the ants’
trapezoids; orange
arrows indicate the ori-
entation of the ants’
bodies. (C) Pre- and
posttreatment networks
from a pathogen-
exposed colony. Each
node represents an

ant (queen, purple;
nurses, green; foragers,
yellow). Weighted edges
represent the cumulated
duration of contact
between each pair of
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ants. Experimentally treated foragers are indicated with a black dot. (D) Pathogen-induced changes
in network properties. For visualization of the results, bars and whiskers show the means and
standard errors of the difference between post- and pretreatment values in pathogen-exposed col-
onies after subtraction of the mean difference in sham-treated colonies. Statistical analyses were
performed on all raw data. *P < 0.05; **P < 0.01 (GLMM, interactionperiodxtreatment). Sample sizes:

11 pathogen-exposed and 11 sham-treated colonies.

Table 1. Global network properties influencing disease transmission. Whenever relevant, network
properties were calculated using weighted network edges. + indicates enhancement; — indicates inhibition.

Property

Definition

Effect on transmission

Modularity (8-11)

Degree of compartmentalization
of the network into distinct communities
of well-connected nodes

Clustering (10, 11)

Tendency of neighboring
nodes to form fully connected sets

Proportion of existing edges

Density (1 +
ensity (1 among all possible edges
Maximum length of the shortest
Di ter (6 =
tlameter (6) paths between all pairs of nodes
Mean connection efficiency
Network efficiency (28) (i.e., inverse of the shortest +
path length) across all pairs of nodes
Number of ed i
Degree centrality (4, 10) umber of edges connecting a .

node to other network nodes

Assortativity

Stroeymeyt et al., Science 362, 941-945 (2018)

Degree of preferential association
between nodes of similar properties
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Node-specific

network. Accordingly, we found a positive as-
sociation between qPCR-measured pathogen
transmission and network density, efficiency,
and mean degree centrality on one hand and a
negative association between measured path-
ogen transmission and network diameter, mod-
ularity, and clustering on the other (fig. S9), in
agreement with theoretical predictions (table
S1). Furthermore, qPCR results showed that un-
treated foragers received significantly higher
amounts of spores from the experimentally
treated foragers than either nurses or the queen
[GLMM, |z score|= 4.56, P < 0.0001 in post hoc
comparisons with Benjamini-Hochberg (BH)
correction; Fig. 2B and table S3] and that the
pathogen load received was significantly nega-
tively correlated with network distance to treated
ants (fig. S10). An additional experiment in which
we exposed another 11 colonies to M. brunneum
and allowed the disease to develop for 9 days
(“survival experiment”) further showed that
pathogen-induced mortality was higher among
untreated foragers than among nurses and that
all queens were still alive at the end of the ex-
periment (fig. S11). These results altogether con-
firm that the queen and nurses are effectively
protected from disease carried back to the nest
by foragers.

Comparisons of the network’s structure be-
fore and after treatment revealed that pathogen
exposure induced changes that should both re-
duce overall disease spread and reinforce the
protection of high-value individuals. Indeed,
relative to the sham treatment, pathogen ex-
posure induced a strengthening of three of the
network’s transmission-inhibiting properties (in-
creased modularity and clustering and decreased
transmission efficiency), an increase in social
segregation between task groups (increased
task assortativity and increased network dis-
tances between the queen and workers), and a
decrease in the spreading influence (degree
centrality) of pathogen-exposed foragers [GLMM,
global network properties, interaction between
period and treatment (interactionperiodxtreatments
where period is pre- versus posttreatment and
treatment is sham versus pathogen-exposed):
x> = 4.25,df = 1, P < 0.039 in all tests; individual
node properties, post hoc comparisons with BH
correction: |z score|z 5.10, P < 0.0001; Fig. 1, C
and D, fig. S12, and table S3]. Simulations con-
firmed that these pathogen-induced changes
in the social network protected the colony
against disease by significantly reducing the
probability of contamination and the number
of spores received by untreated ants (GLMM,
treatment-induced changes in sham-treated
versus pathogen-exposed colonies: x> = 6.26,
df = 1, P < 0.012; fig. S13 and table S3), which
is consistent with our empirical findings (fig.
S9). Simulations also confirmed that pathogen-
induced network changes reinforced the protec-
tion of high-value individuals by significantly
decreasing the probability of the queen and
nurses receiving a high load, while simulta-
neously increasing their probability of receiving
alow load (GLMM, queens: x> = 5.08, P < 0.024;
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nurses: |z score| = 8.38, P < 0.0001; foragers:
|z score| < 0.58, P = 0.56 in post hoc compar-
isons with BH correction; Fig. 3, A and B, and
table S3). These findings are important be-
cause the consequences of contamination with
M. brunneum have been shown to be highly dose-
dependent in ants and termites: Whereas high-
level contamination can lead to disease-induced
death, low-level contamination is beneficial be-

cause it does not induce mortality and allows
individuals to develop active immunization that
protects them against future challenges with
the same pathogen (19, 23, 24). Interestingly,
converting the threshold used to distinguish
high from low simulated dose (Fig. 3A) to a real
exposure dose (Fig. 2A) revealed that it is in the
same order of magnitude as a dose causing 2%
mortality (lethal dose 2%, LD2) (table S4), which

was identified as a dose inducing immuniza-
tion in a related species (19). Thus, pathogen-
induced network changes should confer a dual
advantage for the colony because they simulta-
neously decrease the probability that the queen
and nurses receive a potentially mortal load
and increase the probability that they receive
a harmless load leading to beneficial immu-
nization. To test whether the high versus low

Fig. 2. Experimentally measured and simulated

M. brunneum transmission in pathogen-exposed
colonies. (A) Relationship between gPCR-measured
pathogen loads and simulated pathogen loads (i.e., the
total amount of pathogen received by each ant,
averaged across 500 simulations of disease transmis-
sion and expressed as a proportion of the original

load of treated foragers) in untreated ants. Simulations
were run over the posttreatment networks using
experimentally treated foragers as disease

origin. Points represent the medians, thick black lines
represent the interquartile ranges, thin black lines
represent 1.5x the interquartile range, and violin
shadings represent the density of individual data
points. ***P < 0.0001 (GLMM). The dashed green line
represents the threshold value identified from
simulation results in Fig. 3A, and the dashed red line its
corresponding value of measured pathogen load
calculated using the fitted GLMM model. (B) Mean
measured pathogen loads in untreated ants.

>

1e-05 1e-03 1e-01

Measured pathogen load (ng/uL)

1e-07

1e-03
QO
QO
o

1e-04

e

P 1

Mean measured pathogen load (ng/pL) w

1e-04

2 Queen Foragers

Nurses

1e-03 1e-02 1e-01 1e+00
Simulated pathogen load

(Prop. exposure dose)

Points represent the means, and whiskers represent the standard errors. ***P < 0.0001 (GLMM). Same letters (a and a) indicate P = 0.96 and
different letters (a and b) indicate P < 0.0001 in post hoc comparisons (BH corrected). Sample size: 11 colonies from the main experiment

and 11 colonies from the age experiment.

Fig. 3. Pathogen-induced changes in simulated disease
transmission. (A) Density distributions of the simulated patho-
gen loads of untreated ants in simulations run over pretreatment
and posttreatment networks (purple and peach histograms;
overlap in mauve) in pathogen-exposed colonies. The black line
and yellow shading represent the mean and standard error of
the difference between post- and pretreatment distributions.
The green line highlights the value at which there is an inversion
in the sign of the density difference. This value was used as a
threshold to distinguish high from low simulated loads in all
subsequent analyses (e.g., in Fig. 3, B and C). Kolmogorov-
Smirnov test, D statistic = 0.073, **P = 0.006. (B) Pathogen-
induced changes in the probability of individuals receiving a high
load or a nonzero low load in simulations. Visual representation as
in Fig. 1F; statistical analysis on all raw data *P < 0.05; ***P <
0.0001 (GLMM; post hoc comparisons between pathogen-
induced and sham-induced changes, BH corrected). Sample
sizes, pathogen-exposed/sham-treated colonies: 11/11 queens,
862/685 nurses, 214/284 untreated foragers and 105/94
treated workers. (C) Survival (lines) * 95% confidence intervals
(shaded areas) of untreated workers predicted to receive either
a high load (dark green, solid line) or a low load (light green,
dashed line) on the basis of simulations run over the first 24 hours
posttreatment in the survival experiment. The green arrow
represents the time of load prediction (1 day after treatment),
and the red arrow represents the time at which an increase in
mortality was detected among untreated ants (around 4 days
after treatment; fig. S11). Mixed-effects Cox proportional hazard
model comparing high- versus low-load workers, first 4 days:
hazard ratio (HR) = 0.57, y* = 0.71, df = 1, P = 0.40; after day 4:
HR =243 y*> =643, df=1,*P = 0.011.
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Fig. 4. Pathogen-induced changes in individual behavior. (A to D) Pathogen-induced changes

in the proportion of time individual ants spent outside the nest (A), their distance to colony members
(in millimeters measured between the center of gravity of the workers of interest and the rest of
the colony) (B), their overlap with the brood (Bhattacharyya's affinity index) (C), and the duration of
contact between untreated workers from a given task group (nurses or foragers) and untreated
workers from the other task group (D). Visual representation as in Fig. 1F. Statistical analysis

on all raw data. For (A) to (C), *P < 0.05 and ***P < 0.0001 (GLMM, post hoc comparisons between
pathogen-induced and sham-induced changes, BH corrected). For (D), ***P < 0.0001 (GLMM,
interactionperiodxtreatment)- Sample sizes are as in Fig. 3.

contamination loads identified in our simulations
have the expected effects on individual survival,
we used data from the survival experiment to
compare the 9-day mortality of workers pre-
dicted to have received either a high or a low
load in the simulations. As expected, workers
predicted to have received a low load did not
experience any detectable change in mortality,
whereas workers predicted to have received a
high load experienced a greater than twofold in-
crease in mortality around 4 days after treatment
(Fig. 3C). This load-dependent difference in mor-
tality was notably observed among workers that
had few direct contacts with pathogen-exposed
foragers (fig. S11), underscoring the value of
using a whole-network approach rather than
only considering direct contacts with contami-
nated individuals to study disease transmission.

Further analyses revealed that the pathogen-
induced changes in network properties resulted
from behavioral changes not only among pathogen-
exposed foragers but also among their untreated
nestmates. First, pathogen-exposed foragers ac-
tively isolated themselves: They spent more time

Stroeymeyt et al., Science 362, 941-945 (2018)

outside, increased their average distance to the
rest of the colony, and reduced their area of move-
ment while inside the nest (GLMM: |z score|= 5.82,
P < 0.0001 in post hoc comparisons with BH
correction; Fig. 4, A and B, fig. S14, and table S3).
This led to a decrease in contact time between
pathogen-exposed foragers and all untreated
workers (|z score|= 3.61, P < 0.00047; fig. S14
and table S3). Untreated foragers also actively
isolated themselves: They spent more time out-
side and increased their average distance to the
rest of the colony (|2 score|= 3.54, P < 0.00061;
Fig. 4, A and B, and table S3). By contrast, nurses
increased their spatial overlap with the brood
(2 score = —4.43, P < 0.0001; Fig. 4C and table S3)
and moved the brood deeper inside the nest
(GLMM: y? = 22.68, df = 1, P < 0.0001; fig. S14
and table S3). This led to a decrease in contact
time between untreated foragers and nurses in
pathogen-exposed colonies (> = 68.85, df = 1,
P < 0.0001; Fig. 4D and table S3). These
pathogen-induced changes in the behavior of
untreated workers contributed at least in part
to the changes in overall network structure de-
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scribed above, as similar, lower-magnitude effects
were observed in networks that excluded exper-
imentally treated foragers (modularity and task
assortativity: nonsignificant trends, y* < 213, df = 1,
P = 0.14; clustering and efficiency: significant
effects, y° = 4.35, df = 1, P < 0.037; fig. S15).
Overall, this study shows that both pathogen-
exposed and untreated workers are able to
rapidly detect the presence of a pathogen and
immediately adjust their behavior to reinforce
the disease-inhibitory effects of the colony’s so-
cial network, thus reducing individual contam-
ination risk. Such an early response, occurring
before pathogen-exposed workers develop an
infection, could potentially be triggered by chem-
ical or mechanical cues associated with the fun-
gal spores (19, 25), though little is currently known
about the detection mechanisms involved. Social
network plasticity may represent a widespread
strategy for collective resilience in the face of
environmental hazards, conferring groups with
an effective and easy-to-implement mechanism
of response to external and internal disturbance.
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Protecting the colony

When we get a cold and then stay home from work, we are not only taking care of ourselves but also protecting
others. Such changes in behavior after infection are predicted in social animals but are difficult to quantify. Stroeymeyt et
al. looked for such changes in the black garden ant and found that infected workers did alter their behavior-—and healthy
workers altered their behavior toward the sick. The changed behavior was especially valuable for protecting the most
important and vulnerable members of the colony.
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