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Abstract 20	  

Being cared for when sick is a benefit of sociality that can reduce disease and improve 21	  

survival of group members. However, individuals providing care risk contracting 22	  

infectious diseases themselves. If they contract a low pathogen dose, they may 23	  

develop micro-infections that do not cause disease, but still affect host immunity by 24	  

either decreasing or increasing the host's vulnerability to subsequent pathogen 25	  

infections. Caring for contagious individuals can thus significantly alter the future 26	  

disease susceptibility of caregivers. Using ants and their fungal pathogens as a model 27	  

system, we here tested if the altered disease susceptibility of experienced caregivers, 28	  

in turn, affects their expression of sanitary care behaviour. We found that micro-29	  

infections contracted during sanitary care had protective or neutral effects upon 30	  

secondary exposure to the same (homologous) pathogen, but consistently induced 31	  

high mortality upon super-infection with a different (heterologous) pathogen. In 32	  

response to this risk, the ants selectively adjusted the expression of their sanitary care. 33	  

Specifically, the ants performed less grooming yet more antimicrobial disinfection , 34	  

when caring for nestmates contaminated with heterologous pathogens as compared to 35	  

homologous ones. By modulating the components of sanitary care in this way, the 36	  

ants reduced their probability of contracting super-infections of the harmful 37	  

heterologous pathogens. The performance of risk-adjusted sanitary care reveals the 38	  

remarkable capacity of ants to react to changes in their disease susceptibility, 39	  

according to their own infection history, and to flexibly adjust collective care to 40	  

individual risk.  41	  

 42	  

Keywords 43	  

host-pathogen interactions, social immunity, behavioural plasticity, co-infection 44	  
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Introduction  45	  

The infection history of a host can severely impact its future disease susceptibility. 46	  

For example, previous infections or vaccinations can immunise and thus protect hosts 47	  

against secondary infections of the same, homologous pathogen [1, 2]. Yet, prior 48	  

infection can also increase a host’s susceptibility to other pathogens, leading to 49	  

heterologous super-infections that have detrimental impacts on host health and 50	  

survival [3, 4]. In addition to immunity, behaviour often also changes upon infection: 51	  

on the one hand, pathogens can manipulate host behaviour to facilitate disease 52	  

transmission [5]; on the other, changes in host responses – termed sickness behaviour 53	  

– can speed up recovery and limit pathogen spread, e.g. through reduced activity and 54	  

modulation of social interactions [6-8]. Infection can even alter an animal’s sensitivity 55	  

to pathogen-associated stimuli, as, for example, disease avoidance behaviour 56	  

["disgust"; 9, 10] can be affected by a host’s infection history [11, 12].  57	  

Disease prevention is particularly important in social groups, where pathogens can 58	  

easily spread due to a high density of hosts and the multitude of interactions between 59	  

them [13-15]. Consequently, social animals have evolved behavioural disease 60	  

defences, which operate in conjunction with individual immunity, to negate the 61	  

increased pathogen risk they experience [16-18]. For example, social insects have 62	  

evolved sophisticated, collective defences against diseases that result in an emergent, 63	  

group-level protection of the colony, known as social immunity [18]. One particularly 64	  

important component of social immunity is sanitary care – grooming to remove 65	  

pathogens [19, 20] and chemical disinfection to inhibit their growth [21, 22] – that 66	  

effectively reduces the risk of disease for pathogen-exposed individuals. However, 67	  

this intimate behavioural interaction often also involves pathogen transmission from 68	  

the contaminated individual to those performing sanitary care. Insects caring for their 69	  
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nestmates can therefore either become sick themselves [19, 20], or contract micro-70	  

infections that do not lead to disease symptoms, but can confer protection against the 71	  

same, homologous pathogen, upon secondary exposure. For example, in both ants 72	  

[23] and termites [24], social contact with contaminated individuals carrying 73	  

infectious conidiospores of the entomopathogenic fungus Metarhizium on their cuticle 74	  

causes micro-infections in most of their nestmates. Interestingly, these micro-75	  

infections trigger an upregulation of antifungal genes, and hence antifungal activity of 76	  

the insects [23, 24], which leads to a significant survival benefit – known as social 77	  

immunisation [2] – upon secondary challenge with the same, homologous pathogen 78	  

[25, 26]. In humans, prior natural infections and vaccination affect individual 79	  

pathogen avoidance behaviour [12] and strategies for providing health care [27, 28]. 80	  

However, in social insects, it is unknown how infection history affects future host 81	  

susceptibility to different (heterologous) pathogens, and whether micro-infections can 82	  

alter the performance of sanitary care of ants.  83	  

To address this, we set up a full-factorial experiment, using the natural host-pathogen 84	  

system of garden ants and entomopathogenic fungi (hosts: Lasius ants; pathogens: 85	  

Metarhizium Beauveria) [29, 30]. These two pathogens have similar reproductive 86	  

cycles: infectious conidiospores are acquired from the environment/infectious corpses 87	  

and initially attach loosely to an insect’s cuticle [31, 32]. At this time, conidiospores 88	  

can be removed from contaminated ants through grooming [20, 33], or inactivated by 89	  

disinfection to prevent infection [21, 22]; additionally, at this stage, conidiospores can 90	  

be transferred from contaminated individuals to those performing sanitary care [23]. 91	  

However, once the conidiospores fully adhere to the cuticle, they can no longer be 92	  

removed [34] and will penetrate into the hemocoel of the insect, causing an internal 93	  

infection [35]. If the infective dose is high enough to overcome the immune system, 94	  
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the fungus will kill the host and grow out of the body, eventually producing new 95	  

conidiospores on the corpse [20, 31]. 96	  

To elucidate the effects of micro-infections acquired through sanitary care on future 97	  

individual disease susceptibility and sanitary care in ants, we induced micro-98	  

infections in ants by rearing Lasius neglectus workers with a pathogen-exposed 99	  

individual, treated with either Metarhizium robertsii or Beauveria bassiana, for five 100	  

days [as in 23]. We set up an additional non-infected control group by keeping 101	  

workers with a sham-treated individual, which could not transfer any pathogen. We 102	  

then tested how acquired micro-infections affect ant mortality upon a challenge with 103	  

the same or the heterologous pathogen, whether micro-infections change the 104	  

expression of sanitary care, and if these changes alter disease transmission. 105	  

 106	  

Results and Discussion  107	  

Micro-infections increase an ant’s susceptibility to heterologous super-infection 108	  

We compared the effect of pathogen challenge in ants with micro-infections of either 109	  

a homologous (Metarhizium–Metarhizium, Beauveria–Beauveria), or a heterologous 110	  

(Metarhizium–Beauveria, Beauveria–Metarhizium) pathogen. Control ants had no 111	  

previous micro-infection (non-infected–Metarhizium, non-infected–Beauveria). Ant 112	  

mortality significantly differed between the groups (Fig. 1; Cox mixed effects model: 113	  

likelihood ratio test (LR) χ2 = 11.31, df = 2, P = 0.004). Yet, as micro-infections 114	  

homologous to the subsequent challenge only provided a protective effect for 115	  

Metarhizium, but not for Beauveria (Fig. S1 and statistics therein), we did not find an 116	  

overall survival benefit of a homologous micro-infection compared to the non-117	  

infected controls (post hoc comparisons: non-infected vs. homologous, P = 0.17, 118	  
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hazard ratio (HR) = 0.79). Our data thus reveals that, in addition to M. brunneum [23], 119	  

protective social immunisation in garden ants can also be elicited by other 120	  

Metarhizium species. However, the neutral effect for B. bassiana micro-infections 121	  

shows that social immunisation is induced by some, but not all, pathogens, similar to 122	  

individual and transgenerational immune priming of invertebrates [reviewed in 2].  123	  

 124	  

Fig. 1) Increased mortality of micro-infected ants after heterologous pathogen 125	  

challenge. Pathogen exposure induced significantly higher mortality in Lasius 126	  

neglectus ants that had an existing micro-infection with a heterologous pathogen (red 127	  

line), compared to both, a micro-infection with the homologous pathogen (purple) or 128	  

no infection  (grey), with the latter groups not differing significantly from one 129	  

another. Different letters indicate significance groups of all pairwise post-hoc 130	  

comparisons after Benjamini-Hochberg correction at α=0.05. For separate analysis of 131	  

the two pathogens (Metarhizium and Beauveria) see Fig. S1.  132	  

 133	  

Heterologous combinations of micro-infection and challenge with a pathogen from a 134	  

different fungal genus (Metarhizium–Beauveria, Beauveria–Metarhizium) invariably 135	  
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increased ant mortality, both compared to the non-infected controls (P = 0.024, HR = 136	  

1.47) and the homologous challenge (P = 0.003, HR = 1.86), which was independent 137	  

of pathogen order (Fig. S1). To test if this effect was dependent on whether one of the 138	  

two pathogens had already established an infection in the host body, or if it reflects a 139	  

general pattern of Beauveria–Metarhizium co-infection, we simultaneously co-140	  

exposed ants to a mix of both pathogens, keeping the overall pathogen load constant. 141	  

Again, we found a strong mortality-inducing effect compared to ants exposed to only 142	  

the single pathogens (Cox proportional hazards regression: LR χ2 = 45.1, df = 1, P = 143	  

0.001, HR = 2.68; independent of pathogen species; Fig. S2 and statistics therein). 144	  

Similar harmful effects are well-established for heterologous challenges after 145	  

individual and transgenerational immune priming [2, 36, 37] and concurrent 146	  

infections with different pathogens [3, 4]. They can result either from pathogen-147	  

pathogen interactions, including both competition and cooperation [38, 39], or from 148	  

perturbations of the host immune system [40, 41].  149	  

 150	  

Micro-infected ants modulate their sanitary care  151	  

Social insect colonies face a high load [42] and diversity [43, 44] of pathogens in their 152	  

environment, making multiple infections of individual colony members likely. Given 153	  

the observed costs of increased susceptibility to heterologous pathogens after a 154	  

previous, otherwise asymptomatic micro-infection, we expect selection to act on ants 155	  

to avoid super-infections with detrimental heterologous pathogens. As contaminated 156	  

individuals represent a constant risk of infection for their colony members [19, 20, 157	  

23], we tested the hypothesis that ants should modulate their behaviour to selectively 158	  

reduce the risk of heterologous pathogen contraction when in contact with a pathogen-159	  
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contaminated nestmate. To this end, we confronted micro-infected ants with a 160	  

contaminated nestmate, from which they could contract a super-infection of either the 161	  

homologous or heterologous pathogen, and observed how their behaviour differed 162	  

from that of non-infected ants (Movie S1).  163	  

While aggression between nestmates is usually absent in L. neglectus colonies [45], 164	  

micro-infected ants started biting, grabbing and dragging their contaminated 165	  

nestmates. This was equally so, whether or not the nestmate was contaminated with 166	  

the homologous or heterologous pathogen to their micro-infection (Fig. 2A; 167	  

generalised linear model (GLM) χ2 = 13.39, df = 2, P = 0.002; post hoc comparisons: 168	  

non-infected vs. homologous, P = 0.007; non-infected vs. heterologous, P = 0.0002; 169	  

homologous vs. heterologous, P = 0.24; see Figs. S3A,B, table S1 for separate 170	  

statistical analyses for the two pathogen species, showing a significant effect for 171	  

nestmates contaminated with Metarhizium and the same, yet non-significant pattern in 172	  

Beauveria). Hence, whilst increased aggression has previously been reported for 173	  

infected ants towards non-nestmates from different colonies [46], and by healthy ants 174	  

and honeybees towards infected or immune-challenged nestmates [47-49], here we 175	  

find that micro-infected ants have a heightened level of aggression themselves, 176	  

towards their own nestmates. 177	  

 178	  
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Fig. 2) Modulation of behaviour displayed by micro-infected ants towards 179	  

contaminated nestmates. Micro-infected ants differed in their aggression and 180	  

sanitary care behaviours from non-infected control ants (grey symbols), and displayed 181	  

behavioural plasticity depending on whether their nestmate was contaminated with the 182	  

homologous (purple) or heterologous pathogen (red) to their micro-infection. (A) 183	  

Micro-infected ants became significantly more aggressive towards their nestmate, 184	  

irrespective of whether it was contaminated with the homologous or heterologous 185	  

pathogen. (B) Poison spraying was essentially absent in non-infected control ants, but 186	  

significantly increased in micro-infected ants interacting with a nestmate 187	  

contaminated with the homologous pathogen, and further significantly increased when 188	  

the nestmate was contaminated with the heterologous pathogen. (C) Grooming was 189	  

performed significantly longer by micro-infected encountering a nestmate 190	  

contaminated with the homologous pathogen, compared to both non-infected control 191	  

ants and micro-infected ants grooming nestmates contaminated with heterologous 192	  

pathogen. Mean ± SEM displayed; different letters indicate significance groups of all 193	  

pairwise post-hoc comparisons after Benjamini-Hochberg correction at α=0.05. For 194	  

separate analysis of the two pathogens (Metarhizium and Beauveria) see Fig. S3.  195	  

 196	  

Despite increased aggression, micro-infected ants still performed sanitary care – 197	  

grooming and chemical disinfection [21] – towards their contaminated nestmates. 198	  

When grooming, ants remove infectious particles with their mouthparts from the 199	  

cuticle of nestmates [20, 33, 50]. In addition, L. neglectus ants spray their formic acid 200	  

rich, antimicrobial poison onto exposed colony members – an effective disinfection 201	  

behaviour that is distinct from defensive poison use [21]. The application process 202	  

itself is a fast and infrequent behaviour, followed by a long replenishment phase of 203	  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted July 31, 2017. ; https://doi.org/10.1101/170365doi: bioRxiv preprint 

https://doi.org/10.1101/170365


	   10	  

the poison reservoir [21]. We found that the relative expression of grooming and 204	  

poison spraying in micro-infected ants was dependent on whether the nestmate was 205	  

contaminated with the homologous or heterologous pathogen (Fig. 2B,C).  206	  

Micro-infected ants sprayed poison towards their contaminated individuals, whilst this 207	  

behaviour was essentially absent in non-infected ants (Fig. 2B; GLM, χ2 = 21.88, df = 208	  

2, P = 0.0002; post hoc comparisons: non-infected vs. homologous, P = 0.021; non-209	  

infected vs. heterologous, P = 0.002). Micro-infected ants sprayed poison 210	  

significantly more often towards nestmates contaminated with the heterologous, than 211	  

the homologous pathogen (Fig. 2B; P = 0.021; whilst these effects were only a non-212	  

significant trend at P = 0.08 for nestmates contaminated with Metarhizium, and non-213	  

significant for nestmates contaminated with Beauveria alone; see Figs. S3C,D and 214	  

table S1 for separate statistical analyses for the two pathogen species).  215	  

Ants also expressed differences in allogrooming depending on their micro-infection 216	  

and pathogen threat (Fig. 2C; GLM, F = 9.87, df = 2, P = 0.0002). As observed in 217	  

other species [34, 50], prior pathogen encounter caused an increase in the grooming of 218	  

nestmates contaminated with a homologous pathogen (post hoc comparisons: non-219	  

infected vs. homologous, P = 0.0003). Importantly, however, we found that grooming 220	  

did not increase when ants encounter nestmates contaminated with a heterologous 221	  

pathogen (non-infected vs. heterologous, P = 0.86) and was hence significantly more 222	  

frequent in interactions with nestmates carrying the homologous than the heterologous 223	  

pathogen (P = 0.003; which was significant for nestmates contaminated with 224	  

Metarhizium and showed the same, yet non-significant, pattern for Beauveria; see 225	  

Figs. S3E,F and table S1 for separate analyses for the two pathogen species).  226	  
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Overall, our behavioural data show that micro-infected ants start becoming aggressive 227	  

towards their contaminated nestmates, but nevertheless still perform sanitary care. 228	  

However, they modulate the components of sanitary care, in that micro-infected ants 229	  

perform more poison spraying but less grooming of nestmates contaminated with a 230	  

heterologous, compared to the homologous pathogen. Since grooming is a more 231	  

intimate behaviour than poison spraying, it is likely to lead to more pathogen 232	  

transmission between nestmates. By modulating their behaviour in this way, micro-233	  

infected ants may therefore minimise the risk of transmission when nestmates are 234	  

contaminated with a harmful heterologous pathogen, to which they are more 235	  

susceptible.  236	  

 237	  

Risk-averse sanitary care reduces heterologous pathogen transfer and infection 238	  

load 239	  

To determine if the observed behavioural modulation of micro-infected ants affects 240	  

disease transmission, we first tested if micro-infected ants contracted less of the 241	  

detrimental heterologous pathogen, and, secondly, if this had a beneficial effect on the 242	  

ants’ infection load and, thus, risk of disease.  243	  

To simultaneously measure pathogen transmission and fungal growth inhibition by 244	  

antimicrobial poison spraying, we determined the number of infectious fungal 245	  

conidiospores that were transferred to the body surface of ants performing sanitary 246	  

care, immediately after their social interaction with contaminated nestmates. We 247	  

found that micro-infected ants acquired significantly less infectious particles while 248	  

interacting with nestmates contaminated with the heterologous pathogen, as compared 249	  

to both micro-infected ants interacting with nestmates contaminated with the 250	  
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homologous pathogen, or non-infected ants from contaminated nestmates, with the 251	  

latter two not differing from one another (Fig. 3A; GLM, F = 8.79, df = 2, P = 252	  

0.0003; post hoc comparisons: non-infected vs. homologous, P = 0.85; non-infected 253	  

vs. heterologous, P = 0.0008; homologous vs. heterologous, P = 0.0008). These 254	  

results were robust, independent of pathogen order (see Fig. S4 and statistics therein). 255	  

This reveals that the behavioural plasticity displayed by the ants depending on the 256	  

combination of their micro-infection and pathogen threat, reduced the transfer of the 257	  

infectious heterologous, but not of the non-detrimental homologous, pathogen 258	  

compared to non-infected control ants.  259	  

 260	  

Fig. 3) Reduced heterologous pathogen transfer and super-infection load to 261	  

micro-infected ants. (A) Micro-infected ants acquired significantly lower amounts of 262	  

viable, infectious pathogen during social contact with nestmates contaminated with 263	  

the heterologous pathogen (red symbol) than both, micro-infected ants interacting 264	  

with nestmates contaminated with the homologous pathogen (purple), or non-infected 265	  

controls interacting with contaminated nestmates (grey), with the latter two groups not 266	  

differing significantly. (B) We measured the super-infection levels of the 267	  

heterologous pathogen when micro-infected ants were exposed to fungal conidiospore 268	  

dosages equivalent to what they naturally acquired during interactions with a nestmate 269	  
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contaminated with the heterologous pathogen (Fig. 3A heterologous; filled symbol), 270	  

as compared to control ants (Fig. 3A controls, open symbol). We found that super-271	  

infection levels were significantly lower in ants displaying risk-averse behavioural 272	  

modulation compared to the control ants. Mean ± SEM displayed; different letters 273	  

indicate significance groups of all pairwise post-hoc comparisons after Benjamini-274	  

Hochberg correction at α=0.05. For separate analysis of the two pathogens 275	  

(Metarhizium and Beauveria) see Figs. S4 and S5.  276	  

 277	  

Since exposure dose is related to infection load and the risk of disease [51], we tested 278	  

whether the reduced transfer of harmful heterologous pathogen translates into a lower 279	  

super-infection load in micro-infected ants. To this end, we exposed micro-infected 280	  

ants to two different dosages of their heterologous pathogens: (i) a low dose 281	  

equivalent to the amount ants received when performing risk-adjusted sanitary care 282	  

(determined from data in Fig. 3A - heterologous pathogen combinations) or (ii) a 283	  

higher dose equivalent to the amount received when the behavioural change was 284	  

absent (determined from data in Fig. 3A – non-infected control ants). Our data clearly 285	  

show that the reduced transfer of infectious conidiospores in ants displaying risk-286	  

adjusted sanitary care minimises their super-infection load (Fig. 3B; linear mixed 287	  

effects regression (LMER), χ2 = 41.44, df = 1, P = 0.0001; independent of pathogen 288	  

order; Fig. S5 and statistics therein). Since the disease caused by the pathogens we 289	  

used is dose-dependent [51], we can thus conclude that the risk-adjusted sanitary care 290	  

displayed by micro-infected ants will reduce their chances of contracting the 291	  

heterologous pathogen (to which they are more susceptible) and developing a 292	  

detrimental super-infection.  293	  
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 294	  

Conclusion  295	  

In this study, we investigated how micro-infections acquired through sanitary care 296	  

affect an ant’s disease susceptibility to future infections with the same, homologous or 297	  

a different, heterologous pathogen, and, as a consequence, how this affects their 298	  

interactions with pathogen-exposed nestmates. We found that micro-infections had a 299	  

protective or neutral effect when ants were exposed to the homologous pathogen, but 300	  

increased an ant’s susceptibility to super-infections of heterologous pathogens (Fig. 301	  

1). However, by altering the relative expression of grooming and poison spraying 302	  

(Fig. 2), micro-infected ants were able to specifically reduce the amount of 303	  

heterologous pathogens they contract when performing sanitary care of contaminated 304	  

nestmates (Fig. 3A). Importantly, this risk-averse behaviour results in a lower 305	  

infection load for micro-infected ants (Fig. 3B), meaning their chances of acquiring 306	  

super-infection with a detrimental pathogen are reduced.   307	  

Micro-infected ants were more aggressive to their nestmates, indicating that the 308	  

infection itself or a physiological change due to an immune response alters the level 309	  

of aggression in ants. Similar to our findings in ants, higher irritable or hostile 310	  

behaviour can also be observed in infected vertebrates, including humans [52, 53]. 311	  

These changes in behaviour form part of a general sickness behaviour that also 312	  

includes fatigue, depression, and reduced social integration [6-8]. Such changes in 313	  

behaviour are generally considered to be triggered by the immune system through 314	  

neural and circulatory pathways [54]. In ants, a loss of attraction to social cues from 315	  

the nest or nestmates [55], and hence social isolation from the colony, occurs after 316	  

Metarhizium infection, close to the death of the individual [46, 47]. Yet, the social 317	  
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isolation of diseased, or generally moribund [56], ants does not involve any 318	  

aggressive interactions in the colony [47, 55]. The observed increase in aggression 319	  

levels in micro-infected ants may thus constitute a "partial sickness behaviour", as 320	  

they neither express signs of disease nor all components of a typical sickness 321	  

behaviour [6, 55], and still actively engage in sanitary care of their contaminated 322	  

nestmates. Whether these aggressive behaviours are adaptive remains to be 323	  

determined, but dragging and biting of infected individuals has been observed in 324	  

honeybees and other ants [47-49], and may potentially play a role in removing 325	  

contagious individuals from the colony, to reduce disease spread [6]. 326	  

Micro-infected ants continued to provide sanitary care to their contaminated 327	  

nestmates, but in a risk-averse manner. Remarkably, we found that by altering the 328	  

expression of sanitary care, ants are able to reduce their own risk of contracting a 329	  

super-infection with a second, harmful pathogen, whilst caring for their contaminated 330	  

nestmates. This self-protection is achieved by adjusting the relative expression of the 331	  

components of sanitary care – grooming vs. disinfection. Specifically, micro-infected 332	  

ants intensified the spraying of their antimicrobial poison [21] but did not increase the 333	  

mechanical removal of the infectious particles by grooming of the body surface of 334	  

nestmates [20], when they were contaminated with the heterologous pathogen. As 335	  

grooming involves close contact and uptake of the infectious particles into the ants' 336	  

infrabuccal pockets within their mouths [21, 57], whilst poison spraying represents 337	  

only the application of disinfectant, this shift in sanitary care led to a reduction in 338	  

pathogen transfer.  The capacity to specifically prevent super-infections of 339	  

detrimental, heterologous pathogens is expected to benefit both the host and the 340	  

pathogen that has already established a micro-infection [58]. Consequently, 341	  

elucidating the underlying mechanistic basis of the behavioural changes in micro-342	  
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infected ants will be necessary to determine the relative importance of an adaptive 343	  

shift in the host’s response and potential parasite manipulation [59]. 344	  

Importantly, ants did not simply perform risk-averse sanitary care against pathogens 345	  

they inherently were more or less susceptible to, e.g. due to their genetic 346	  

predisposition. Instead, the ants reacted to their individual infection history that 347	  

induced a change in their disease susceptibility. Our data hence represent a prime 348	  

example of behavioural plasticity, showing how sanitary care is adjusted as a 349	  

consequence of the combination of the individual infection history of the care-350	  

providing insects, and the encountered second pathogen, present on the contaminated 351	  

nestmate. Such behavioural modulation, based on susceptibility changes due to prior 352	  

experience [60], is also known in flies [61] and humans, e.g. during pregnancy [11, 353	  

62]. However, in these cases, the changes lead to an increased avoidance of infectious 354	  

individuals – a behaviour that occurs in healthy animals from crustaceans to primates 355	  

[63-65] – rather than a modulation of care behaviour, as we report here. The ultimate 356	  

outcome, the performance of risk-averse sanitary care, rather than the avoidance of 357	  

diseased group members, highlights the importance of social immunity for the success 358	  

of insect societies. Indeed, although workers are often considered to be expendable, 359	  

they are essential for colony maintenance and the production of new queens, so their 360	  

health status will have a direct impact on colony fitness [66]. Hence, behavioural 361	  

adaptations, like those presented here, ensure that the workerforce of the colony 362	  

remains healthy and, consequently, can contribute productively to enhance colony 363	  

fitness.  364	  

 365	  

 366	  
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Methods  367	  

Ant hosts. We used the invasive garden ant, Lasius neglectus [45, 67] sampled from 368	  

Jena, Germany (N 50° 55.910 E 11° 35.140), and reared in the laboratory (as in [23]). 369	  

Ants were kept at a constant temperature of 23°C with 75% humidity and a day/night 370	  

cycle of 14 h light/10 h dark. Experiments were performed in petri dishes with a 371	  

plastered base and 10% sucrose solution as an ad libitum food supply. Ants were 372	  

randomly assigned to the respective treatment groups, described below.  L. neglectus 373	  

is an unprotected insect species, and all experiments comply with European laws and 374	  

IST Austria ethical guidelines. 375	  

 376	  

Fungal pathogens. We used the entomopathogenic fungi Metarhizium and 377	  

Beauveria, both of which are natural pathogens of Lasius ants [29; C.D.P unpubl., 30] 378	  

and occur in high density (up to 5000 conidiospores/g soil, [42]) and diversity (many 379	  

sympatrically occurring species and strains, [43, 44]) in the soil, where the ants nest. 380	  

Natural infection loads of L. neglectus populations with individual species of these 381	  

obligate killing pathogens reach up to 9% prevalence [29], with sporulating cadavers 382	  

each producing approximately 12 Mio new infectious conidiospores (conidia) [20]. In 383	  

Metarhizium, topical application of approximately 30 conidiospores induces 2% 384	  

mortality in L. neglectus workers [23], whilst application of 300,000 spore constitutes 385	  

the lethal dose (LD)50 [23]. We used the strains Metarhizium robertsii KVL 13-12 386	  

and Beauveria bassiana KVL 04-004 (obtained from the University of Copenhagen, 387	  

Denmark), of which multiple aliquots were kept in long-term storage at -80°C. Prior 388	  

to each experiment conidiospores of both fungi were grown on malt extract agar at 389	  

23°C for 3 w and harvested by suspending them in 0.05% sterile Triton X-100 390	  
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(Sigma). All conidiospore suspensions had a germination rate of > 91%, which was 391	  

determined directly before each experiment.  392	  

Fungal exposure of ants. We exposed individual worker ants by applying a 0.3 µl 393	  

droplet of conidiospore suspension onto their gaster (abdomen) and subsequently 394	  

letting them dry for 1 min on filter paper. The concentration of each conidiospore 395	  

suspension was adjusted depending on the respective fungus and experiment (see 396	  

below). For the sham control treatment we applied a 0.3 µl droplet of 0.05% Triton X-397	  

100 (Sigma) solution only. 398	  

Establishment of micro-infections. To induce socially-acquired micro-infections, we 399	  

grouped 5 naive ants with a single pathogen-exposed individual (distinguishable by 400	  

paint marking the exposed individual [Edding 780]) in a petri dish (Ø = 9 cm; as in 401	  

[23]). The exposed individual was either treated with Metarhizium or Beauveria (both 402	  

1×109 conidiospores/ml). To obtain non-infected control ants, 5 naive ants were 403	  

grouped with a sham-treated individual. After 5 d of social contact the treated 404	  

individual was removed and the remaining ants – micro-infected with either 405	  

Metarhizium or Beauveria, or non-infected controls – were subjected to further 406	  

experiments (see below).  407	  

Survival of micro-infected ants upon homologous and heterologous pathogen 408	  

challenge. Ants micro-infected with Metarhizium or Beauveria, as well as non-409	  

infected controls, were exposed to either Metarhizium (1×109 conidiospores/ml) or 410	  

Beauveria (5×109 conidiospores/ml) and subsequently kept as single ants in new petri 411	  

dishes (Ø = 3.5 cm). Survival of the ants was monitored daily for a period of 12 d. To 412	  

confirm deaths caused by internal infection of the entomopathogenic fungi, ant 413	  
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corpses were surface-sterilized (using bleach and ethanol, [68]), kept under humid 414	  

conditions for 3 w and regularly checked for fungal outgrowth and conidiospore 415	  

formation. Our experimental setup thus comprised 4 different combinations of 'micro-416	  

infection' and 'pathogen challenge' (2 homologous and 2 heterologous), each with its 417	  

own control group ('non-infected ants' + 'pathogen challenge'). Each combination 418	  

comprised 24 replicates of 5 micro-infected or control ants per petri dish, resulting in 419	  

120 ants per combination and 960 ants overall in the experiment. 4.3% of the ants 420	  

(41/960) died before direct pathogen challenge and were therefore excluded from 421	  

further statistical analyses. The ants' infection history (i.e. non-infected versus micro-422	  

infected) did not affect mortality before pathogen challenge (Chi-square test: χ2 = 0, df 423	  

= 1, P = 1). 83.1 % of dead ants (295/355) showed fungal outgrowth after surface 424	  

sterilization, thus confirming an internal entomopathogenic infection. 425	  

Simultaneous co-exposure with Metarhizium and Beauveria. We studied the effects 426	  

of pathogen co-infection by exposing naive ants (n = 120 per treatment, total 360 427	  

ants) to a mixture of both fungal pathogens (each 50%; total 1×109 conidiospores/ml), 428	  

or each pathogen alone (as above). Exposed ants were reared singly (petri dishes: Ø = 429	  

3.5 cm) and survival was monitored daily for 12 d. Dead ants were surface sterilized 430	  

(as above), with 89.6% (155/173) showing fungal outgrowth (89.1% for Metarhizium-431	  

, 91.3% for Beauveria- and 89.5% for co-exposure). 432	  

Behavioural observations of micro-infected ants. We observed the behaviour of 433	  

micro-infected ants towards a newly encountered contagious nestmate. To this end, 434	  

groups of 5 ants micro-infected with either Metarhizium or Beauveria, or non-infected 435	  

control ants, were transferred into petri dishes (Ø = 3.5 cm; no food). A colour-436	  

marked nestmate from their parental colony, with whom the ants had no contact to in 437	  
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the previous 5 d, was then introduced after exposure to either Metarhizium or 438	  

Beauveria (both 1×109 conidiospores/ml).  This led to six combinations of micro-439	  

infection (non-infected, Metarhizium, or Beauveria) and nestmate contamination 440	  

treatment (Metarhizium, or Beauveria), each consisting of 24 replicates (n = 5 micro-441	  

infected or non-infected control ants per petri dish, i.e. 120 per combination, 720 in 442	  

total). 443	  

After an acclimatisation period of 10 min following nestmate introduction, we 444	  

recorded the ants’ behaviour towards the treated nestmate for 1 h (camera: Di-Li 970-445	  

O; software: Debut video capture 1.64; always simultaneously filming one replicate 446	  

each of the non-infected, Metarhizium-, or Beauveria- micro-infected treatment group 447	  

with random assignment to the three cameras running in parallel). Videos were 448	  

analysed “blind” with regard to treatment, using the software 'Biologic' 449	  

(http://sourceforge. net/projects/ biologic/), to record the start and end time point of 450	  

the ants’ behaviour. We then calculated (i) the total duration (in sec) of aggression 451	  

(comprising aggressive picking/licking/plucking of the body surface, mandible biting 452	  

into different body parts, and dragging), (ii) the number of events of direct poison 453	  

spraying from the acidopore (opening of the poison gland at the gaster tip), as well as 454	  

(iii) the total duration of allo-grooming (in sec) that the treated nestmate received, per 455	  

replicate (see Movie S1 for examples).  456	  

Conidiospore transfer from the contaminated nestmate to micro-infected ants. 457	  

To study if the ants' infection history affected their likelihood of acquiring the 458	  

homologous vs. heterologous pathogen when interacting with a contaminated 459	  

nestmate, we determined the number of viable colony forming units (CFUs) of 460	  

conidiospores on the body surface of non-infected and micro-infected ants 461	  
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(Metarhizium, Beauveria), after 70 min of social contact to their Metarhizium- or 462	  

Beauveria-contaminated nestmate, again in all possible combinations (same 463	  

experimental setup as above). Ants (total n = 820 individuals, pooled in 164 replicates 464	  

of 5 ants each) were transferred into tubes (1.5 ml) containing 100 µl Triton X (0.05 465	  

%), to wash off and collect conidiospores that these ants may have acquired from their 466	  

contaminated nestmate. The tubes were shaken for 10 min on a vortex mixer (Vortex-467	  

Genie 2, Scientific Industries) at maximum speed and ants were subsequently 468	  

removed from the tubes. We plated the washes on selective medium agar plates 469	  

(containing: chloramphenicol 100 mg/l, streptomycin 50 mg/l, dodin 110 mg/l), 470	  

cultivated the plates at 23°C for 2 w and determined the number of colony forming 471	  

units (CFUs) of Metarhizium and Beauveria growing on each plate through visual 472	  

inspection. 473	  

We confirmed that this procedure is appropriate to quantify only the conidiospore 474	  

transfer during contact with the contaminated nestmates, but not any conidiospores 475	  

remaining from the previous micro-infection induction five days prior. To this end, 476	  

we let non-infected or micro-infected (Metarhizium, or Beauveria) ants interact with 477	  

nestmates that had only received a sham-treatment and thus could not transfer 478	  

pathogen (10 replicates of 5 ants each; total 150 ants). None of these washes led to 479	  

growth of entomopathogenic fungi after 2 w of cultivation, revealing that the micro-480	  

infected ants did not carry any viable conidiospores on their cuticle from their 481	  

previous micro-infection that could still be washed off at this time point. 482	  

Consequently, all viable conidiospores from our washes can only have been 483	  

transferred from the contaminated individual within the 70 min of social contact in 484	  

our experiment.  485	  
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Relationship between conidiospore transfer and internal fungal load of ants. We 486	  

determined whether the observed differences in conidiospore transfer between ants 487	  

displaying the behavioural change, as compared to ants that do not, translates into 488	  

different levels of super-infection, which establish in the ants after exposure. To this 489	  

end, we directly exposed micro-infected ants to the heterologous pathogen, in an 490	  

amount they would acquire when expressing the behavioural change (i.e. micro-491	  

infected ants interacting with a nestmate contaminated with the heterologous 492	  

pathogen), and compared their super-infection load with that of micro-infected ants, 493	  

where we simulated an absence of the behavioural change by exposing them to the 494	  

heterologous pathogen in an amount non-infected control ants, which do not express 495	  

the behavioural change, would acquire (Fig. 3A, Fig. S4).  496	  

As the accuracy to determine conidiospore transfer by washing (see above) 497	  

diminishes over time due to increasing conidiospore attachment, yet transfer between 498	  

ants is possible for approx. 48 h after exposure in this experimental system [34; own 499	  

obs.], we had to determine the required application doses by extrapolation from our 500	  

early observation period (first 70 min of interaction) to the full period of possible 501	  

pathogen transfer. Within the 48 h of possible transmission, the likelihood of 502	  

conidiospore transfer continuously decreases with time, firstly, because a constantly 503	  

reducing number of conidiospores can be transferred per interaction due to reduction 504	  

in number via grooming, or stronger attachment to the cuticle due to germination, and, 505	  

secondly, because the ants perform fewer grooming interactions per unit of time. In 506	  

our system, grooming decreases by 40% between 24 and 48 h after exposure [23]. We 507	  

therefore estimated how many conidiospores are transferred within the full infective 508	  

period of 48 h using an exponential function, taking the number of conidiospores 509	  

transferred within the first hour (Fig. 3A) as the starting point and a decay rate tau of 510	  
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10, based on our observations in [23]. As experimental topical application further is a 511	  

'wasteful procedure' and only 10-15% of the applied conidiospores are in fact sticking 512	  

to the body surface (MK & SM unpubl.), we used the following application dosages 513	  

in our experiment: Beauveria micro-infected: behavioural change present = 460 514	  

Metarhizium conidiospores, behavioural change absent =1850; Metarhizium micro-515	  

infected: behavioural change present = 90 Beauveria conidiospores, behavioural 516	  

change absent = 1480.  517	  

After having been kept with a contaminated individual for 5 d to acquire a micro-518	  

infection (as above), ants were directly exposed to the heterologous fungus and kept 519	  

in isolation (petri dishes: Ø = 3.5 cm) for another 5 d. After this time ants were freeze-520	  

killed and later combined into pools of 5 individuals each (number of replicates, 521	  

Beauveria micro-infected: behavioural change present = 14, behavioural change 522	  

absent =13; Metarhizium micro-infected: behavioural change present = 12, 523	  

behavioural change absent = 13; total 260 ants). In order to only measure internal 524	  

infections, ant pools were washed to remove any conidiospores still loosely attached 525	  

to the outer surface of their cuticles. This was done by vortexing them in 500 µl 526	  

0.05% Triton-X solution for 1 min and subsequently rinsing all ants individually with 527	  

100 µl 0.05% Triton-X solution.  528	  

Quantification of super-infection load in micro-infected ants. The fungal load of 529	  

the heterologous pathogen was determined using quantitative real-time PCR. Prior to 530	  

DNA extraction, the samples were homogenized in a TissueLyser II (Qiagen) using a 531	  

mixture of 2.8 mm ceramic (VWR), 1 mm zirconia (BioSpec Products) and 425-600 532	  

µm glass beads (Sigma-Aldrich). Homogenization was carried out in two steps (2x 2 533	  

min at 30Hz). DNA extractions were performed using Qiagen DNeasy96 Blood and 534	  
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Tissue Kit per the manufacturer’s instructions, with a final elution volume of 50 µl 535	  

Buffer AE.  536	  

We then performed a real-time PCR assay to quantify the fungal ITS2 rRNA gene 537	  

copies. Targeting this multi-copy gene ensures a high sensitivity and prevents any 538	  

cross-amplification of the two fungi present in the ants. Quantification standards were 539	  

obtained by extracting DNA of pure Metarhizium and Beauveria conidiospores. Site 540	  

specific primers for Beauveria bassiana were taken from [69] (F: 5’- 541	  

GCCGGCCCTGAAATG G; R: 5‘ - GATTCGAGGTCAACGTTCAGAA). Primers 542	  

for the amplification of Metarhizium robertsii were designed based on GenBank 543	  

sequence AY755505.1 (F: 5’- CCCTGTGGACTTGGTGTTG, R: 5’- 544	  

GCTCCTGTTGCGAGTGTTTT), as in [70]. Both primer pairs were shown to not 545	  

cross-amplify with the other fungal species. 546	  

Amplification was carried out in 20 µl reactions using 1x KAPA SYBR Fast qPCR 547	  

master mix (KapaBiosystems), 3 pmol (Metarhizium) or 4 pmol (Beauveria) of each 548	  

specific primer (Sigma-Aldrich) and 2 µl template on a CFX96 real-time PCR 549	  

instrument (bio-rad). Cycling parameters were chosen according to manufacturer’s 550	  

recommendations (annealing temperatures: 64 °C for Metarhizium, 60 °C for 551	  

Beauveria). Quantification was based on a standard curve, with standards covering a 552	  

range from 10-2 to 10-5 ng/µl fungal DNA for Metarhizium and 10-2 to 10-4 ng/µl 553	  

fungal DNA for Beauveria. The respective lowest standard was determined to be the 554	  

detection threshold. Each run included a negative control. Specificity was confirmed 555	  

by performing a melting curve analysis after each run.  556	  

Statistical analyses. All statistical analyses were carried out in the program R, 557	  

version 3.3.2 [71], and all reported P-values are two-sided. To test for the overall 558	  
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effect of a homologous vs heterologous combination of micro-infection (with non-559	  

infected ants as a control) and secondary pathogen exposure, either via direct 560	  

experimental exposure or social contact to a contaminated nestmate, we performed a 561	  

global analysis with ‘treatment group’ (containing three levels, non-infected, 562	  

homologous combinations and heterologous combinations) as a main effect into the 563	  

respective models. To further test for the robustness of this overall pattern across the 564	  

two pathogens and their exposure order, we performed an additional detailed analysis, 565	  

in which we tested for the main effects of ‘micro-infection history’, which was split 566	  

up into Metarhizium micro-infected, or Beauveria micro-infected, and non-infected 567	  

controls, and ‘secondary pathogen exposure’ (direct exposure or contaminated 568	  

nestmate) with either Metarhizium or Beauveria, as well as their interaction. As we 569	  

reused data for the global and detailed statistical analysis, we corrected for multiple 570	  

testing with the Benjamini-Hochberg correction and present adjusted p values.  571	  

To assess the significance of main effects of all models, we compared full models to 572	  

null (intercept only) and reduced models (for those with multiple predictors), using 573	  

likelihood ratio tests. We checked the appropriate diagnostics for all models, 574	  

including over dispersion, Cook's distance, dfbetas, dffits, leverage, variance inflation 575	  

factors (package 'car', version 2.0-19 [72]), distribution of residuals, residuals plotted 576	  

against fitted values and Levène's test of equality of error variances – to test for 577	  

obvious influential cases, outliers and deviations from the assumptions of normality 578	  

and homogeneity of residuals. Where post hocs were necessary, we performed Tukey 579	  

post hoc comparisons and adjusted the resulting P-values using the Benjamini-580	  

Hochberg procedure, using the ‘multcomp’ package (version 1.4-6 [73]).  581	  
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To test for the effect of infection history on the survival of ants after homologous and 582	  

heterologous pathogen challenge, we used Cox mixed effects models (package 583	  

'coxme', version 2.2-5 [74]), with ‘survival’ as the response variable. In the global 584	  

analysis, treatment was the only main effect, but we included ‘replicate petri dish’ as a 585	  

random intercept effect, since ants from the same petri dish are non-independent (Fig. 586	  

1). In the detailed analysis testing the two pathogens separately in their 587	  

homologous/heterologous combinations (taking exposure order into account), we ran 588	  

a Cox mixed effects models containing ‘infection history’, ‘nestmate contamination’ 589	  

and their interaction as fixed effects. As the interaction was significant, we performed 590	  

individual models comparing the survival of micro-infected ants to non-infected 591	  

control ants following a pathogen challenge separately, by including 'infection history' 592	  

(non-infected versus micro-infected) as a fixed factor (Fig. S1). Again, ‘replicate petri 593	  

dish’ was included as a random effect. We controlled for multiple testing by adjusting 594	  

P values using the Benjamini-Hochberg procedure to protect against a false discovery 595	  

rate of 0.05.  596	  

When testing for the effect of pathogen co-infection after direct co-exposure (Fig. S2), 597	  

survival of naive ants after exposure with either Metarhizium or Beauveria, or a 598	  

simultaneous co-exposure with both fungal pathogens, we used a Cox proportional 599	  

hazards regression (package 'survival', version 2.38 [75]). As the overall regression 600	  

model was significant we performed post hoc comparisons to test for differences 601	  

between the respective treatments. 602	  

General(ised) linear models (GLM) were used to analyse whether the behaviour of 603	  

ants – aggression, poison spraying and allogrooming – depended on their micro-604	  

infection history and contamination treatment of nestmates, both performing the 605	  
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global (Fig. 2) and detailed analysis (Fig. S3). For the grooming data, we used GLMs 606	  

with Gaussian errors. Since the aggression and poison spraying behavioural data 607	  

followed a negative binomial distribution, we analysed this data using generalised 608	  

linear models with negative binomial errors (package 'MASS', version 7.3-47 [76]). 609	  

For the detailed analyses, we also ran separate models for each nestmate 'treatment' 610	  

(contamination with Metarhizium-, or Beauveria) with 'infection history' as a sole 611	  

predictor, on which we performed post hocs to obtain comparisons between the 612	  

different types of 'infection history' (non-infected, Metarhizium, Beauveria). For the 613	  

detailed analysis of aggression, the interaction between micro-infection history and 614	  

nestmate contamination was non-significant (GLM, LR χ2 = 3.9, df = 2, P = 0.142), so 615	  

it was removed and the model re-run without it, to obtain better estimates of the 616	  

remaining predictors. In addition, as there was no poison spraying by non-infected 617	  

ants towards Beauveria-contagious nestmates, we artificially added a single spraying 618	  

event to this group to gain finite estimates and avoid complete separation of the data. 619	  

Our model thus overestimates spraying behaviour in non-infected ants, indicating that 620	  

the already significant differences between the different types of 'infection history' in 621	  

reality are even greater.  622	  

The transfer of infectious conidiospores from contaminated individuals to micro-623	  

infected nestmates was analysed using GLMs with Gaussian errors after data were 624	  

ln(x+1) transformed to fulfil the assumption of normality. Again, we performed both 625	  

a global analysis (Fig. 3A) and detailed analysis for the two pathogens (Fig. S4).  626	  

The super-infection load of micro-infected ants was analysed using linear mixed 627	  

effects regressions (LMER), with presence/absence of behavioural change (risk-628	  

adjusted, control) included as predictor for the global analysis (Fig. 3B). For the 629	  

detailed analysis, we also included ‘micro infection history’ as a second predictor, and 630	  
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performed separate LMERs to determine how super-infection loads changes within 631	  

both pathogen species (Fig. S5). We square root transformed infection load to achieve 632	  

normality. Since the DNA extraction was carried out over two separate runs, ‘run’ 633	  

was included as a random intercept effect into all models. Three different 634	  

experimenters performed the pathogen exposure, so a random intercept was also 635	  

included for ‘person’. From our 52 original samples, we excluded one outlier that 636	  

showed exceptionally high fungal multiplication, reaching a 250-fold higher value 637	  

than the maximum value of all other samples.  638	  
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