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Social insect colonies are characterized by an efficient division of labor, allowing high-value individuals (i.e., reproductives and brood) to be sheltered from tasks associated with increased risk of pathogen exposure, such as foraging or corpse disposal. This social organization helps limit the transmission of disease throughout the colony. Further, individuals can actively respond to imminent disease threats by altering their behaviors as a means of social immunity. In subterranean termites, although workers typically avoid detected pathogens, they can be attracted to pathogen cues when a nestmate is infected. Infected termites are usually groomed, but they may instead be cannibalized if the infection has already become lethal. The mechanisms governing these changes in behavior are unclear. We set out to examine immediate changes in individual behaviors, investigating the role that the infected individual plays in communicating its infection status to nestmates. We also assessed gradual changes in social organization after the re-introduction of an infected termite to the colony. Our results reveal that infected termites likely do not signal their infection status to nestmates through shaking behaviors and reduced movements, suggesting the occurrence of other mechanisms used in communicating infection. We also found that infected termites do not self-isolate and may travel to the densest part of the colony, where they can potentially benefit from grooming by large groups of nestmates. These results provide new insights into how individual changes in immune behaviors contribute to overall colony health, highlighting that, at early stages of infection, termites favor a rescuing strategy rather than isolation and/or cannibalization.
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INTRODUCTION

The evolution of eusociality in animals has led to tremendous ecological success. This has reached a paradigm in social insects, which have rapidly diversified throughout different ecological niches (Wilson, 1990). However, living in large groups may entail several costs, especially in densely packed groups of closely related individuals. Disease can spread more easily as frequent interactions increase the chance of transmission (Hamilton, 1987; Schmid-Hempel, 1998; Godfrey et al., 2006; Brahma et al., 2021; Schmid-Hempel, 2021) and related individuals are more likely to suffer from the same disease agent (Anderson and May, 1985; Shykoff and Schmid-Hempel, 1991; Nunn et al., 2006). Yet, social insect colonies are well protected against epidemic outbreaks, due to a variety of individual- and group-level defenses, such as allogrooming (Peng et al., 1987; Drees et al., 1992; Oi and Pereira, 1993; Rosengaus et al., 1998b; Hughes et al., 2002; Wilson-Rich et al., 2007; Yanagawa and Shimizu, 2007; Chouvenc et al., 2009b; Liu et al., 2019a; Cini et al., 2020), the transfer of antimicrobial substances through trophallaxis (Hamilton et al., 2011b), and corpse disposal (Sun and Zhou, 2013). These defenses, collectively referred to as social immunity, take advantage of an organized workforce in order to mitigate the costs of social living (Cremer et al., 2007; Cremer et al., 2018; Liu et al., 2019b).

Division of labor is the hallmark of social insect colonies, whereby individuals are allocated to different colony tasks. Within a colony, reproduction is the responsibility of one, or a few, individuals, while a larger workforce tends to all other needs. This social organization allows the reproductive caste to be protected from external threats, as some tasks, such as foraging, defense or corpse disposal, increase the risk of pathogen exposure (Durrer and Schmid-Hempel, 1994; Sun and Zhou, 2013; Stroeymeyt et al., 2014; Sah et al., 2018). Typically, colony members responsible for these risky tasks have reduced contact with high-value members of the colony (i.e., reproductives and brood), thus decreasing the chance that these valuable individuals will become infected (Wang and Mofller, 1970; Naug and Camazine, 2002; Naug and Smith, 2007; Stroeymeyt et al., 2018; Guo et al., 2020). Even within the worker caste, particularly dangerous tasks are handled by more expendable individuals. Many social insects exhibit age polyethism, such that younger individuals work inside the nest while older workers are responsible for more hazardous tasks (Seeley, 1982; Schmid-Hempel and Schmid-Hempel, 1984; Sun and Zhou, 2013; Natsopoulou et al., 2016). This serves to prolong the life of workers, and thus maximizes their contributions to the colony. Division of labor improves social immunity by constraining disease transmission throughout the colony.

While the organization of the colony workforce provides a measure of passive immune defense, individuals still actively respond to imminent disease threats. Selective pressures associated with disease are thought to have played a large role in the evolution of eusociality (Gadagkar, 1992). Consequently, many social insects are acutely sensitive to pathogen cues (Schmid-Hempel, 1998; Hussain et al., 2010; Tranter et al., 2014; Yanagawa et al., 2015; Cappa et al., 2019; Almeida et al., 2022) and, in some cases, can even discern the degree of pathogen virulence (Yanagawa et al., 2012). This strong detection ability allows social insects to adjust their behavior to reduce disease transmission risk. In several species of ants and bees, infected and contagious individuals self-isolate themselves, either by reducing their contact with nestmates or by leaving the nest entirely (Walker and Hughes, 2009; Chapuisat, 2010; Heinze and Walter, 2010; Bos et al., 2012; Stroeymeyt et al., 2018; Geffre et al., 2020; Alciatore et al., 2021).

In termites, the typical response to pathogen cues is avoidance or shaking alarm displays to warn nestmates (Rosengaus et al., 1999; Yanagawa et al., 2015; Bulmer et al., 2019). Shaking behaviors comprise an assortment of vibratory signals transmitted through the substrate and perceived by nestmates. They represent an effective form of communication in termites, especially in subterranean environments where visual and odorant signals can be less effective (Hill, 2009). Termites are therefore able to transmit different signals using shaking behavior, such as alarm signaling, caste identification and reproductive regulation (Eyer et al., 2021; Pailler et al., 2021). In addition, termites can exhibit different behaviors toward infected nestmates. Termites rely heavily on allogrooming to remove pathogenic spores from other workers (Rosengaus et al., 1998b; Chouvenc et al., 2009b; Davis et al., 2018; Liu et al., 2019a; Aguero et al., 2020). Although workers are typically repelled by olfactory pathogen cues, they may be attracted if those odors are presented alongside nestmate cues (Yanagawa et al., 2015). In some cases, workers will prevent the infected individuals from returning to the colony by sealing them inside a chamber (Epsky and Capinera, 1988). In the subterranean termite, Reticulitermes flavipes, when workers have incubated a lethal infection, the typical grooming response is replaced by cannibalization (Davis et al., 2018). It is currently unclear how termites determine when nestmates have developed lethal infections and can no longer be saved by grooming. If the infected individual is responsible for communicating its infection status, it may do so by either increased shaking alarms or reduced movement. A lack of movement, or moribundity, has frequently been observed in diseased termites, but it is unknown if this is a signal meant to communicate with nestmates or just a symptom of disease (Chouvenc et al., 2009b; Davis et al., 2018).

We set out to determine if pathogen-exposed workers of R. flavipes alter their behavior in the presence of nestmates. We examined immediate behavioral changes by measuring locomotion and shaking displays before and after reintroduction to a small group of nestmates. Then, we investigated gradual changes in behavior when infected workers return to a larger group within a nest. We used a fungal entomopathogen to infect termites and test if different incubation times affect these behavioral changes. Overall, our results assessed how individual immune behaviors relate to social immunity.



METHODOLOGY


Termite and Pathogen Preparation

In November 2019, groups of termites were collected from eight R. flavipes colonies in College Station, TX, United States. Collection points were located at least 15 m apart from each other to ensure that each group of termites came from a different colony (Vargo, 2003; DeHeer and Vargo, 2004; DeHeer et al., 2005). For each colony, some termites were dyed blue, so that they could be identified among undyed nestmates. Those termites were fed for 1 week on cellulose material containing Nile blue dye (Sigma, St. Louis, MO, United States), which is a fat-soluble stain commonly used to mark termites (Su, 1991; Davis et al., 2018; Aguero et al., 2020). Once the termites were dyed, pathogenic treatments were prepared from the conidia of the fungal pathogen, Metarhizium robertsii, suspended in a 0.1% TWEEN® 80 solution (Sigma-Aldrich Chemie N.V, Netherlands) at a concentration of 1 × 107 conidia/mL (Aguero et al., 2021a). A similar preparation of this fungal strain at the same concentration resulted in successful infection and reduced survival compared to controls in R. flavipes (Aguero et al., 2021a). The spores of Metarhizium usually germinate and the hyphae that emerge penetrate the cuticle in the first 12–24 h. The fungus further develops inside the host body in the next couple of days, and usually kills the insect after 3–6 days (Schrank and Vainstein, 2010). The 0.1% TWEEN® 80 solution by itself was used as a control treatment. Individual termites were treated by 30 s of immersion in 0.5 mL in either a pathogen or a control solution. Treated individuals were individually moved to 60 mm diameter petri dishes lined with moistened filter paper and allowed to incubate for 15 min, 24 h, or 48 h. Experiments were started after the appropriate incubation time.



Immediate Changes in Behaviors

After incubation, a five-minute video of the Petri dish was recorded. Six total treatments were run (15-min incubation control, 24-h incubation control, 48-h incubation control, 15-min pathogen incubation, 24-h pathogen incubation, 48-h pathogen incubation). One worker was observed per treatment and two replicates were conducted for each of the four colonies (LB3, LC1, LC2, and LC5). Locomotion (i.e., time spent moving) and the number of shaking events of each individual termite were counted through blind observation by the same individual researcher. After 15 min, four undyed workers from the same colony were added to each Petri dish. In order to reduce the effects of this disturbance, an additional 15 min were allowed to pass before recording another five-minute video. Locomotion and number of shaking events of the focal termites were counted.

A single zero-altered negative binomial model (ZANB) (Zeileis et al., 2008) was used to determine the effects of both treatment and the presence of nestmate workers on immediate changes in locomotive behavior. The effect of the presence of nestmate workers on locomotion was also tested separately using a paired Wilcoxon test. A different zero-altered negative binomial model was used to test whether individual termites changed their shaking behavior once nestmate termites were added. This change in shaking behavior was also tested using a paired Wilcoxon test. However, the overall low number of shaking events was not sufficient to test for a potential effect of treatment.



Gradual Changes to Behaviors

Groups of 500 workers and five soldiers from each of four colonies (LB02, LB04, LB07, and LB08) were introduced into 25 cm × 25 cm planar arenas filled with moistened sand (Figure 1, similar to Chouvenc et al., 2011). The planar arenas contain a single entrance container connected to the arena through a small plastic tube. The side of the arena opposite to the entrance was lined with discs of filter paper, serving as food material on which the colony can establish its main chamber. Each plate was divided into four levels (A-D), so that observers could identify individuals in different areas of the arena (Figure 1). Termites were introduced through the entrance and allowed to tunnel through the plate for 1 month, which was enough time for the colony to settle and form stable tunnels and chambers. Unfortunately, the colonoids used in this study did not produce secondary reproductives after this one-month period, so there were no reproductives present in the planar arenas during the experiment. The entrance container was continuously supplied with filter paper (i.e., food source), so that foraging workers could be repeatedly collected and returned (which is impossible in the different levels of the plate arena).
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FIGURE 1. Diagram of planar arenas. 500 workers and five soldiers from each colony were placed into the arena entrance, which leads into a 25 cm × 25 cm planar arena filled with moistened sand. The entrance was continuously supplied with filter paper, so that foraging workers could be repeatedly collected and returned. Each arena was divided into four levels (A-D). Level D contained filter paper discs that served as a food material on which the colony could establish its main chamber.


Four total treatments were run (24-h incubation control, 48-h incubation control, 24-h pathogen incubation, 48-h pathogen incubation). Each treatment was replicated by using 2–3 different colonies, resulting in a total of nine experimental replicates. All treatments were run simultaneously. After the colonies had settled for the one-month period, five workers were removed from the entrance of each plate. These workers were fed cellulose material containing Nile blue for 1 week then treated with either a pathogen or control solution. Treated workers were left to incubate for either 24 or 48 h before being reintroduced to the entrance container of the arenas. In order to assess changes in social organization, the number of nestmates in each level was counted through blind observation by the same individual researcher at 15 min before the reintroduction of treated individuals, as well as at 15 min, 1 day, and 7 days after their reintroduction. In order to assess potential self-isolation, the number of dyed termites (i.e., infected or control treated) was also counted in each level at 15 min, 1 day, and 7 days after their reintroduction. To ease counting, each level was further split into 4 grid squares, which were later summed.

To analyze changes in social organization of the colonies, the distribution of nestmate workers among different levels was investigated using Fisher’s exact tests for each treatment. We compared the distribution of nestmate workers found in different levels at each observation time to levels before the reintroduction of dyed termites (i.e., infected or control treated). To assess potential self-isolation, U-statistics permutation (USP) tests of independence (Berrett and Samworth, 2021) were used to determine if the number of dyed individuals differed between levels of the colonies. Different USP tests were performed separately for each treatment. Finally, two global Fisher tests (one for control data and one for pathogen data) were applied after combining data for the different observation times and incubation times. These tests were used to determine whether the dyed individuals (either control-treated or pathogen treated) were similarly distributed among levels compared to their nestmate workers. All analyses were performed in the statistical software R Studio Version 1.4.1717 (R Core Team, 2022).




RESULTS

When examining immediate changes to behavior, neither treatment (ZANB, p = 1.0 and p = 0.529–0.936 for zero-value and count data respectively) nor the presence of nestmate termites (ZANB, p = 0.70 and p = 0.056 for zero-value and count data respectively) were found to have a significant effect on immediate changes in locomotion when both of them were analyzed together (ZANB; Figure 2A). Consistently, a similar result was found when the presence of nestmate termites was investigated separately across all treatments, with no significant difference in locomotion before or after nestmate termites were added (Wilcoxon test, p = 0.065). However, there was a significant difference in locomotion before and after nestmate termites were added in the 15-min pathogen incubation treatment (Wilcoxon test, p = 0.040). Interestingly, a similar reduction in locomotion before and after nestmate termites were added was also observed in the 15-min incubation control treatment, despite not being significant (Wilcoxon test, p = 0.092). Additionally, the presence of nestmate termites did not significantly influence the number of shaking events observed using both the ZANB (p = 0.591 and p = 0.411 for both zero-value and count data respectively) and Wilcoxon test (p = 0.670; Figure 2B).
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FIGURE 2. Immediate changes in immune behaviors. Individual data points were connected with a line to illustrate the behavioral change of each individual. (A) Overall, treatment did not have a significant effect on immediate changes in locomotion (Wilcoxon test, p = 0.065). Reduced locomotion was observed shortly after nestmate workers were added in the 15-min incubation periods. For all other incubation periods, pathogen-exposed workers generally did not alter their locomotion in the presence of nestmate workers (n = 4 colonies). (B) The presence of nestmate workers did not significantly influence the number of shaking events (n = 4 colonies).


First, gradual changes within colonies after reintroduction of dyed termites were investigated through changes in social organization (i.e., abundance and distribution of nestmates among the different levels). Regardless of treatment, colony density concentrated away from the entrance of the plates, as workers were significantly more abundant in level D (60–80% of nestmate workers), suggesting this level represented the center of the colony (Figure 3). Similar patterns of worker abundance among levels were observed before and after reintroduction of control-treated or pathogen-treated individuals for the different observation times. No significant change in the distribution of nestmate termites was observed at any time after reintroduction of dyed termites compared to nestmate distribution before reintroduction (All Fisher’s exact tests, p = 1; Figure 4). These results were observed for both incubation times of control treatment and both incubation times of pathogen treatment.
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FIGURE 3. Gradual changes in immune behaviors. Barplots depict the number of nestmate workers found in each level over time for the (A) 24-h incubation control, (B) 48-h incubation control, (C) 24-h pathogen incubation, and (D) 48-h pathogen incubation. N in each plot indicates the number of colonies tested for each treatment. The single dot on the observation time scale represents when the focal individuals were added (i.e., control-treated or pathogen treated). Regardless of treatment, colony density concentrated away from the entrance of the plates, as workers were significantly more abundant in level D (60–80% of nestmate workers). The rows of numbers on top of each barplot represent the number of dyed individuals (i.e., control-treated or pathogen treated) found in each level per colony. The bottom row is the summed total.
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FIGURE 4. Distribution of nestmate workers and focal individuals per level. Barplots represent the distribution of nestmate workers in different levels of the arena over time for the (A) 24-h incubation control, (B) 48-h incubation control, (C) 24-h pathogen incubation, and (D) 48-h pathogen incubation. The single dot on the observation time scale represents when the focal individuals were added (i.e., control-treated or pathogen treated). No significant difference was observed when the distribution of nestmate workers per observation time was compared separately to the distribution of nestmate works before focal individuals were added (Fisher tests, all p = 1). For each incubation time, colored barplots represent the overall distribution of focal individuals (i.e., combining observation times) among the different levels of the colonies from both the control and pathogen treatments. The overall distribution of dyed individuals closely mirrored the distribution of nestmate workers for both control (p = 0.235) and pathogen treatments (p = 0.385).


Second, gradual changes within colonies were investigated through potential self-isolation of infected termites. These results should be taken with caution due to the small sample size and associated observational difficulty. The count of dyed termites did not always match the number of reintroduced individuals. These discrepancies may have resulted from the death of infected workers or some being cannibalized or buried by nestmates. However, these discrepancies also occurred midway through the experiment and even for the control treatment. This suggests that missing termites may also be the result of the dye fading over time or termites hiding within tunnels or underneath the filter paper. After their reintroduction, the number of dyed individuals did not significantly differ between levels when examining each treatment separately (All USP tests, p > 0.05). This result was observed for both incubation times of control treatment (p = 0.508 and p = 0.158 for 24 h-treated and 48 h-treated individuals, respectively) and both incubation times of pathogen treatment (p = 0.326 and p = 0.177 for 24 h-treated and 48 h-treated individuals, respectively) (Figure 3). When incubation times and observation times were combined, the overall distribution of dyed individuals closely mirrored the distribution of nestmate workers for both control (p = 0.235) and pathogen treatments (p = 0.385; Figure 4).



DISCUSSION

We found that pathogen-exposed workers generally did not alter their locomotion or shaking behaviors in the presence of nestmates, regardless of the incubation time up to 48 h. We found reduced locomotion of isolated termites (control-treated and pathogen-treated individuals) shortly after nestmate workers were added in the 15-min incubation treatments. This behavioral change is probably used as a preventive inspection and grooming of reintegrated foragers.

Throughout the experiment, we found that the majority of the nestmate workers congregated within level D, which therefore represented the center of the colony. Interestingly, after reintroduction, the distribution of both control-treated and pathogen-treated individuals closely mirrored the distribution of their nestmates, indicating that they do not self-isolate after isolation or infection. In addition, the distribution of nestmate workers did not differ before and after the reintegration of infected workers. Overall, these results suggest that termites readily accept and care for infected individuals, generally adopting a rescuing strategy toward infected nestmates at the risk of an increased chance of spreading disease.

Although moving into dense areas of the colony may promote the spread of disease, it also increases the chance of being groomed by nestmates. Termites can self-groom, but it is much more efficient to be groomed by others (Rosengaus et al., 1998b; Yanagawa and Shimizu, 2007; Chouvenc et al., 2009b; Liu et al., 2019a). Thus, the cost for a colony to risk spreading disease by grooming, appears to be outweighed by the benefit of rescuing workers before they develop a lethal infection (Davis et al., 2018). Interestingly, similar results have been found in the clonal raider ant, where infected individuals are reintegrated within colonies and occupied a central place in the network of interactions among nestmates, leading to a general increase in physical contact toward infected individuals (Alciatore et al., 2021). Our findings also suggest that, similarly to this ant species, R. flavipes termites favor a general rescuing strategy toward infected nestmates, rather than avoidance. Additionally, termite nest material exhibits strong antimicrobial activity from feces (Rosengaus et al., 1998a), defensive salivary secretions (Bulmer et al., 2010; Hamilton et al., 2011a), and beneficial bacteria (Chouvenc et al., 2018; Aguero et al., 2021b). By traveling to more active parts of the nest, infected individuals may also be seeking areas with the strongest antimicrobial activity and may sanitize themselves in the process.

Even when a termite has developed a lethal infection and can no longer be saved, they do not become infective until the fungus has killed them and sporulates from their body. By seeking out nestmates, workers could be inviting cannibalistic responses for the safe disposal of their bodies before they can become infective. The termite gut serves an important role in termite immunity, as harmful spores are inhibited in the alimentary tract (Chouvenc et al., 2009b). Indeed, when an infected worker may no longer be saved from infection, the response of nestmates switches from grooming to cannibalization (Davis et al., 2018). Reduced movement has been suggested as the cue for nestmates to begin cannibalizing them (Chouvenc et al., 2009a; Davis et al., 2018). Additionally, shaking displays are used to signal pathogen presence and may also play a role in communicating infection status (Rosengaus et al., 1999; Yanagawa et al., 2015; Bulmer et al., 2019). We found no consistent changes in locomotion or shaking displays throughout observation times when infected termites were grouped with nestmates, which suggests that these behaviors are not used by workers to signal this infection to nestmates. These results were found under our experimental setup using early infected individuals; however, it is possible that changes in locomotion or shaking displays would be observed at later stages of the infection process, or that the dye used may influence shaking behavior. Nile blue was originally used to monitor termite colonies in the field and reportedly does not affect mortality, but it is unclear if it may affect behavior (Su, 1991). Additionally, further testing on a larger scale is necessary. However, reduced locomotion was observed after nestmate termites were added for the 15-min pathogen incubation treatment. Interestingly, this pattern was observed for both control and pathogen treated individuals held for a 15-min incubation period, although not significant for the control-treated group. The decrease in movement once nestmate workers were introduced may be attributed to nestmate worker inspection and grooming that naturally occurs once termites are faced with new individuals (Costa-Leonardo and Haifig, 2014). The occurrence of this pattern for both control-treated and pathogen-treated individuals suggests that isolation from the colony alone may already trigger this behavioral change, which may be used as a preventive inspection of reintegrated foragers. Potentially, if reduced locomotion does not rely on the presence of nestmates, then it may be a symptom of deteriorating health. This difference may not be possible to discern from behavioral studies and may require a more thorough analysis of physiological, chemical or transcriptional changes in infected individuals. For example, infected individuals of bees and ants exhibit change in cuticular hydrocarbons (CHCs) profiles suggesting their potential role in signaling immune status (Richard et al., 2008; Baracchi et al., 2012; Cappa et al., 2016; López et al., 2017; Pull et al., 2018; Cappa et al., 2019).

Behavioral changes after infection are not always the result of social immune defenses. Several pathogens can manipulate their host’s behavior to benefit their own transmission. More complex examples of manipulation appear to require a degree of host specialization (Lafferty and Shaw, 2013). Carpenter ants infected with Ophiocordyceps fungi descend from arboreal nests to find optimal conditions for fungal growth (Hughes et al., 2011). Similarly, in honeybees, workers infected with Israeli acute paralysis virus show decreased aggression toward other colonies, increasing the chance of transmission to new hosts (Geffre et al., 2020). A reduction in movement is one of the most common examples of host manipulation, as it increases the chance of the current host being predated and further transmitting the disease (Lafferty and Shaw, 2013). If this is the case, the inhibitory strength of the termite gut may have accordingly evolved to prevent pathogen transmission during cannibalization (Chouvenc et al., 2009b).

We show that R. flavipes workers that are infected with a fungal pathogen do not self-isolate from the colony in the planar arenas. However, subterranean termite colonies and their spatial organization can be much more complex in nature. Foraging ranges can extend hundreds of square meters and mature colonies typically contain orders of magnitude more than the 500 individuals we used in our arenas (Vargo and Husseneder, 2009; Shults et al., 2021). While infected termites are uninhibited from dense pockets of workers, it is unknown if the same is true for reproductive chambers. Additionally, the concentration of pathogenic spores used in this study is much higher than what termites are expected to encounter naturally (Chouvenc et al., 2011; Loreto and Hughes, 2016). Lower pathogen titers are typically not used in studies of social immunity, as differences in colony survival are less likely to be seen. Potentially, termite workers may behave differently when exposed to less lethal pathogen concentrations. Expanding on these results by altering pathogen titers and tracking colony interactions on a smaller scale will increase our understanding of how individual behaviors translate to overall colony organization. Similarly, testing the reintegration of infected individuals at later stages of infection will allow us to tease apart whether infected and infectious individuals exhibit or elicit different behavioral responses. Finally, studying the connectivity network between every individual in the colony would permit testing whether the unrestrained contact of infected individuals also apply to highly valuable reproductive individuals and more susceptible juvenile individuals (Cole et al., 2020).
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