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Abstract

:

There are many events in the lives of insects where rapid, effective stress reactions are needed, including fighting conspecifics to defend territories, evading predators, and responding to wounds. A key element of the stress reaction is elevation of heartrate (HR), for enhancing distribution of blood (hemolymph) to body compartments. We conducted two experiments designed to improve understanding of the insect stress reaction and how it is influenced by parasitism in a common beetle species (Odontotaenius disjunctus). By non-destructively observing heartbeat frequency before, during and after applying a stressor (physical restraint) for 10 min, we sought to determine: (1) the exact timing of the cardiac stress reaction; (2) the magnitude of heartrate elevation during stress; and (3) if the physiological response is affected by a naturally-occurring nematode parasite, Chondronema passali. Restraint caused a dramatic increase in heartrate, though not immediately; maximum HR was reached after approximately 8 min. Average heartrate went from 65.5 beats/min to a maximum of 81.5 (24.5% increase) in adults raised in the lab (n = 19). Using wild-caught adults (n = 77), average heartrates went from 54.9 beats/min to 74.2 (35.5% increase). When restraint was removed, HR declined after ~5 min, and reached baseline 50 min later. The nematode parasite did not affect baseline heartrates in either experiment, but in one, it retarded the heartrate elevation during stress, and in the other, it reduced the overall magnitude of the elevation. While we acknowledge that our results are based on comparisons of beetles with naturally-occurring parasite infections, these results indicate this parasite causes a modest reduction in host cardiac output during acute stress conditions.
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1. Introduction


Insects, like all animals, are often faced with stressful events in their lives, such as evading predators, fighting with conspecifics and coping with injuries. All of these events require a functional stress response, which in vertebrates as well as invertebrates, is designed to elicit specific changes in physiological functions that temporarily promote survival during the stress event [1,2,3]. Such changes include heightened immunity [4,5,6], enhanced predator evasion [7] and importantly, increased cardiac output, which serves to increase blood flow (hemolymph in insects) and nutrients to muscles. Cardiac output can be gauged by monitoring heartbeat frequency, or the pulsations of the dorsal vessel (the insect ‘heart’), which distributes hemolymph throughout the insect. It has long been known that when insects are faced with a physically demanding activity, such as flight, the heart beats faster. In fact, one of the earliest examples of this comes from a study conducted in the 19th century; Newport [8] scraped the upper abdominal scales off of a hawk moth (Sphinx ligustri) to view the pulsations of the dorsal vessel. He noted when the specimen was at rest, the heart rate was 42–49 beats/min, and after the moth had “flown around his sitting-room” for several minutes it was 127–139 beats/min. Thus, insect heartrates become elevated during situations when greater blood distribution is needed.



Similar to the response to physical activity, a positive relationship between acute stress states and heartrate elevations in insects is evident in the entomological literature, although mostly indirectly. A considerable body of work has been completed showing how stress leads to increases in circulating levels of octopamine, the insect equivalent to adrenaline [9,10,11,12]. Meanwhile, other work has shown that heightened levels of octopamine has a stimulatory effect on insect heart contractions [13,14,15]. From these two separate bodies of work, one can logically surmise that acute stress (which increases octopamine) leads to an increase in heartrate in insects, though there are many questions about this relationship that could be examined further, and in a more direct manner. Specifically, investigating how heartrates of (intact) insects change while insects are subjected to a stress event would be useful. This would help to address a number of questions relating to the timing of the stress reaction. For example, how quickly does heartrate increase when stress begins, and how long does the stress effect last following the stress event? Also, how is this reaction affected by the health of the insect? Can insects harboring parasites react as well to stress?



We addressed the questions above using a natural host–parasite insect system that is ideal for investigations of insect stress and parasite effects. The horned passalus beetle, Odontotaenius disjunctus (Coleoptera: Passalidae, Illiger; Figure 1), is a medium-sized saproxylic insect that inhabits rotting hardwood logs in forests throughout the eastern seaboard of the United States [16,17,18]. It creates cavities within the logs, where it raises its larvae in the summer months. Since it consumes the wood as food, this species can be readily maintained in a laboratory setting by providing rotting wood. Importantly, it is host to a number of external and internal parasites [19], with one notable one being a nematode, Chondronema passali (Leidy), that lives in its abdominal cavity (Figure 1) [20]. This parasite is not well-studied, thus it is not known how it is transmitted (though probably from parent to offspring), and its taxonomy is not even clear.



This nematode is known to be highly prevalent in field collections of passalus beetles, with most collections having between 60 and 100% parasitism rates [16]. Moreover, it can be extremely abundant within its host, with beetles often harboring many hundreds, and sometimes thousands of worms. Despite this, the nematode seems to convey little outward negative effect to the host. Recent projects in our lab have begun to examine how this parasite affects its host [21,22,23], with particular attention given to behaviors and events in the lives of beetles where its impact might be felt most strongly, that is, during times of stress, when energy demand is high.



Here we conducted two experiments using field-collected passalus beetles, in which we monitored heartrates of intact specimens before, during and following a stressor in the laboratory (restraint). Moreover, we employed a non-destructive observational approach to directly count pulsations of the dorsal vessel of the living insect under a low-power microscope (see methods), even as the stress was applied, allowing us to know the exact timing of the heartrate elevations. This low-tech approach differs from that used by most previous investigators studying insect cardiac activity, where experiments often involve various electronic devices and probes attached to, or inserted into, the insect [24,25,26]. One prior study we are aware of has employed a similar, observational approach to monitor heartrate of a hemipteran, Rhodnius prolixus [27]. The goals of the current project were to: (1) document the magnitude and time course of the heartrate response during acute stress; and (2) determine if the C. passali nematodes influence either the resting heartrate, or the beetle heartrate during acute stress. The results from this project should be useful for improving understanding of the insect physiological stress response.




2. Methods


2.1. Beetle Collections


There were two collections of passalus beetles used for this project. For both collections the beetles were hand-collected from hardwood forests near the University of Georgia campus, in Athens, GA, USA. Beetles were extracted from rotting hardwood logs on the forest floor (using hatchets) and placed in plastic containers for transport back to the lab. There, they were housed individually in 900 mL plastic containers filled with moist, rotting hardwood. Beetles for the first experiment were a set of 19 specimens that were collected as larvae in August 2016, and housed in the lab until they became adult beetles (late October). We have found that larvae can be effectively reared using pulverized, moistened wood pulp [28]. When they became adults we replaced the wood pulp with actual pieces of hardwood. The second experiment used a collection of 80 adult beetles that were collected on 3 February 2017, and housed, as indicated above, in the lab until used for the project.




2.2. Measuring Heartrate


Each experiment involved measuring heartrate in individual beetles, which has been described previously [22]. Briefly, we removed a section of the elytra near the posterior end of the beetle (Figure 1) exactly one week prior to the experiment. The beetles were replaced into their housing containers following the dissecting, and were not disturbed during the week prior to the experiment. Removing the elytra allowed us to visualize the dorsal vessel under the translucent skin using a stereo-microscope (during the stress procedure, below) (Leica, Buffalo Grove, IL, USA). The pulsations of the vessel (i.e., the heart) can thus be readily counted (a video is provided in the Supplemental files). For recording heartrates before, during, and after the stress procedure, we counted heart beats over a 1 min period, and this rate (beats per minute) was used in all analyses (see below).




2.3. Stress Procedure


Both experiments involved applying a short-term (acute) stressor to individual beetles, which was the same in each experiment. Immediately before the stress was applied, individual beetles were removed from their housing container, and very quickly (i.e., less than 10 s) placed under the stereo-microscope to begin recording heartrate. This timing was important as we wanted to minimize any effect of handling on the first measurement, which we considered the ‘baseline’, or ‘resting’ heartrate. For this initial heartrate measure, the beetle was only gently grasped between the observer’s thumb and forefinger to keep it positioned under the microscope. While we recognize that even this handling could be enough to instigate a stress response, our thinking was that as long as we acted fast to begin the counting, the first measurement would still represent a modest ‘baseline’ rate, since it was initiated within seconds of removal from the housing. Preliminary work in our lab using an electronic heartrate measuring device [29] on unrestrained and restrained beetles has indicated that the heartrate response to handling does not begin increasing in earnest until 1–2 min after the beetle has been picked up [30]. Moreover, in the current experiment we began the actual stress procedure immediately after the first measurement, so that either way, we intended for the beetle to become stressed soon after this first measurement.



For the stress procedure, the beetle was placed right side-up on a petri dish cover and was then covered with clear packing tape so that the beetle was physically restrained (Figure 2). The petri cover and beetle were then returned to the stereo-microscope and we continued to record heartrates (the heart could still be seen through the clear tape). This allowed us to visualize, in real-time, the effect of physical restraint on heartrate. A video of the dorsal vessel pumping is provided in the Supplemental files. The restraint effect of the tape was such that the beetles could not move side-to-side, could not move their legs, and were pressed down onto the petri lid, so that this restraint was much more pronounced than the gentle handling used to position the beetle during the unrestrained measurements. Similar restraint procedures have been employed for stressing insects by other investigators [31]. Moreover, restraint is routinely used to impart stress in mammals within the biomedical and animal science fields e.g., [32,33,34]. We maintained the restraint stress for 10 min, while collecting heartrate data every 2 min.




2.4. Experiment Goals


The goals of our two experiments differed slightly. The first experiment was intended to elucidate the magnitude (i.e., of heartrate elevation) and the timecourse of the acute stress reaction, and to determine if this is affected by parasitism. Therefore in that project we collected heartrate data at baseline, during acute stress application, plus for 70 min after the tape was removed from the beetles (one measurement every 2 min) to determine the time to recover to baseline. For the recovery phase, the beetle was gently placed under the microscope during the heartrate measurement, then placed in an empty plastic container in the alternate minutes.



Based partly on the outcome of the first experiment (using 19 beetles), which showed the stress reaction is mainly influenced by parasites during the 10-min stress application itself (see results), the goal of the second experiment was to provide more data (i.e., more beetles, n = 77) for examining how parasites influence the magnitude of this immediate reaction. Thus, we collected heartrate before and during the stress procedure only in this experiment.




2.5. Parasite Assessment


At the completion of the experiments we weighed each beetle, then dissected it to determine sex (by the presence or absence of the male eadegus) and nematode parasitism status. The nematode, C. passali, lives in the abdominal cavity and can be readily seen when the cavity is opened and under a stereo-microscope (Figure 1). In the first experiment, there were 7 parasitized and 12 non-parasitized beetles. In the second, there were 63 parasitized and 14 non-parasitized beetles. The majority of our statistical analyses regarding the parasite focused only on the presence or absence of this nematode (i.e., parasitized or non-parasitized). However, we did consider how parasite load influenced baseline and stressed heartrates of beetles in our second experiment, where our sample size was larger. Parasite load was visually evaluated on a coarse scale of 0–3 for each beetle, where 0 equals no worms, 1 equals 1–10 worms, 2 equals 11–100 worms, and 3 equals more than 100 worms [21].




2.6. Data Analyses


Heartrate data for both the first and second experiment were normally-distributed, based on inspection of histograms. Given that two experiments were conducted, we first compared the heartrate metrics of beetles across both experiments. We specifically compared initial heartrate, maximum heartrate during stress, and the relative heartrate elevation (maximum heartrate as a percentage of the initial) between the first and second experiment. Since the variance between experiments was not equal for each metric (Levene’s test, p < 0.01 for all three), we used Mann-Whitney U tests for the comparisons.



Next, since the primary goal of the first project was to visualize the timecourse of the stress reaction, we calculated mean heartrates for each measurement (at baseline, stress and recovery) for graphical display. Then, we separately compared heartrates of beetles with and without C. passali parasites at baseline, during acute stress and during the recovery phases. We used ANOVA for the baseline measurement and repeated–measures ANOVA for the stress phase (n = 5 measurements) and the recovery phase (n = 35 measurements). In all models, we included beetle mass as a covariate. Beetle sex was initially included but was removed when it was found to be non-significant, and the models were re-run without sex. Importantly, nematode parasitism (parasitized, not parasitized) was a predictor in all three models.



For the second experiment we were primarily interested in the magnitude of the heartrate elevation during stress. Thus, for each beetle we determined the maximum HR during the stress application (i.e., maximum reading from all 5 stress readings), then converted this to a percentage of the initial HR. Then, we examined how maximum HR is affected by nematode parasitism (parasitized, not parasitized) using ANOVA. Beetle mass was included in each model.



Finally, we used beetles in this second collection to evaluate how varying levels of parasitism affected baseline and stressed heartrates. Here we used ANOVA to compare mean baseline and relative maximum heartrates across the 4 parasitism groups (see 2.5 Parasite Assessment, above). All analyses were conducted using the Statistica 12.1 software package (StatSoft, Tulsa, OK, USA).





3. Results


3.1. Comparisons between Experiments


Subjecting beetles to restraint caused a dramatic increase in heartrate in both experiments, although the magnitude of the increase varied significantly between experiments. The average initial heartrate also varied significantly between experiments (Table 1). Initial heartrate in experiment 1 went from 65.5 beats/min on average to 81.5, or an elevation of 24.5% (Table 1). In experiment 2, beetle heartrates went from an average of 54.9 beats/min to 74.2, or an elevation of 35.5%. All heartrate metrics (baseline, maximum and relative maximum) differed significantly between experiments based on Mann-Whitney U tests (p < 0.01 for all; Table 1).




3.2. Time Course of Stress Response


Plotting the mean HR across all measurements in experiment 1 provides a graphical representation of the complete acute stress reaction, including during the stress event, as well as during recovery (Figure 3). During the acute stress application, HR began rising at the first measurement, which was made at the start of the restraint (though the rate of elevation differs between parasitized and non-parasitized beetles, see below). The maximum HR was reached at the 4th measurement during stress, or after approximately 8 min of restraint. Based on visual inspection of Figure 3, we noted that when restraint was removed, the HR began to decline after ~5 min, and continued to gradually decline thereafter, reaching the baseline HR at close to the 60 min mark, or about 50 min after stress was removed.




3.3. Effects of Parasitism


For experiment 1 we separately evaluated the effects of nematode parasitism during the initial, stress, and recovery periods. After accounting for beetle mass, there was no difference in initial HR between parasitized and non-parasitized beetles (F1,15 = 0.08, p = 0.7776; Table 2). However, there was a significant effect of nematodes on the heartrate during stress (F1,15 = 22.64, p = 0.0003), and this effect was negative, as viewed from Figure 3. During the stress application, heartrates of parasitized beetles responded much slower to the stress, although they did appear to reach a similar maximum HR as that of the non-parasitized beetles. The significant Time*Parasitism interaction in this model also indicates that the two groups differed in trajectory, not necessarily in final magnitude. Finally, there was no effect of parasitism on the HR recovery phase (F1,15 = 0.38, p = 0.5476; Table 2). Collectively, these results indicate that beetles with the C. passali parasite are capable of mounting a physiological stress reaction (as measured by cardiac output), but a key difference is their cardiac elevation in the first 2–4 min of stress appears muted (Figure 3B) compared to non-parasitized individuals.



The effect of the nematode parasite in the second experiment, conducted using 77 wild-caught beetles, was less pronounced, but paralleled those of the first experiment. Baseline heartrates of beetles with and without the parasite were slightly different (Table 3) but when examined with ANOVA (with mass and parasitism as predictors) there was no effect of either mass or parasitism (p > 0.1 for both; Table 4). Meanwhile the model that examined relative HR elevation (maximum HR relative to baseline) showed clear effects of parasitism. When beetle sex and mass were accounted for, there was a significant (negative) effect of parasitism on HR elevation (F1,74 = 6.93, p = 0.0103; Table 4). The average stress-induced heartrate elevation in non-parasitized beetles was 44.6%, while in parasitized beetles it was 33.5% (Table 3). From visually gauging Table 3, it is clear that the relative elevation in heartrate was lower in parasitized beetles because their baseline heartrate was slightly higher in this collection, since maximum heartrate (beats/min) was similar between parasitism groups. We interpret these results to indicate that the nematode parasite does not influence the heartrate of the host during rest or regular day-to-day activity, but it appears to slightly reduce the cardiac output during a stressful situation.



Evaluating how the nematode parasite load influenced heartrates of beetles did not change the conclusions above. There was no statistically significant variation detected in baseline heartrate across parasite intensity groupings (F3,73 = 0.78, p = 0.507; Figure 4). Meanwhile there was variation in stressed heartrates that approached significance (F3,73 = 2.34, p = 0.081; Figure 4). In both graphs, it appears that the varying levels of parasitism have similar effects on heartrates.





4. Discussion


The current project adds to a small but growing body of work (though mostly in vertebrates) that shows how parasites can influence their host’s immediate stress reactions (i.e., the physiological fight-or-flight response), by altering the timecourse of the reaction or the magnitude [35,36,37,38]. Here, we found effects (although small) of the parasite on the cardiac stress reactions of passalus beetles in two experiments. In the first experiment, parasitized beetles tended to have an overall slower cardiac stress reaction (Figure 3), and in the second experiment, the magnitude of the stress reaction (i.e., HR elevation) was slightly lower than in non-parasitized beetles (34% vs. 45%; Table 3). Taken together, these results suggest the parasite causes a modest reduction in the ability of its host to react accordingly to stress stimuli. There are several possible explanations for why this might be happening. One that we favor is that this nematode acts as an energy drain to the host, so that limited energy is available during periods of high demand, such as during acute stress. Aside from reduced energy availability, another explanation for the parasite results is that it (the parasite) perhaps causes a state of chronic stress to its host, and we know chronic stress in vertebrate animals can reduce physiological reactions to acute stressors [39,40]. This results from the overstimulation of the stress reaction mechanism itself, to the point where it begins to attenuate.



Prior work in our lab using this host–parasite system also indicated how this nematode can negatively affect the immune activation that takes place during an acute stress reaction [22]. In that study, acute stress (mechanical tumbling) led to an increase in circulating hemocyte abundance in healthy beetles, but in parasitized beetles the hemocyte proliferation following stress was significantly reduced. Results from the current project help to explain this effect, since we now show that the stress-induced heartrate elevation in parasitized beetles is also reduced. Lower cardiac output would lead to less hemolymph distribution during stress, and by extension, fewer hemocytes being distributed during the stress event. Also of note from this prior work was that there was an attempt made to examine the effects of the nematode on ‘stressed’ beetle heartrates, and surprisingly, no effect was found [22]. However, in retrospect this probably had to do with the timing of the measurements; heartrates were measured before and after 10 min of mechanical stress. As the results here show, this parasite appears to exert most of its influence actually during the stress reaction, and less so immediately following the stressor.



What would be the consequences of parasitized beetles having a slower or reduced stress response? There are a variety of events in the lives of not just beetles, but all vertebrate and invertebrate species where there is a need for rapid, and effective stress reactions. These include fighting conspecifics to defend mates or territories, evading predators, and responding to immune challenges and/or wounds. The case of territorial defense might be of particular importance here; passalus beetles are known to defend their log cavities, and brood, from invading beetles [41,42,43], where they can engage in intense, and presumably energy-demanding fights. Prior work in our lab demonstrated that beetles harboring nematode parasites win slightly fewer fights than do healthy beetles [21], and their fights are less intense, which is consistent with the idea that the C. passali nematode limits energy availability during times of high demand, such as during a stressful event. Similarly, other work in our lab showed parasitized beetles have a small reduction in physical strength during a stress scenario [23].



It is important to consider that the parasite had no measureable impact on baseline heartrate of the beetles we tested in either experiment, which suggests that host metabolism and energy utilization are unaffected by it at the resting state. Heartrate is widely-considered a rough proxy for metabolism and energy use in humans and other animals e.g., [44,45]. Thus, this result is somewhat surprising given that the nematodes presumably consume nutrients from the hemolymph they live in (and which would otherwise go to the host). This implies that the parasite does not cause its host to ‘work harder’ to compensate for the nutrient losses by ramping up metabolism, at least in the resting state. In retrospect, this conclusion is consistent with other observations of this parasite. For example, there is no evidence that parasitized beetles suffer a cost in terms of growth, since adult body size is not lower in parasitized beetles [46]. The fact that this nematode is highly prevalent within collections of beetles [16,19] is another sign that it has little outward negative impact.



One admitted drawback to this study is our exclusive use of naturally-parasitized beetles collected in the wild. Even the beetles in our first experiment, which were reared in captivity, had initially been obtained as wild grubs, some of which were parasitized. Thus, we drew conclusions on the effects of this parasite based on comparisons of parasitized and non-parasitized beetle groups, but we are aware that other interpretations could be made. For example, beetles that tend to become parasitized may be inherently different (in terms of health) than those that are not parasitized. Ideally, the question of how this parasite (or any parasite) affect heartrates of its host would be best examined experimentally, using individuals inoculated with precise numbers of parasites, at the same developmental stage, etc. However, the many current unknowns about this parasite (its taxonomy, biology, mode of transmission, etc.) would make it difficult to conduct such an experiment until such information is obtained.



Efforts in our lab have been primarily focused on understanding the impact of this nematode on its host. Given our work thus far [21,23,28,46], combined with the current results, a picture is becoming clear regarding the true impact of this parasite. It seems the nematode, C. passali appears to most influence its beetle host during times of stress and intense energy-demanding activities, but otherwise has minimal effects on the day-to-day lives of the horned passalus, O. disjunctus. However, it is unclear at this time if the reduction in stress-related cardiac output caused by the parasite is the key to this energy drain (i.e., causing less hemolymph distribution to body compartments during stress), or if it is merely one of many bodily functions that are diminished because of low energy availability during stress. Continued investigations into this host–parasite system will hopefully provide answers to this and many other related questions about this intriguing parasite.




5. Conclusions


Results of these experiments lead us to conclude that the nematode parasite, Chondronema passali, conveys a subtle, but overall negative, impact to its host’s physiological reaction to acute stress. By tracking the host cardiac reaction before, during and after stress (restraint) in horned passalus beetles (Odontotaenius disjunctus), we found no effects of parasite infection on host baseline heartrates, but during the stressor those beetles with parasites showed a less-robust cardiac reaction than non-parasitized beetles; their heartrates did not increase as fast in one experiment and did not increase as high in the other experiment. Reducing the cardiac response during stress would result in reductions in hemolymph distribution to muscles or organs during the fight-or-flight reaction, and could result in costly delays in behavioral response times when the host is faced with imminent danger. Other work in our lab has shown similar results; that the greatest (physiological) impact of this parasite is during times of stress. This idea argues that researchers studying other parasites in insects (or vertebrates) should be cautious before concluding that a parasite does not impact its host; as seen here, the true cost of a parasite may only be observed when the host is under duress.








Supplementary Materials


The following are available online at www.mdpi.com/2075-4450/8/4/110/s1, Video S1: Passalus beetle dorsal vessel.





Acknowledgments


We thank Cecilia Nachtmann and Ian Yeager for help collecting beetles. We also thank 3 anonymous reviewers for providing helpful advice for improving the manuscript.




Author Contributions


Andrew K. Davis conceived and designed the experiments; Brandon Coogler and Isaac Johnson performed the experiments; Andrew K. Davis analyzed the data; Andrew K. Davis wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sapolsky, R.M. Why Zebras Don’t Get Ulcers. The Acclaimed Guide to Stress, Stress-Related Diseases, and Coping; Henry Holt and Company: New York, NY, USA, 1994. [Google Scholar]

	



Wingfield, J.C.; Romero, L.M. Adrenocortical responses to stress and their modulation in free-living vertebrates. In Handbook of Physiology, Section 7: The Endocrine System, Vol. IV: Coping with the Environment: Neural and Endocrine Mechanisms; McEwen, B.S., Goodman, H.M., Eds.; Oxford University Press: New York, NY, USA, 2001. [Google Scholar]

	



Dhabhar, F.S. A hassle a day may keep the doctor away: Stress and the augmentation of immune function. Integr. Comp. Biol. 2002, 42, 556–564. [Google Scholar] [CrossRef] [PubMed]

	



Mowlds, P.; Barron, A.; Kavanagh, K. Physical stress primes the immune response of Galleria mellonella larvae to infection by Candida albicans. Microbes Infect. 2008, 10, 628–634. [Google Scholar] [CrossRef] [PubMed]

	



Adamo, S.A. Stress responses sculpt the insect immune system, optimizing defense in an ever-changing world. Dev. Comp. Immunol. 2017, 66, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



Browne, N.; Surlis, C.; Kavanagh, K. Thermal and physical stresses induce a short-term immune priming effect in Galleria mellonella larvae. J. Insect Physiol. 2014, 63, 21–26. [Google Scholar] [CrossRef] [PubMed]

	



Adamo, S.A.; Kovalko, I.; Mosher, B. The behavioural effects of predator-induced stress responses in the cricket (Gryllus texensis): The upside of the stress response. J. Exp. Biol. 2013, 216, 4608–4614. [Google Scholar] [CrossRef] [PubMed]

	



Newport, G. On the temperature of insects, and its connection with the functions of respiration and circulation in this class of invertebrate animals. Philos. Trans. R. Soc. Lond. 1837, 127, 259–339. [Google Scholar] [CrossRef]

	



Adamo, S.A.; Linn, C.E.; Hoy, R.R. The role of neurohormonal octopamine during fight or flight behavior in the field cricket Gryllus bimaculatus. J. Exp. Biol. 1995, 198, 1691–1700. [Google Scholar] [PubMed]

	



Davenport, A.P.; Evans, P.D. Stress-induced changes in the octopamine levels of insect hemolymph. Insect Biochem. 1984, 14, 135–143. [Google Scholar] [CrossRef]

	



Hirashima, A.; Ueno, R.; Eto, M. Effects of various stressors on larval growth and whole-body octopamine levels of Tribolium castaneum. Pestic. Biochem. Physiol. 1992, 44, 217–225. [Google Scholar] [CrossRef]

	



Harris, J.W.; Woodring, J. Effects of stress, age, season, and source colony on levels of octopamine, dopamine and serotonin in the honey-bee (Apis mellifera L.) brain. J. Insect Physiol. 1992, 38, 29–35. [Google Scholar] [CrossRef]

	



Papaefthimiou, C.; Theophilidis, G. Octopamine-A single modulator with double action on the heart of two insect species (Apis mellifera macedonica and Bactrocera oleae): Acceleration vs. inhibition. J. Insect Physiol. 2011, 57, 316–325. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, J.-P.; Tung, L.-C.; Ming-Chung, L.; Lin, J.-T. The effects of octopamine on the cardiac output of cockroach by using computer-based video analysis on measuring stroke volume. Taiwania 2004, 49, 7–15. [Google Scholar]

	



Miller, T. Nervous versus neurohormonal control of insect heartbeat. Am. Zool. 1979, 19, 77–86. [Google Scholar] [CrossRef]

	



Pearse, A.S.; Patterson, M.; Rankin, J.S.; Wharton, G.W. The ecology of Passalus cornutus Fabricius, a beetle which lives in rotting logs. Ecol. Monogr. 1936, 6, 456–490. [Google Scholar] [CrossRef]

	



Gray, I.E. Observations on the life history of the horned passalus. Am. Midl. Nat. 1946, 35, 728–746. [Google Scholar] [CrossRef]

	



Schuster, J.C. Comparative Behavior, Acoustic Signals, and Ecology of New World Passalidae (Coleoptera). Doctoral Thesis, University of Florida, Gainesville, FL, USA, 1975; 127p. [Google Scholar]

	



Reinert, J.A. Parasites associated with Popilius disjunctus in South Carolina (Coleoptera: Passalidae). Fla. Entomol. 1973, 56, 273–276. [Google Scholar] [CrossRef]

	



Christie, J.R.; Chitwood, B.G. Chondronema passali (Leidy, 1852) n.g. (Nematoda), with notes on its life history. J. Wash. Acad. Sci. 1931, 21, 356–364. [Google Scholar]

	



Vasquez, D., Jr.; Willoughby, A.; Davis, A.K. Fighting while parasitized: Can nematode infections affect the outcome of staged combat in beetles? PLoS ONE 2015. [Google Scholar] [CrossRef] [PubMed]

	



Davis, A.K.; Vasquez, D.; LeFeuvre, J.; Sims, S.; Craft, M.; Vizurraga, A. Parasite manipulation of its host’s physiological reaction to acute stress: Experimental results from a natural beetle-nematode system. Physiol. Biochem. Zool. 2017, 90, 273–280. [Google Scholar] [CrossRef] [PubMed]

	



LeFeuvre, J.; Davis, A.K. Effects of a naturally-occurring nematode parasite on lifting strength and captivity-related body mass patterns in horned passalus beetles, Odontotaenius disjunctus. Coleopt. Bull. 2015, 69, 1–7. [Google Scholar] [CrossRef]

	



Sláma, K. Recording of haemolymph pressure pulsations from the insect body surface. J. Comp. Physiol. 1984, 154, 635–643. [Google Scholar] [CrossRef]

	



Tartes, U.; Kuusik, A.; Hiiesaar, K.; Metspalu, L.; Vanatoa, A. Abdominal movements, heartbeats and gas exchange in pupae of the Colorado potato beetle, Leptinotarsa decemlineata. Physiol. Entomol. 2000, 25, 151–158. [Google Scholar] [CrossRef]

	



Smits, A.W.; Burggren, W.W.; Oliveras, D. Developmental changes in in vivo cardiac performance in the moth Manduca sexta. J. Exp. Biol. 2000, 203, 369–378. [Google Scholar] [PubMed]

	



Chiang, R.G.; Chiang, J.A.; Davey, K.G. A sensory input inhibiting heart-rate in an insect, Rhodnius prolixus. Experientia 1992, 48, 1122–1125. [Google Scholar] [CrossRef]

	



Calderon, L.; Davis, A.K. Observations of Steinernema nematode and Tachinid fly parasites in horned passalus beetles, Odontotaenius disjunctus, from Georgia, U.S.A. Comp. Parasitol. 2016, 83, 265–268. [Google Scholar] [CrossRef]

	



Burnett, N.P.; Seabra, R.; de Pirro, M.; Wethey, D.S.; Woodin, S.A.; Helmuth, B.; Zippay, M.L.; Sara, G.; Monaco, C.; Lima, F.P. An improved noninvasive method for measuring heartbeat of intertidal animals. Limnol. Oceanogr. Methods 2013, 11, 91–100. [Google Scholar] [CrossRef][Green Version]

	



Davis, A.K. University of Georgia: Athens, GA, USA, Unpublished work. 2017.

	



Adamo, S.A. Why should an immune response activate the stress response? Insights from the insects (the cricket Gryllus texensis). Brain Behav. Immun. 2010, 24, 194–200. [Google Scholar] [PubMed]

	



Shutt, D.A.; Smith, A.I.; Wallace, C.A.; Connell, R.; Fell, L.R. Effect of myiasis and acute restraint stress on plasma-levels of immunoreactive beta-endorphin, adrenocorticotropin (ACTH) and cortisol in the sheep. Aust. J. Biol. Sci. 1988, 41, 297–301. [Google Scholar] [CrossRef] [PubMed]

	



Guimont, F.O.S.; Wynne-Edwards, K.E. Cortisol responses to acute restraint stress in dwarf hamsters (Phodopus campbelli): Defining baseline concentration and quantifying individual variability. Horm. Behav. 2005, 48, 104. [Google Scholar]

	



Olayaki, L.A.; Suleiman, S.O. Repeated acute restraint-induced stress: Effects on body weight, cortisol and reproductive hormones in female wistar rats. Faseb J. 2013, 27, 1. [Google Scholar]

	



DuRant, S.E.; Romero, L.M.; Davis, A.K.; Hopkins, W.A. Evidence of ectoparasite-induced endocrine disruption in an imperiled giant salamander, the eastern hellbender (Cryptobranchus alleganiensis). J. Exp. Biol. 2015, 218, 2297–2304. [Google Scholar] [CrossRef] [PubMed]

	



Dunlap, K.D.; Schall, J.J. Hormonal alterations and reproductive inhibition in male fence lizards (Sceloporus occidentalis) infected with the malarial parasite Plasmodium mexicanum. Physiol. Zool. 1995, 68, 608–621. [Google Scholar] [CrossRef]

	



Graham, S.P.; Kelehear, C.; Brown, G.P.; Shine, R. Corticosterone-immune interactions during captive stress in invading Australian cane toads (Rhinella marina). Horm. Behav. 2012, 62, 146–153. [Google Scholar] [CrossRef] [PubMed]

	



Boughton, R.K.; Atwell, J.W.; Schoech, S.J. An introduced generalist parasite, the sticktight flea (Echidnophaga gallinacea), and its pathology in the threatened Florida scrub-jay (Aphelocoma coerulescens). J. Parasitol. 2006, 92, 941–948. [Google Scholar] [CrossRef] [PubMed]

	



Cyr, N.E.; Wikelski, M.; Romero, L.M. Increased energy expenditure but decreased stress responsiveness during molt. Physiol. Biochem. Zool. 2008, 81, 452–462. [Google Scholar] [CrossRef] [PubMed]

	



Dickens, M.J.; Delehanty, D.J.; Romero, L.M. Stress and translocation: Alterations in the stress physiology of translocated birds. Proc. R. Soc. B Biol. Sci. 2009, 276, 2051–2056. [Google Scholar] [CrossRef] [PubMed]

	



Valenzuela-Gonzalez, J. Territorial behavior of the subsocial beetle Heliscus tropicus under laboratory conditions (Coleoptera, Passalidae). Folia Entomol. Mex. 1986, 70, 53–63. [Google Scholar]

	



King, A.; Fashing, N. Infanticidal behavior in the subsocial beetle Odontotaenius disjunctus (Illiger) (Coleoptera: Passalidae). J. Insect Behav. 2007, 20, 527–536. [Google Scholar] [CrossRef]

	



Wicknick, J.A.; Miskelly, S.A. Behavioral interactions between non-cohabiting bess beetles, Odontotaenius disjunctus (Illiger) (Coleoptera: Passalidae). Coleopt. Bull. 2009, 63, 108–116. [Google Scholar] [CrossRef]

	



Carnevali, L.; Sgoifo, A. Vagal modulation of resting heart rate in rats: The role of stress, psychosocial factors, and physical exercise. Front. Physiol. 2014, 5, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Cyr, N.E.; Dickens, M.J.; Romero, L.M. Heart rate and heart-rate variability responses to acute and chronic stress in a wild-caught passerine bird. Physiol. Biochem. Zool. 2009, 82, 332–344. [Google Scholar] [CrossRef] [PubMed]

	



Cox, D.; Davis, A.K. Effect of a parasitic nematode, Chondronema passali Leidy (Incertae sedis), on the size and strength of the horned passalus, Odontotaenius disjunctus Illiger (Coleoptera: Passalidae). Coleopt. Bull. 2013, 67, 1–7. [Google Scholar] [CrossRef]








[image: Insects 08 00110 g001 550] 





Figure 1. Intact horned passalus beetle, Odontotaenius disjunctus, left. Right top image shows a beetle with the lower portion of the elytra removed to allow visualization of the dorsal vessel (white arrows). A video of the dorsal vessel pumping is available in the Supplemental files. Lower right image shows nematode parasite, Chondronema passali, that inhabits the abdominal cavity of O. disjunctus. 
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Figure 2. Photos of procedure used to apply restraint stress to beetles in both experiments. Each beetle was taped down to a petri dish lid using clear packing tape, which physically immobilized the body, head and legs of the specimen. 
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Figure 3. Results from experiment 1: (A) Time course of the acute stress response in 19 captive O. disjunctus specimens, based on heartrate readings, and the effects of the nematode parasite, C. passali, on the HR response. A resting, or baseline HR was obtained immediately after the beetle was removed from its housing. The restraint stress procedure followed (see Figure 2) for 10 min. Heartrate was recorded for 70 min after restraint ended to monitor recovery. Lower panel (B) shows an expanded view of the stress phase, where the impact of the parasite was most pronounced. 
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Figure 4. Comparison of (A) baseline and (B) stressed heartrates of beetles across parasite intensity groupings (see 2.5 Parasite Assessment) in the second experiment (n = 77 wild beetles). Whiskers represent standard errors of the means. 
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Table 1. Magnitude of heartrate reactions prior to and during restraint stress in O. disjunctus from both experiments. In experiment 1, we used adults that had been reared in our lab from young larvae. In experiment 2 we used adults collected in the wild. p values denote significant differences between experiments based on Mann-Whitney U tests.
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	Heartrate Measurement
	First Expt. (19 Reared)
	Second Expt. (77 Wild)
	Z
	p





	Initial HR (beats/min)
	65.5 (1.7)
	54.9 (10.2)
	4.8
	<0.0001



	Max Stressed HR (beats/min)
	81.5 (2.0)
	74.2 (16.1)
	3.3
	0.001



	Max Stressed HR (%)
	24.5 (4.6)
	35.5 (15.9)
	−3.4
	<0.001
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Table 2. Summary of models that examined effects of nematode parasite infection on beetle heartrate before, during, and following stress application in the first experiment (n = 19 beetles).
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Baseline Heartrate




	
Predictor

	
df

	
MS

	
F

	
p




	
Mass

	
1

	
0.63

	
0.18

	
0.6815




	
Parasite

	
1

	
0.30

	
0.08

	
0.7776




	
Error

	
15

	
3.57

	

	




	
Stress Heartrate




	
Predictor

	
df

	
MS

	
F

	
p




	
Mass

	
1

	
25.45

	
3.97

	
0.0648




	
Parasite

	
1

	
145.00

	
22.64

	
0.0003




	
Error

	
15

	
6.41

	

	




	
Time

	
4

	
4.16

	
1.78

	
0.1445




	
Time*Mass

	
4

	
5.14

	
2.20

	
0.0796




	
Time*Parasite

	
4

	
16.70

	
7.15

	
0.0001




	
Error

	
60

	
2.33

	

	




	
Recovery Heartrate




	
Predictor

	
df

	
MS

	
F

	
p




	
Mass

	
1

	
2.09

	
0.10

	
0.7541




	
Parasite

	
1

	
7.77

	
0.38

	
0.5476




	
Error

	
15

	
20.53

	

	




	
Time

	
34

	
24.25

	
14.54

	
0.0000




	
Time*Mass

	
34

	
1.82

	
1.09

	
0.3335




	
Time*Parasite

	
34

	
2.31

	
1.38

	
0.0764




	
Error

	
510

	
1.67
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Table 3. Comparison of mean heartrate parameters between parasitized and non-parasitized beetles in the second experiment (n = 77 wild beetles).
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	Heartrate Measurement
	Non-Parasitized Beetles (n = 14)
	Parasitized Beetles (n = 63)





	Baseline HR (beats/min)
	51.1 (8.1)
	55.7 (10.4)



	Maximum Stressed HR (beats/min)
	74.3 (16.6)
	74.2 (16.1)



	Maximum Stressed HR (%)
	44.6 (17.1)
	33.5 (15.0)
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Table 4. Summary of ANOVA models examining effects of nematode parasite on baseline and maximum HR elevation (as a percentage of the initial HR) during stress application in experiment 2 (n = 77 beetles). Maximum stressed HR (beats/min) was not statistically evaluated for parasite effects (but see Table 3).
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Baseline Heartrate




	
Predictor

	
df

	
MS

	
F

	
p




	
Mass (g)

	
1

	
25.63

	
0.25

	
0.6185




	
Parasite

	
1

	
205.89

	
2.01

	
0.1605




	
Error

	
74

	
102.46

	

	




	
Stress Heartrate




	
Predictor

	
df

	
MS

	
F

	
p




	
Mass (g)

	
1

	
395.66

	
1.69

	
0.1975




	
Parasite

	
1

	
1620.75

	
6.93

	
0.0103




	
Error

	
74

	
233.94
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