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Nematode Interactions on Beetle Hosts Indicate a Role of Mouth-Form Plasticity in Resource Competition
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Competition is rampant across kingdoms, arising over potential mates, food resources, and space availability. When faced with opponents, phenotypic plasticity proffers organisms indispensable advantageous strategies to outcompete rivals. This tactic is especially crucial on decaying insect hosts as myriad microbes and numerous nematodes struggle to establish thriving populations and ensure resource availability for future generations. Scarab beetles and their associated nematode symbionts on La Réunion Island have provided exceptional systems to study complicated cross-phylum interactions in soil, and recently we have identified a previously unexplored beetle host, Gymnogaster bupthalma, to be reliably co-infested with diplogastrids Pristionchus mayeri and Acrostichus spp. These nematodes maintain the capacity to plastically respond to environmental conditions by developing disparate mouth forms, a strict bacterial-feeding morph or an omnivorous morph that enables predation on other nematodes. In addition, under stressful settings these worms can enter an arrested development stage called dauer, non-feeding dispersal larvae that resume development into reproducing adults when conditions improve. By investigating this beetle-nematode system in a natural context, we uncovered a novel Pristionchus strategy, wherein dauer dispersal from the carcass is gradual and a reproducing population is sustained. Remarkably, usually preferential-bacterial morph P. mayeri develop as predators in populations dense with competitors.
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INTRODUCTION

“The smallest Worme will turne, being trodden on”.

William Shakespeare, 1951.

In the infamous historical composition Henry VI, Lord Clifford accurately assessed microscopic worms’ capacities for turning to alternative forms when trodden on by competitors (Shakespeare, 2001). Indeed, phenotypic plasticity provides an imperative beneficial strategy in the face of competition and is employed by copious creatures, both flora and fauna (Miner et al., 2005; Stomp et al., 2008; Turcotte and Levine, 2016). Tadpoles of the spadefoot toad genus Spea can develop a carnivorous morph that serves as an alternative to the typical omnivorous morph under specific environmental conditions, allowing for consumption of its competitors (Pfennig and Murphy, 2002). Plants exhibit a plethora of plastic phenotypes in response to competition, including stem elongation and modified flowering time when overshadowed by opponents restricting shade, as comprehensively exemplified using model Arabidopsis thaliana (Callahan and Pigliucci, 2002; Donohue, 2003). When resource competition limits dung beetle Onthophagus taurus’s favorite snack (due to increasing density), the insect can plastically respond in morphology, behavior, and life history traits (Macagno et al., 2016; Casasa and Moczek, 2018). However, beetles are not only prone to competition and the associated plastic responses, but also serve as the underground battlefield for competition among other organisms.

Competition among nematodes on insect cadavers is widespread and the conditions motley, depending on assorted factors including nematode species present, bacterial composition, and external environmental influences that may alter the already fluctuating settings (Dillman et al., 2012; Ali et al., 2013; Bertoloni Meli and Bashey, 2018; Blanco-Pérez et al., 2019; Renahan et al., 2021). The fight for food may be restricted to interspecies combat, but can also include conflict within species (Koppenhöfer et al., 1995; O’Callaghan et al., 2014). Advantages are largely species-dependent, and often as conspicuous as archetypal dietary range and developmental time, though more intricate pros may reflect worms’ plastic capacities to expand nutritional sources and modify growth trajectories. Entomopathogenic nematodes (EPNs), obligate and occasional facultative parasites of insects, employ various strategies to dominate after inducing host death utilizing symbiotic bacteria (Burnell and Stock, 2000; Campos-Herrera et al., 2012). While some are quick to develop and populate the carcass, other EPNs rely on significantly larger initial populations; these strategies have been observed to reflect reproductive modes of the worms, with hermaphroditic EPNs depending on quick colonization and gonochoristic on original density (Duncan et al., 2003; Campos-Herrera et al., 2015). To evade highly dense and competitive settings, a critical plastic property conserved across nematodes, an arrested developmental stage, is relied on. Named “infective juvenile” (IJ) in pathogenic worms and “dauer” in others, this alternative developmental pathway is often the dispersal stage; intraspecific density can result in continued dauer persistence (Sommer and Ogawa, 2011; Nermut’ et al., 2012; Artyukhin et al., 2013) and on crowded insect cadavers, worms enter IJ when food has been depleted in search of a new host (Koppenhöfer et al., 1997; Rolston et al., 2006).

Necromenic model organism Pristionchus pacificus readily enters dauer under unfavorable environmental conditions and in response to competition (Mayer and Sommer, 2011; Bose et al., 2014). This valuable capacity is especially vital on insect carcasses, on which P. pacificus is often found (Herrmann et al., 2006, 2007). In addition to dauer, P. pacificus, along with a hodgepodge of diplogastrids, maintains mouth-form phenotypic plasticity (Von Lieven and Sudhaus, 2000; Kiontke and Fitch, 2010; Ragsdale et al., 2013), in which either a strict bacterial-feeding morph, stenostomatous (St) (Figure 1D), or an omnivorous morph that enables predation on other nematodes, eurystomatous (Eu) (Figure 1C), is developed (Sudhaus, 2010; Susoy and Sommer, 2016). The combination of these two polyphenisms has been investigated both in laboratory and ecological contexts, utilizing the reliable association of P. pacificus with scarab beetle Oryctes borbonicus on La Réunion Island (Bento et al., 2010; Meyer et al., 2017; Renahan et al., 2021). La Réunion Island in the Indian Ocean is home to a mélange of beetles associated with numerous nematodes (Herrmann et al., 2010), including the thoroughly studied O. borbonicus and P. pacificus (Meyer et al., 2017; Renahan et al., 2021). Nematode infestation rates vary among insects, though nearly 100% of O. borbonicus hosts P. pacificus, allowing for rare ecological experiments and deep dives into the evolutionary history of the worm (Morgan et al., 2012; McGaughran et al., 2016). While O. borbonicus and P. pacificus have served as an exceptional system to both study host-microbe interactions and dig into the ecology of a well-established model organism, the dearth of co-infestations of the beetle host with more than one nematode species has made competition studies in a natural context lacking.
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FIGURE 1. Host beetle and mouth forms of symbiont nematodes. (A) Adult male beetle Gymnogaster bupthalma on La Réunion Island. Photo by Christian Weiler. (B–D) Dorsal tooth marked in purple, subventral in green. (B) Single-toothed Acrostichus is strictly bacterial-feeding. P. mayeri develops either (C) the wide predatory Eu morph with both the dorsal and subventral teeth or (D) the strict bacterial-feeding St morph with only the dorsal tooth.


Fortunately, we have recently discovered endemic cockchafer Gymnogaster bupthalma in abundance (Figure 1A), even though this beetle was previously assumed to be rare (see section “Materials and Methods” for details). Specifically, there were fewer than 15 specimens acquired between 1851 and 2018 (Lacroix, 1979; Gomy et al., 2017; Max Planck field work 2008–2018). Excitingly, as we ventured into formerly unexplored island territory, all three of our collection trips since 2019 resulted in copious G. bupthalma sightings, allowing for capture of enough specimen to study without disruption of the local population. Adult G. bupthalma is host to diplogastrids Pristionchus mayeri (Figures 1C,D) and species of the genus Acrostichus (Figure 1B), both capable of the mouth-form dimorphism (the latter depending on the species) (Giblin and Kaya, 1984; Kanzaki et al., 2013). Some beetle individuals only harbor one species, though there is no paucity of co-infestation with both nematodes; we utilized this naturally existing competition arena to investigate how these two nematodes fight for resources.

Globally found P. mayeri is strongly preferentially St (Figure 1D), even maintaining the bacterial-feeding morph under conventional Eu-inducing conditions, as developed and determined using several Pristionchus species (Wilecki et al., 2015; Werner et al., 2017). Since domesticated strains in a laboratory environment may not employ use of this discrete polyphenism, we sought to investigate how P. mayeri behaves when faced with competition in a natural setting, and if it utilizes its capacity for phenotypic plasticity. We collected and subsequently decapitated adult G. bupthalma (initiating nematode emergence), and tracked the succession and dynamics of the two nematode genera over 3 months post-beetle death. We uncovered a new Pristionchus dauer strategy, in which the larvae disperse gradually while maintaining a population on the carcass. In addition, we pinpoint the vital role of mouth-form plasticity in resource competition, wherein a predatory morph proliferates in environments dense with competitors (Figure 1C).



MATERIALS AND METHODS


Beetle Collection and Cage Set-Up

Male G. bupthalma were collected on La Réunion Island in January 2021 (Parc Nationale permit DIR-I-2020-280 and Nagoya number ABSCH-IRCC-FR-254969-1), when male adults are above ground for mate finding at night. Specimen were captured by searching among trees post-dusk with headlights and then placed in 50 mL falcon tubes (5 per tube), with holes punctured in the falcon lids for aeration and wet towels added for moisture. The beetles were then flown to our lab in Tübingen, Germany for processing. Beetles were decapitated before being placed in autoclaved standard gardening soil (Einheitserde, Classic Profisubstrat) in 15 × 5 cm cages made from 0.5 mm mesh. Cages were kept at 17°C and were watered to imitate the environment on the island. These methods are consistent with previous experiments establishing this set-up (Renahan et al., 2021). Eight cages were processed at each time point (t = 0, 1, and 4 days, 1, 2, 4, 6, 8, 10, and 12 weeks).



Nematode Isolation, Screening, and Identification

At the appropriate time points, the cages were disassembled, the beetle carcasses moved to nematode growth medium (NGM) plates, and the soil to Baermann funnels to isolate the nematodes (Viglierchio and Schmitt, 1983). Worms were screened for mouth form and screened based on morphology to identify species, then singled and later sequenced for further species verification. DNA was extracted using a lysis solution, followed by a polymerase chain reaction (PCR) to amplify a 1 kb region of the small subunit (SSU) rRNA gene using the primers SSU18A (5′-AAAGATTAAGCCATGCATG-3′) and SSU26R (5′CATTCTTGGCAAATGCTTTCG-3′) (Blaxter et al., 1998). Sanger sequencing was carried out by GENEWIZ in Leipzig using sequencing primer SSU9R (5′-AGCTGGAATTACCGCGGCTG-3′). SeqMan Pro was used to trim sequencing chromatograms, and NCBI reference database to blast for taxonomic identification. Unfortunately, due to limited data availability, we were not able to confidently determine the Acrostichus species present, as BLAST hits were consistently tied between A. nudicapitatus and A. halicti. Thus, potentially two, or even more unidentified, Acrostichus species are present on the carcass, but we treat these two as one species throughout the project.



Competition Assays and Mouth-Form Phenotyping

Singled worms from carcasses were left on NGM agar plates seeded with OP50 Escherichia coli to repopulate. The subsequent generations quickly entered dauer as the population density increased (more readily than domesticated lab strains tend to), and as worms are typically found in the dauer stage on live hosts (Herrmann et al., 2010; Ragsdale et al., 2015), these dauer worms were then used for competition assays. Worms were washed from plates and dauers isolated using 1% sodium dodecyl sulfate, then subsequently washed with M9 (Cassada and Russell, 1975). Dauers of the same species used as competitors against each other were first stained either CellTracker Green BODIPY (Thermo Fisher) or neutral red (Thomas and Lana, 2008) to differentiate the two populations during phenotyping, as established in Werner et al. (2018). The competition assays were composed of the following combinations: P. mayeri vs. Acrostichus, P. mayeri vs. P. mayeri from different carcasses, and P. mayeri vs. P. mayeri of the same strain. The same number of dauers for each competitor were added to NGM agar plates seeded with OP50 E. coli (to induce dauer exit, as on a carcass when microbes bloom), ranging from 10 dauers of each competitor to 250 dauers of each competitor. As control, dauers of each strain were isolated and grown on seeded plates at the same density as the total number of worms on an assay plate (e.g., in an assay of 250 P. mayeri strain 1 vs. 250 P. mayeri strain 2, control plates of 500 P. mayeri strain 1 and 500 P. mayeri strain 2 were tracked). Once the worms had developed into adults, they were mouth-form phenotyped using differential interference contrast (DIC) on a Zeiss Axioskop.



RESULTS


Gymnogaster bupthalma Is Frequently Co-infested With Two Different Nematode Genera

To determine nematode occurrence on G. bupthalma, we screened eight beetles per time point and found nearly each carcass was infested with at least one nematode, P. mayeri or Acrostichus. Almost a third of the carcasses (23 out of 80 beetles, 28.75%) were infested with both nematodes (Figure 2A). Time of worm emergence from the carcasses varied among the time points: at t = 0, decapitated carcasses were immediately plated on NGM agar, and nematodes emerged from 1 to 2 weeks after. This was consistently seen among the first four time points (t = 0, t = 1 day, t = 4 days, and t = 1 week), but by t = 2 weeks, nematodes left the carcasses within 5 days. Nematodes in the surrounding soil were consistently observed at t = 2 weeks and later (t = 4 weeks, t = 6 weeks, t = 8 weeks, t = 10 weeks, and t = 12 weeks), with three replicates at t = 1 week having few worms in the surrounding soil, and none in the earlier time points. Succession in the earlier time points were not distinguished (t = 0, 1, and 4 days), likely due to the duration required for worms to emerge; thus a couple days between these time points do not confer any conspicuous differences. In specimen infested with either a single species or with two, time of departure was independent of nematode type. Though, at earlier time points (t = 0 through t = 2 weeks), in co-infested carcasses, Acrostichus was more prevalent in numbers of worms than P. mayeri, but the two equalized after 1 month on the carcasses. On the carcass, worms were found in both feeding mixed stages and the arrested development dauer stage (Figure 2B), independent of whether they were in co-inhabited space or singly lived. From t = 2 to t = 6 weeks there was a steep increase in the number of both dauers and feeding stages (from 30 dauers and 10 feeding stages at t = 2 weeks to 160 dauers and 130 feeding stages at t = 6 weeks). From then, both populations drop, and at t = 12 weeks only 12 dauers and 1 feeding stage worm remain. In the surrounding soil, worms were exclusively in dauer, the dispersal stage.
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FIGURE 2. Reliably co-infested G. bupthalma remains home to various stages of both P. mayeri and Acrostichus. (A) 80 adult G. bupthalma were investigated across 3 months. A total of 22 individuals harbored only Acrostichus spp. and 35 only P. mayeri. 23 individuals were infested with both Acrostichus and P. mayeri. (B) Nematode succession on the carcass over 3 months. The populations of both dauers (black) and feeding mixed stages (red) increase during the first 6 weeks, reaching a peak at 6 weeks (160 dauers and 130 feeding stages), and then decrease until the population is almost depleted at 12 weeks (12 dauers and 1 feeding stage). N = 8 beetles per time point, average number shown. Error bars are standard error of the mean.




Succession of Pristionchus mayeri Mouth Form Over 3 Months

We tracked the mouth forms of P. mayeri over the course of 3 months post-beetle death when co-infested with Acrostichus (Figure 3A). P. mayeri developed only the strict bacterial-feeding St morph at early time points (t = 0–1 week), when population densities on the carcasses are relatively low. But, at t = 2 weeks as population increases, P. mayeri starts also developing into the predatory morph, with 36.5% being Eu. The number of Eu animals increases with some fluctuation (38% at t = 2 weeks, 84% at t = 4 weeks, 62% at t = 6 weeks), and reaches 100% Eu at t = 8 weeks. While the number of worms reaches its peak at t = 6 weeks (160 dauers, 130 feeding stages), at the dip during t = 8 weeks (60 dauers and 30 feeding stages), P. mayeri still employs the predatory morph at 100% frequency. Though, at t = 10 and 12 weeks there are few worms on the carcasses, and the predatory prevalence drops to 20% and 17%, respectively. Thus, as population density increases alongside the presence of competitors, more P. mayeri become predatory.
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FIGURE 3. Pristionchus mayeri develops the predatory morph in populations dense with competitors. (A) Succession of mouth-form ratios of P. mayeri on beetle carcasses co-infested with Acrostichus. N is shown in white for each time point; the range reflects the variability of number of individuals present as displayed in Figure 2B. The number of predators increases as the density on the carcass increases (t = 2–8 weeks). Though, when the population is low at t = 0, 1, 10, and 12 weeks, the prevalence of predators decreases. Competition assays (B–D) using dauer lines from the worms observed in panel (A). (B) P. mayeri vs. Acrostichus in increasing density of dauers shows an increase in the predatory morph. Fisher’s exact test on summed Eu counts against the respective dauer density as shown in panel (D): p < 0.05 for densities 50:50, 100:100, and 250:250. N = 100 per bar, 10 strains of each competitor in various combinations. (C) P. mayeri vs. P. mayeri from different carcasses in increasing density of dauers. Fisher’s exact test on summed Eu counts against the respective dauer density as shown in panel (D): p < 0.05 for densities 100:100 and 250:250. N = 100 per bar, 10 strains of each competitor in various combinations. (D) Control P. mayeri assays in which singled strains were grown at the same densities as in the competition assays of (B,D). N = 100 per bar, 10 strains each.




Competition Experiments Reveal Cross-Genera Induction of the Predatory Morph

To determine if the increase in predatory mouth forms in P. mayeri indeed reflects the presence of competition, we maintained lines of both genera from multiple carcasses and time points, and induced dauer simply by allowing the NGM agar plates to become overcrowded. While we isolated and grew lines of P. mayeri that were Eu on the carcass, once on plates these strains became St. Dauers were isolated, stained, and mixed on fresh plates with food in the following combinations: P. mayeri vs. Acrostichus, P. mayeri vs. P. mayeri from different carcasses, and P. mayeri against itself. As few as 10 dauers of each strain were added to reflect the low number of worms at early time points, and as many as 250 dauers of each strain to reflect the high population densities at t = 4 and 6 weeks seen in Figure 2B. P. mayeri maintained the St morph in all assays with 10 + 10 dauers, regardless of whether the competition was Acrostichus, another P. mayeri strain, or itself (Figures 3B–D). This is consistent with the lack of predatory P. mayeri observed in early carcass time points when nematode density is rather low. Though, once the population in the competition assays increased to 50 vs. 50, two-thirds (66%) of P. mayeri developed the predatory morph when the competition was Acrostichus (Figure 3B). The same P. mayeri strain in competition with itself exclusively exhibited the St morph (Figure 3D). Though, when 50 P. mayeri were paired with 50 P. mayeri of a different strain, 6% became Eu (Figure 3C), while those strains against themselves remained St. This trend continues as the number of dauers increases: P. mayeri vs. Acrostichus results in over 50% Eu (Figure 3B) and even P. mayeri vs. P. mayeri become 40% Eu when the density is 250 vs. 250 (Figure 3C). Isolated P. mayeri, however, even in high density (500), fail to produce many Eu, with the highest being just shy of 10% (Figure 3D). Thus, P. mayeri is prone to develop the predatory morph in competitive and dense environments, especially when the competitor is of another genus (Acrostichus) and even when the competitor is of the same species but another line. The mouth-form pattern observed in the competition assays mirror that of the observed mouth-form pattern in the natural carcass setting: as competitor density increases, so does the occurrence of the predatory morph.



DISCUSSION

For the first time, we explored the dynamics of co-occurring nematodes on the previously uninvestigated beetle G. bupthalma. We found the adult beetle to be reliably infected with at least one nematode genus, Pristionchus or Acrostichus, and often co-infested with both, allowing for unique studies of nematode competition in a natural setting. By decapitating beetles and thus inducing nematode emergence, we were able to track the succession and plastic responses of worms over 3 months. Strikingly, we found that P. mayeri utilizes its capacity to develop the predatory Eu morph when faced with dense competition. This trend toward predation was verified using freshly isolated P. mayeri lines in competition assays with also newly cultured strains of Acrostichus, revealing the vital role of mouth-form plasticity in resource competition. Our combined field and laboratory study system resulted in three major conclusions.

First, we found a novel dispersal strategy of Pristionchus dauer larvae. As we tracked nematode succession on the carcasses, we expected a pattern of feeding stages and the arrested developmental and dispersal stage, dauer. Surprisingly, we did not observe an inverse presence/absence of feeding stages versus dauer; worms consistently developed via both pathways (Figure 2B). Though, this is in contrast to previous studies on O. borbonicus and P. pacificus, in which feeding stages were in low abundance while dauers were numerous, and vice versa; this was found to reflect bacterial load, and thus food availability (Renahan et al., 2021). Perhaps since P. pacificus is often exclusively the solitary diplogastrid on its host, its dauer plasticity response is weighted toward resource abundance, while on G. bupthalma, the two nematode genera must also factor in the occurrence of the other worm. While P. pacificus displays a biphasic boom and bust strategy with two major dispersal events from the carcass, P. mayeri and Acrostichus dauers steadily and gradually disperse from the carcass, while also sustaining a feeding and reproducing population in order to maintain a competitive advantage, and do so throughout the first 2 months until food is depleted. Thus, on hosts in which two diplogastrids frequently co-occur, the worm dispersal strategy differs from that of worms that infest hosts often solitarily. These findings add to the complexity of behavioral strategies of dauer-associated traits.

Second, nematode interactions indicate a role of mouth-form plasticity in resource competition. In addition to entering the dauer stage to disperse, these nematodes retain the plastic ability to develop either a strict bacterial-feeding (St) morph or the omnivorous (Eu) morph that allows for predation on nematode larvae. Domesticated strains of P. mayeri tend toward the St morph, rarely developing Eu, even when Eu induction is attempted by established methods (Wilecki et al., 2015; Werner et al., 2017). Intriguingly, P. mayeri is preferentially St when few worms populate the carcass, but as density increases temporally, more and more P. mayeri become predators (Figure 3A). While certain species of Acrostichus have also displayed the polyphenism, dimorphism was not observed during this perhaps limited exploration. Though these observations are consistent with recent studies detailing the association of reproductive mode and mouth form, in which hermaphrodites display predatory tendencies to incite competition, while gonochoristic species are preferentially bacterivorous to deter conflict between parents and offspring (Lightfoot et al., 2021). Accordingly, hermaphroditic P. mayeri becomes predatory without risk of compromising its own kin, while Acrostichus remains non-predatory and avoids potential kin consumption.

Third, we confirmed that P. mayeri’s increase in the predatory morph is a consequence of higher competitor density by conducting assays pairing worms against each other. Indeed, P. mayeri becomes more predatory with higher abundances of Acrostichus (Figure 3B), and to a more muted extent, with higher abundances of other P. mayeri strains (Figure 3C). Though, the occurrence of predators in these assays is not as high as observed in the natural setting of the beetle carcass. Myriad of factors can explain this aberration, as copious affairs are ongoing on the carcass, both seemingly detectable and not, and that we did not fully replicate or pinpoint in our assays. Mainly, the bacteria present on the decaying carcass may play roles both in worm developmental stages and thus dispersal, and mouth form tendencies. Bacterial influence on nematode polyphenisms is well-explored, with several studies demonstrating microbial impact on dauer induction, Eu formation, and predatory rates (Samuel et al., 2016; Akduman et al., 2018, 2020; Bubrig et al., 2020).

Furthermore, nematodes chemically communicate via small molecules, nematode-derived modular metabolites (NDMMs), that regulate various behaviors and trigger plastic responses, including dauer entry and exit and mouth form (Bento et al., 2010; Bose et al., 2012). In particular, the complex ascaroside dasc#1 induces the predatory morph in P. pacificus in a density and age-specific manner (Werner et al., 2018). P. mayeri also produces this pheromone, though not to the same extent that P. pacificus does, while it is undetected in Acrostichus (Dong et al., 2020). The presence of a known Eu-inducing molecule in P. mayeri and its absence in Acrostichus may explain the development of predators in the former genus and lack of in the latter. Though, as the abundance of dasc#1 is relatively low in P. mayeri, and Eu worms are not observed in dense populations of singled P. mayeri strains (Figure 3D), it is clear that other factors maintain vital roles in influencing development of the predatory morph.

All together, we have demonstrated a plastic response of a preferentially bacterivorous species to become predatory when faced with competition in a natural setting (Figure 4). While population density and pheromone communication explain aspects of this trend, supplementary exploration of the prominent carcass microbiome may reveal further factors influencing competitive strategies. In addition, deeper investigating of the co-occurrence of these two nematode genera in other beetle life stages will shed light on the dynamics of the nematodes with its host, alongside the bacterial succession on the beetle developmental stages. Conclusively, we have established that when P. mayeri is trodden on by competition, it turns predatory.
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FIGURE 4. Graphical summary of two nematode plastic responses in face of resource competition post-beetle death. Dauers continuously disperse and P. mayeri develops as predators when co-infesting the host with Acrostichus.
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