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The tritrophic association of bats, bat flies, and Laboulbeniales microfungi is a remarkably understudied system that may reveal patterns applicable to community ecology theory of (hyper)parasites. Laboulbeniales are biotrophic microfungi, exclusively associated with arthropods, with several species that are specialized on bat flies, which themselves are permanent ectoparasites of bats. Several hypotheses were tested on biotic and abiotic traits that may influence the presence and prevalence of hyperparasitic Laboulbeniales fungi on bat flies, based on southeastern European data. We found a wide distribution of fungal infection on bat flies, with underground-dwelling bats hosting more Laboulbeniales-infected flies compared to crevice-dwelling species. Bat host behavior, sociality, roost selection (underground versus crevice), bat fly sex, and season all have significant effects on the prevalence of fungal infection. Laboulbeniales infections are more common on bat flies that are infecting bat species with dense and long-lasting colonies (Miniopterus schreibersii, Myotis myotis, Myotis blythii), which roost primarily in underground sites. Inside these sites, elevated temperature and humidity may enhance the development and transmission of Laboulbeniales fungi. Sexual differences in bat hosts’ behavior also have an effect on fungal infection risk, with densely roosting female bat hosts harboring more Laboulbeniales-infected bat flies.
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BACKGROUND

Although often neglected in biodiversity and conservation studies, parasites are among the most diverse modes of life. They are critical components of ecosystems, altering food webs, regulating population dynamics, and driving the evolution of other species (Windsor, 1995; Bush et al., 2001; Dougherty et al., 2016; Carlson et al., 2020). A special case of parasitism—and even more understudied—is hyperparasitism, the phenomenon of parasites exploiting other parasite species (Sullivan and Völkl, 1999). Hyperparasitism has an important role in regulating host–parasite cycles of natural populations, by shaping disease dynamics and other ecological connections between species, even their evolution (Parratt and Laine, 2016; Sandhu et al., 2021). Several studies on multitrophic relationships have targeted hyperparasites in biological control strategies (Verkerk et al., 1998; Tougeron and Tena, 2019). A recently resurfaced example of hyperparasitism is the tritrophic association found among bats (Mammalia: Chiroptera), their ectoparasitic bat flies (Diptera: Hippoboscidae: Nycteribiidae and Streblidae), and fungal biotrophic parasites of the dipterans (Ascomycota: Laboulbeniomycetes) (Haelewaters et al., 2017, 2018, 2021b; de Groot et al., 2020).

Bats represent the second-largest order of mammals, showing high species diversity and worldwide distribution (Burgin et al., 2018). Bats are the only mammalian order capable of active flight and possess a number of outstanding characteristics, like high resistance to a number of deadly pathogens (Brook and Dobson, 2015), a generally nocturnal lifestyle (Simmons and Conway, 2003), and high relative longevity (Wilkinson and South, 2002). They are one of the most important components of local ecosystems due to the high number of ecosystem services provided (Williams-Guillén et al., 2016). Owing in part to their unique characteristics, bats are regularly parasitized by a number of ectoparasites (Simmons and Conway, 2003), including ticks (Sándor et al., 2019, 2021a), mites, fleas (Zahn and Rupp, 2004), cimicid bugs (Hornok et al., 2017), and bat flies (Szentiványi et al., 2016).

Bat flies are a diverse group of ectoparasites exclusively infesting bats (Dick and Patterson, 2006). They show a series of morphological and lifestyle specializations to parasitic life, including loss of wings (all Nycteribiidae and some of Streblidae species), a bullet-shaped hard chitinous body plan, and ecomorphological adaptations (differences in morphology of posterior legs) to help overcome their hosts’ grooming behavior (Theodor, 1967; Dick and Patterson, 2006; Hiller et al., 2018). They are hematophagous parasites, feeding multiple times during their life. The reproductive mode of bat flies is unique, with the female depositing a 3rd instar larva in the proximity of the hosts on the wall of the roost. This larva immediately pupates and after about 3 weeks of development an adult emerges that seeks a host bat to feed (Meier et al., 1999; Dick and Patterson, 2006). Note that, while they are able to switch among hosts, male bat flies do not leave their bat hosts at any time (Dick and Patterson, 2006). There are 17 bat fly species present in Europe (Szentiványi et al., 2016), nine of which occur both in Bulgaria and Romania (Sándor et al., 2018). Bat flies show different levels of host specificity and are being increasingly recognized as vectors for multiple pathogens like Bartonella spp., or the human-malaria related Polychromophilus spp. (Hornok et al., 2012; Sándor et al., 2018, 2021b; Szentiványi et al., 2019a).

Laboulbeniales are biotrophic microfungi, living on the outer surface of living arthropods and producing three-dimensional multicellular structures called thalli (Blackwell et al., 2020; Haelewaters et al., 2021a). A thallus typically consists of the receptacle, which is attached to the host at the foot and carries structures that produce spermatia (antheridia) and ascospores (perithecia). The foot cell is the single point of attachment to the host and is either simple or rhizoidal, penetrating the host’s integument to make contact to the hemocoel (Haelewaters et al., 2021a,b). Infected hosts spread these parasitic fungi by direct contact, e.g., during mating; ascospores are released upon pressure on the perithecium and stick to the surface of the new host (Blackwell, 1980; De Kesel, 1995). The vast majority of Laboulbeniales species, around 80% percent of the currently known 2,325 species, infect insects from the order Coleoptera, whereas only some 10% are found on representatives of the order Diptera (Weir and Hammond, 1997). Currently two described species of Arthrorhynchus are known to be associated with nycteribiid flies in Europe (Haelewaters et al., 2017), and at least one of these taxa represents a species complex (Haelewaters et al., 2020). In recent years, the scientific interest in Laboulbeniales fungi of bat flies has increased, as this system represents a model to study hyperparasitic relationships. Haelewaters et al. (2021b) called for global collaborations to build non-biased datasets resulting from multitrophic fieldwork sensu Walker et al. (2018). Such datasets may be essential in answering community ecological questions (e.g., whether habitat destruction affects parasitism at multiple levels) and in studying disease transmission through bat flies (Haelewaters et al., 2017; de Groot et al., 2020).

Here, we studied traits that may influence the presence and prevalence of Laboulbeniales fungi on nycteribiid flies in southeastern Europe (Bulgaria and Romania). Traits studied included bat roosting habits, fly intensity on a given bat, fly population dynamics, and host specificity. We analyzed a dataset of bat flies collected from different bat species and diverse bat-roost environments and over different seasons (pre- and post-breeding).



MATERIALS AND METHODS

Nycteribiid flies were collected from wild-captured bats during spring and autumn from 2009 to 2020 at 43 locations in Bulgaria (5) and Romania (38). Bats were captured with mist nets (D15 mesh, 5-shelf type, 3–12 m long; Ecotone, Gdynia, Poland) and harp traps at roost entrances (caves, mines, buildings) or in areas frequented by hunting bats. Bats were identified using morphological keys (Dietz et al., 2009) and their sex, age, forearm length, and weight were recorded. Bat flies were searched on the body of the host by visually scanning the bat’s fur and all visible flies were collected using fine forceps and then stored in 98% ethanol for further analyses (one tube/bat host). Flies were identified under binocular microscope using morphological keys (Theodor, 1967). Each bat fly was screened dorsally and ventrally for the presence of visible thalli of Laboulbeniales, which were counted and recorded in the database (Supplementary Material).

Captured bats were assigned to two main seasons: all bats captured before mid-May were assigned to spring (preceding birth and nursing season), while bats captured in the period of July–October, were assigned to autumn (after weaning). No bat was captured in the period between mid-May and mid-July to avoid disturbance in the critical period for females and young (pregnancy, and the period of intensive care before weaning) and neither during hibernation. Bat species were assigned to four groups according to their affinity to a particular roost-type in the non-hibernating period: (1) caves (large/wide underground spaces), (2) mines (narrow passages and reduced area available for colonies), (3) buildings, and (4) crevices (Kunz, 1982; Kunz and Lumsden, 2003; Patterson et al., 2007); and to two groups according to their social gatherings (1) large colonies (exceeding 50 females) and (2) small colonies (few females, roosting groups <50 individuals) (Dietz et al., 2009). Mean intensity (average number of bat flies per infested bat of a given species), prevalence (percentage indicating number of infected specimens relative to total studied specimens), and their 95% confidence interval (CI) were calculated using the R language and open-access environment for statistical computing (R Core Team, 2018). Confidence intervals were calculated with the R packages PropCIs (Scherer, 2018) for prevalences and Publish (Gerds et al., 2021) for mean intensity values. For comparing parasite prevalences, we used Fisher’s Exact tests. To test the importance of certain biotic factors (bat fly sex) and abiotic factors (roost type, season) on the presence versus absence of Laboulbeniales on bat flies, we used general linear models (GLM) under the assumption of a binomial distribution (absence/presence), with the R package stats (R Core Team, 2018). Intensity of infection values were compared with non-parametrical Wilcoxon Rank Sum tests. To assess the correlation between the intensity of infestation and Laboulbeniales infection of bat flies we used Spearman’s Rank Correlation. The bipartite network was constructed using the R package bipartite (Dormann et al., 2008). Differences were considered significant when p < 0.05.



RESULTS

Our dataset of examined bat flies consisted of 4,122 specimens collected from 1,689 bat individuals. Fly specimens represented ten species: Basilia italica (n = 3), B. nana (n = 77), Nycteribia kolenatii (n = 238), N. latreillii (n = 182), N. pedicularia (n = 552), N. schmidlii (n = 1,144), N. vexata (n = 228), Penicillidia conspicua (n = 602), Pe. dufourii (n = 587), and Phthiridium biarticulatum (n = 509). We found 263 Laboulbeniales-infected bat flies out of the 4,122 examined specimens (prevalence 6.13%, CI 5.44–6.91; Table 1 and Supplementary Material). High prevalence was recorded for Pe. conspicua with 25.91% (CI 22.57–29.56), whereas lower prevalence was recorded for Pe. dufourii (8.85%, CI 6.80–11.44), N. vexata (5.70%, CI 3.27–9.59), Ph. biarticulatum (2.94%, CI 1.75–4.84), and N. schmidlii (2.01%, CI 1.32–3.01). The presence of Laboulbeniales was rare (prevalence <1%) for N. kolenatii, N. latreillii, and N. pedicularia, and no Laboulbeniales infection was found on two fly species (B. italica and B. nana). The majority (229 of 263, 87%) of infected flies were collected from three bat host species (Figure 1). Miniopterus schreibersii hosted the highest number of total bat flies (n = 1,829). This bat species also hosted the highest number of Laboulbeniales-infected bat flies (n = 186), with a prevalence of 10.16% (CI 8.86–11.64), followed by Myotis blythii (27 infected flies, 7.16%, CI 4.93–10.25) and My. myotis (16 infected flies, 4.08%, CI 2.47–6.57).


TABLE 1. Prevalence values of Laboulbeniales-infected bat fly species collected in this study.
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FIGURE 1. Bat–bat fly network. Shown is the association of bat hosts (left) with their bat fly parasites (right). Bar width represents the relative abundance of a species within each network level. The parasite prevalences of bat fly species with Laboulbeniales are shown in red, for Penicillidia dufourii (8.85%), Nycteribia vexata (5.70%), Penicillidia conspicua (25.91%), Nycteribia schmidlii (2.01%), and Phthiridium biarticulatum (2.94%).


The majority of bats were infested with multiple bat flies, the highest number of flies being 18 on a single bat individual of Myotis capaccinii (17 N. pedicularia and 1 Pe. dufourii). We found no correlation between the intensity of flies on bat hosts and the prevalence of fungal infection on flies. Also, there was no correlation between the intensity of flies and the prevalence of bat hosts with Laboulbeniales-infected bat flies present. However, when analyzing only the subset data of Pe. conspicua and Pe. dufourii (the number of flies on a given bat individual was 1–5 for these two species), we found a significant positive correlation between bat fly intensity and the prevalence of bat hosts with Laboulbeniales-infected flies (rho = 1, p = 0.016; Figure 2).
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FIGURE 2. Correlation between bat fly intensity on bats hosts and the prevalence of bat hosts with Laboulbeniales-infected bat flies. Based on subset data for Penicillidia conspicua and Pe. dufourii.


Parasitism of bats with bat flies was significantly higher in autumn both in prevalence (x2 = 25.61, d.f. = 1, p < 0.001; spring 33.27%, CI 31.13–35.49; autumn 40.72%, CI 38.93–42.53) and in mean intensity (W = 310142, p < 0.001; spring 2.36%, CI 2.15–2.57; autumn 2.51%, CI 2.93–2.64). There was a significant difference (x2 = 13.05, p < 0.001) of parasite prevalence of bat flies with Laboulbeniales between the two seasons (spring 4.2%, CI 3.20–5.49; autumn 7.28%, CI 6.39–8.28; Table 2).


TABLE 2. Results of our modeling approach (GLM).
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Bat fly sex was an important factor determining whether infection with Laboulbeniales was present (Table 2). Overall, we found significant differences (x2 = 4.16, p = 0.04) in parasite prevalence between female and male flies, with females being more infected by Laboulbeniales (females 7.1%, CI 6.11–8.23; males 5.48%, CI 4.53–6.62). When separately analyzing by bat fly species, no significant sex differences were found for Pe. conspicua (females 27.48%, CI 23.01–32.45; males 23.84%, CI 19.05–29.39). A significant difference in parasite prevalence of bat flies by Laboulbeniales was observed between female and male bat hosts: 132 infected flies out of 2,360 ones collected from female bats (5.59%, CI 4.73–6.59) versus 131 infected flies out of 1,762 ones collected from male bats (7.43%, CI 6.29–8.75; x2 = 5.42, p = 0.01). However, the difference was only marginally significant (p = 0.06) when separately analyzing flies collected from Mi. schreibersii, which is the only bat species in our dataset of which males and females roost together in mixed colonies.

Finally, we found significant differences in the prevalence of Laboulbeniales infections between roost types. Bats roosting in mines had bat flies with higher parasite prevalence (9.28%, CI 7.86–10.92) compared to those roosting in caves (4.77%, CI: 3.99–5.68; x2 = 29.61, p < 0.001). Roost type, however, did not significantly contribute to the general GLM (Table 2). The prevalence of Laboulbeniales on flies collected from bats in buildings was 6.43% (CI 3.86–10.42), however, this number was not significantly different from those of flies collected from bats in caves or mines. Crevice-dwelling bats had no flies infected with Laboulbeniales.



DISCUSSION

Most of the bat fly species collected in our study (8 out of 10) showed signs of Laboulbeniales infections (Table 1), although the parasite prevalence on three bat fly species is very low (<1%) and thus the infection may be considered rare. All infected bat fly species were already known to host Laboulbeniales fungi (Haelewaters et al., 2017; de Groot et al., 2020). The bat flies in our study were collected from a wide range of bat species in Bulgaria (nine bat species) and Romania (27 bat species). The overall prevalence of Laboulbeniales fungi on bat flies was generally low, similar to previous studies. Previously reported mean parasite prevalences of Laboulbeniales on nycteribiid flies ranged between 2.2 and 4.6% (Blackwell, 1980; Haelewaters et al., 2017, 2018; Jensen et al., 2019), with one study reporting an overall prevalence of 9.0% on bat flies collected from only Mi. schreibersii (Szentiványi et al., 2018). We found a relatively high prevalence, 6.13%, which is probably due to the higher number of Pe. conspicua bat flies in our samples. This bat fly species was previously identified as the main host for the fungus Arthrorhynchus nycteribiae (Haelewaters et al., 2017), and this is confirmed here (Table 1 and Figure 1).

Most bat fly species are highly host specific, and this is also the case for Pe. conspicua; this species was found parasitizing Mi. schreibersii with a few exceptions (Figure 1). Other fly species parasitizing Mi. schreibersii were Pe. dufourii and N. schmidlii. Penicillidia dufourii and N. schmidlii collected from Mi. schreibersii both showed a lower fungal parasite prevalence (8.85 and 2.01%, respectively), compared to Pe. conspicua from the same bat host. Our results are very similar to those found by Haelewaters et al. (2017): 33 of 142 (23.1%) Pe. conspicua collected from Mi. schreibersii infected by A. nycteribiae, 2 of 51 (3.9%) Pe. dufourii from My. myotis infected by A. nycteribiae, and 1 of 147 (0.68%) N. schmidlii from Mi. schreibersii infected by A. nycteribiae. Penicillidia dufourii mostly parasitizes My. myotis and My. blythii but occasionally also Mi. schreibersii because these three bat species frequently share roosts (Dietz et al., 2009). Penicillidia dufourii as well as N. schmidlii are probably accidental host species for A. nycteribiae, as a result of inter-specific encounters and interactions with Pe. conspicua on Mi. schreibersii bats. Nycteribia schmidlii is also host to another species of Laboulbeniales, Arthrorhynchus eucampsipodae. In the study by Haelewaters et al. (2017), parasite prevalence of N. schmidlii by A. eucampsipodae was 2.72% (4 of 147 bat flies infected). Arthrorhynchus eucampsipodae is much rarer than A. nycteribiae but has thus far been reported from twelve bat fly species in five genera (de Groot et al., 2020). However, these data are misleading because recent work has shown that this taxon consists of multiple species that are host specific (Haelewaters et al., 2020).

High prevalence values of bat flies by Laboulbeniales were observed on specimens collected from bats that often roost together in close proximity and in large colonies, such as Mi. schreibersii, My. myotis, and My. blythii. As mentioned above, these three bat species frequently use mixed colonies (Dietz et al., 2009), thus creating opportunities for continuous transmissions of ascospores from each others’ flies. The roosting behavior of these species was already suggested to be the main factor for the comparatively high success of parasitism of these bats by multiple parasite groups (Zahn and Rupp, 2004; Frank et al., 2015; Sándor et al., 2019).

Increased intensity of flies (= more bat fly specimens on a single host) implies increased levels of fly–fly interactions, thus increasing the opportunities for ascospore transmission. Indeed, we found a significant positive correlation between the number of individual bat flies on a single bat and the Laboulbeniales prevalence on these flies, for both Pe. conspicua and Pe. dufourii, the two most commonly found Laboulbeniales-infected bat fly species. This is likely caused by the high rate of fly–fly contacts on their bat hosts, due to increased competition among flies when bat fly intensity is high. Another factor that may contribute is a higher bat host response, as bats are known to react toward increased fly density by higher levels of scratching and grooming (Ter Hofstede and Fenton, 2005).

We found seasonal differences in the prevalence of Laboulbeniales infections on bat flies. In autumn, parasite prevalence on bat hosts was significantly higher than in spring. Bat flies are much more abundant in autumn (Lourenço and Palmeirim, 2008), again leading to increased opportunities for ascospore transmission among flies. Seasonal patterns of infection were also studied in Rickia wasmannii, a species of Laboulbeniales associated with Myrmica ants. It was found that prevalence was highest after winter and this was also in part explained by increased contacts (allogrooming) among ants that aggregate in dense clusters during wintertime (Haelewaters et al., 2015).

Bat fly sex had an impact on Laboulbeniales infections. Female bat flies were significantly more infected by Laboulbeniales than males. Similar results were already previously reported in Europe (Haelewaters et al., 2017; Szentiványi et al., 2018). The fact that Laboulbeniales appear to have a preference for female bat flies may be attributed to their longer lifespan resulting in build-up of inoculum, their larger size compared to males, and the accumulation of fat reserves during pregnancy (Haelewaters et al., 2017).

Bat flies collected from bats roosting in caves were found to be significantly more infected by Laboulbeniales fungi compared to flies from bats using either mines or buildings. This suggests that Laboulbeniales infection may be linked to the microclimatic factors present in these roosts (for example, elevated humidity levels in caves might enhance ascospore survival and development, as well as attachment to the integument of flies). Szentiványi et al. (2019b) found that the prevalence of bat fly-associated Laboulbeniales was negatively associated with annual mean temperature and humidity. However, their results were based on outside bioclimatic variables. We suggest to continuously measure temperature, humidity, and precipitation while surveying roosts for bats and their associated parasites and hyperparasites—to gain a better understanding of microhabitat conditions governing Laboulbeniales infections of flies collected from cave-dwelling bats.

Most bat species show sexual segregation in roost use, sociality, and mobility in their active periods, with females roosting in dense groups and males (even if present in the same location) roosting in smaller groups or as scattered individuals away from the females (Dietz et al., 2009). Moreover, female groups tend to be highly philopatric, whereas males show nomadic tendencies (Dietz et al., 2009; Jang et al., 2021). As a result, we hypothesized that these behavioral differences between sexes affect infection of their bat flies by Laboulbeniales. We found significant differences in the Laboulbeniales prevalence of bat flies collected from the two sexes, with flies originating from male bats having higher fungal prevalence compared to those from female bats. When Mi. schreibersii bats were analyzed separately, male bats still carried higher ratio of infected flies but the difference was marginally significant. Patterson et al. (2008) studied sex biases in parasitism of Neotropical bats and found that bat fly intensity and the number of bat fly species were higher for female bats. This was explained by higher survivorship rates and their larger size (= more “habitat”). The bat species and fly species studied by us are different, but no comparable data exist for European bats to our knowledge. Based on the findings by Patterson et al. (2008), we assumed that female bats are also parasitized by higher numbers of bat flies as well as more fly species. If that is indeed the case, bat flies on female bat hosts have more opportunities for encounters, which increases the likelihood of ascospore transmission among flies. Miniopterus schreibersii is the only bat species in our study with mixed male–female colonies (Rodrigues and Palmeirim, 2008; Ramos Pereira et al., 2009), and as a result the aforementioned overall female bias may be balanced out due to the mixture with males, allowing flies to move from one host (either male or female) to the other (either male or female).



CONCLUSION

We found that Laboulbeniales infections are more common on bat flies that are infesting bat species with dense and long-lasting colonies (Mi. schreibersii, My. myotis, My. blythii), roosting primarily in caves. Inside these cave ecosystems, abiotic traits (e.g., elevated humidity) may enhance the survival, development, and attachment of fungal ascospores. Finally, we observed sex-biases in parasitism of nycteribiid flies by Laboulbeniales with higher prevalence values of female flies compared to males and of flies collected from female bats. Only recently, this multitrophic and hyperparasitic system of bats, bat flies, and fungi started receiving more attention from an ecological perspective. The currently available data are too fragmented to fully understand interactions among the organisms in this system and biotic and abiotic traits affecting them (e.g., Haelewaters et al., 2018; Szentiványi et al., 2019b; de Groot et al., 2020, this article). There is a need to build large, non-biased, and standardized datasets for rigorous testing of hypotheses—several initiatives are being taken in this regard.
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Odds ratios Cl P

(Intercept) 0.09 0.05-0.16 <0.001
Bat fly sex (male) 0.74 0.57-0.95 0.022
Roost type (cave) 0.70 0.41-1.27 0.206
Roost type (mine) 1.31 0.77-2.39 0.349
Season (Spring) 0.65 0.46-0.89 0.009

Summary of tested parameters (bat fly sex, roost type, season) and their effect on
the presence of Laboulbeniales (Arthrorhynchus spp.) on bat flies. Bolded p values
denote significant effects.
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Bat fly species Bat flies Infected bat flies Prevalence (Cl) in %

Basilia italica 3 0 0

Basilia nana i 0 0
Nycteribia kolenatii 238 il 0.42
Nycteribia latreillii 182 1 0.54
Nycteribia pedicularia 552 2 0.36
Nycteribia schmidlii 1144 23 2.01(1.32-3.01)
Nycteribia vexata 228 13 5.7 (3.27-9.59)
Penicillidia conspicua 602 156 25.91 (22.57-29.56)
Penicillidia dufourii 587 52 8.85 (6.80-11.44)
Phthiridium biarticulatum 509 15 2.94 (1.75-4.84)
Total 4122 263 6.13 (6.44-6.91)

The 95% confidence interval (Cl) is presented in parentheses.
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