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Abstract: Here, we report, for the first time, a microsporidian infection in laboratory-reared larvae 

of the damselfly Ischnura elegans. Infected larvae originated from field-collected adult females, 

which were caught in southern Poland in August 2020 (the second half of the flight season). Higher 

rearing temperatures and the presence of predator cues from the invasive alien signal crayfish 

(Pacifastacus leniusculus) increased the number of infected larvae. Infected larvae had distorted 

wing development, and all individuals died before emergence. Hence, microsporidian infection in 

I. elegans larvae impacted damselfly morphology and life history. We propose that warming tem-

perature and stress caused by non-consumptive effects triggered by invasive alien predators are 

possible factors that produce negative fitness consequences following microsporidian infection in a 

key amphibious ectotherm. 
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1. Introduction 

Parasitism is one of the most common and important interspecific interactions. It oc-

curs in the kingdoms of all living organisms and takes different forms, from occasional 

ectoparasitism to close obligatory endoparasitism. Parasitic infections have various out-

comes for the hosts, ranging from temporary mild sickness to death [1]. Parasites can affect 

host physiology, immunology (e.g., by causing tissue damage or increasing metabolism) 

[1–3], behaviour (e.g., changes in attraction to light) [2,4] and life history (e.g., decreases in 

fecundity) [5]. A high prevalence of parasitic infection may change host population density 

or even lead to population extinction [6], especially if host individuals are weakly resistant 

to a particular parasite or if a parasite is highly transmissible [2,6]. 

Researchers have focused on parasite–host interactions and have claimed that in-

sects—taxonomically the most numerous and diverse group of animals on Earth [7]—are 

probably infected by equal numbers of parasites and parasitoids [8–10]. An important 

group among these invertebrates are dragonflies (Odonata), which are amphibious and 

hemimetabolic insects that have aquatic larvae and terrestrial imago. Both stages of 

odonates can be infected by parasites belonging to several systematic groups, including 

ectoparasitic water mites (arachnids) and endoparasitic gregarines (protists) [11,12]. 

Water mites decrease the survival of infected adults [13]. Gregarines invade both larval 

and adult odonate stages [14]. Gregarine infection leads to a shorter imago lifespan [15] 
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or lower adult fat content, which negatively affects host reproduction [16]. Nematodes 

(Nematoda) and plathelminths (Digenea and Cestoda) are other endoparasites that infect 

odonates [11]. Odonates have also been recorded as hosting endoparasitic microsporidia 

fungal-related protists [17–19]. In such infections, there is a scarcity of information re-

garding parasitic effects on odonate fitness-related traits [17,18,20]. 

Microsporidia, which constitute approximately 1500 named species, are unicellular 

parasites that reproduce through spores. As parasites, they are limited to animal hosts, 

including insects, crustaceans, fishes and humans [21]. Microsporidia can be host- and 

tissue-specific. These species are transferred vertically and horizontally and often have 

multiple spore types and sometimes intermediate hosts. Alternatively, microsporidia can 

be opportunistic (towards hosts and tissues) in situations with horizontal transmission 

and one host [22]. In extreme cases, parasites can take over host cells and change host 

metabolism and reproduction [23,24]. In odonates, infection with microsporidia occurs in 

the fat body, where the parasite can be found at various developmental stages. The in-

fected odonate larvae are often whiter or paler than noninfected ones [18,19]. However, 

there is no information on whether and to what extent microsporidia affect odonate life 

history. Data from other groups of insects indicate that infections caused by microspor-

idia might negatively affect host fitness-related traits, e.g., fecundity [5,8,25]. 

Here, we present the first record of microsporidian infection in laboratory-reared 

damselfly Ischnura elegans (Odonata: Zygoptera) larvae, a model species for 

eco-evolutionary studies [26–29]. This endoparasite affected larval survival, larval size 

and emergence success in the host. 

2. Materials and Methods 

Some of the data from our long-term experiment on damselflies are presented, in 

which we reared individuals from the egg stage through the larval stage until emergence 

or pre-emergence death. 

Adult female I. elegans in copula were collected from two ponds in the city of Kra-

ków, Poland, at two time points during summer: 5 July 2020 (Staw Płaszowski, 50.042908, 

19.967240, and Staw Dąbski, 50.064735, 19.987438) and 8 August 2020 (Staw Płaszowski). 

After collection, females were placed in plastic containers equipped with wet filter paper 

for egg laying. The plastic containers were placed in a Styrofoam box with ice packs to 

keep the temperature low. Under such conditions, females were transported by car to the 

Institute of Nature Conservation at the Polish Academy of Sciences (PAS), where the la-

boratory experiment was run. Females were kept in containers in a room with a natural 

photoperiod and temperature until they laid eggs. 

The temperatures at which eggs and larvae were reared were then changed once a 

week to follow seasonal changes in the mean weekly temperatures in shallow-water 

habitats (optimal for damselfly larvae [11]). As in previous laboratory experiments of 

damselflies’ life histories [30,31], the temperature was derived from lake model FLake 

[32]. The experiment consisted of two temperature treatments: a reference temperature 

that mimicked the actual temperature at the collection site and an elevated temperature 

treatment, where the temperature was elevated by 4 °C to mimic the predicted temper-

ature change by the end of the 21st century [33]. Except for the overwintering conditions 

(see below), we followed weekly seasonal changes in daylight (photoperiod) according to 

civil twilight length in Kraków. In the wild, I. elegans overwinter in the larval stage, so 

that individuals experienced winter diapause. During the experiment, we simulated 

winter conditions. We programmed a constant temperature of 6 °C in the reference 

temperature treatment and 10 °C in the elevated-temperature treatment. No light was 

provided during the overwintering conditions. For experimental temperature and pho-

toperiod distributions and ranges, see the Supporting Information (Supplementary Ma-

terial Table S1). 

Every egg clutch laid by individual females was divided into six and placed in sep-

arate plastic containers (15 cm × 11 cm × 7.5 cm) filled with 600 mL of water. The water 
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consisted of ¾ dechlorinated tap water and ¼ dechlorinated tap water with or without 

predator cues originating from European perch (Perca fluviatilis) and signal crayfish (P. 

leniusculus). Eggs from every female were present in every treatment: the three predation 

cues (none, perch, or crayfish) and the two temperatures (reference or elevated). Perch 

and crayfish cues were not mixed; hence, damselflies from different predator treatment 

groups experienced these predator cues independently. At hatching, every predator 

treatment group during the egg stage was further divided into two new groups: a group 

that experienced predator cues during the egg stage and the larval stage and a control 

group that did not experience predator cues during the larval stage (only the predator 

effects from the egg stage) (Figure 1). The water was refilled every other day to keep the 

predator cue approximately constant, considering the length of cue biodegradation [34]. 

Additionally, previous experiments have demonstrated that predator cue refill every 

other day affects damselfly life history traits [28,29]. Hatching occurred two to three 

weeks after the eggs had been laid. After hatching, the larvae were transferred to other 

containers (19 cm × 12 cm × 9 cm) filled with 1 l of water and kept in groups of 15–20 in-

dividuals for the first 14 days. Keeping individuals in groups at this stage increases larval 

survival. Fourteen days after hatching, every larva was individually placed in a plastic 

cup (height = 9 cm, diameter = 4 cm, volume = 200 mL) filled with 100 mL of water. The 

water refill in every container that held 15–20 larvae and the water refill in cups holding 

individual larvae were analogous (¾ dechlorinated tap water and ¼ of dechlorinated tap 

water with or without predator cue, ¼ changed every second day) to that previously 

described. The larvae were fed twice a day (morning and afternoon) during weekdays 

and once a day during weekends with 1 mL of Artemia sp. Nauplii solution (mean = 198.5, 

SD = 92.4 nauplii/1 mL, N = 38). During the first 14 days, larvae kept in groups received 

10 mL of solution. During the winter, the larvae were fed once a day. When the larvae 

reached the prefinal instar before emergence (F-1), they were additionally provided with 

one live Chironomidae larvae three times a week (Monday, Wednesday and Friday). 

When the larvae reached the prefinal and final instars (F-1 and F-0), we noticed that 

some individuals had white structures inside of their body. For these individuals, we 

recorded the length of larval development (in days) between hatching and emergence or 

between hatching and death. We photographed the larvae to measure larval head width 

and wing pad length. In odonates, head width reflects overall body size and is used to-

gether with wing pad length to identify the larval instar. Live larvae were photographed 

with a binocular microscope (SMZ 745T; Nikon, Tokyo, Japan) with a camera (DFK 

23UP031; Nikon). Larvae were placed in a drop of water on a Petri dish and the photog-

rapher took a picture. We photographed larvae on 1 April 2021, when the vast majority of 

noninfected larvae had already emerged, and on 22 April 2021, to estimate their growth. 

The head widths and wing pads lengths were measured using ImageJ software (NIH, 

Bethesda, MD, USA). 
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Figure 1. Experimental design. Initially, I. elegans eggs were assigned to groups receiving perch 

cues, crayfish cues or no predator cues. At hatching, the perch cues egg group was divided into 

perch-cues and no-perch-cues larval groups, and the crayfish cues egg group was divided into 

crayfish cues and no crayfish cues larval groups. The control group experienced no perch or cray-

fish cues in either the egg or larval stage. 

2.1. Histology 

Three randomly selected larvae were chosen for microscopic analyses. Damselflies 

were cut into two halves, and both were used to prepare fresh smears and fixed in 

Bouin’s solution histological slides. Following fixation, the samples were dehydrated in a 

graded ethyl alcohol series (Linegal Chemicals, Warszawa, Poland), cleared with iso-

propyl alcohol (Leica, Wetzlar, Germany) and Clearene (Leica), and embedded in Para-

plast Plus (Leica). Serial cross-sections (4–6 μm thick) were cut with a rotary microtome 

(Hyrax M55, Zeiss, Oberkochen, Germany). Histological slides were deparaffinized in 

Clearene (Leica), rehydrated in a graded ethyl alcohol series (Linegal Chemicals), and 

stained with Ehrlich haematoxylin (Carl Roth, Karlsruhe, Germany) and with a 1% eth-

anol solution of eosin Y (Analab, Warszawa, Poland). Then, the slides were dehydrated 

in 96% ethanol (Linegal Chemicals) and isopropyl alcohol (Leica), cleared in Clearene 

(Leica), and embedded in CV Ultra (Leica). Dried and nonstained fresh smears as well as 

fixed and stained tissue cross-sections were analysed under a light microscope (Eclipse 

80i, Nikon) in a bright field and photographed using a digital camera (Axio Cam 305 

colour, Zeiss) and image acquisition software (ZEN 3.3. blue edition, Zeiss). 
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2.2. Statistical Analysis 

We found infections only in larvae originating from one population (Staw 

Płaszowski, later collection date) and only in individuals who were reared in the elevated 

temperature treatment. Therefore, we limited our analyses to this group. 

As we noticed the infected larvae in the middle of the experiment, it was possible 

that some of them would die before being classified as infected. Thus, comparisons of the 

larval development duration of infected and noninfected individuals would be biased. 

Therefore, we reported only raw values for larval development duration. 

All the analyses were performed in R software [35] with the following packages: 

emmeans [36], lme4 [37] and lmerTest [38]; ggplot2 [39] was used for graph preparation. 

We analysed the data on the presence of infection among predator cue treatments 

using a generalized linear model with a binomial distribution and a logit link function. 

We plotted the distribution of larval head widths and wing pad lengths, and for com-

parison, we added head width and wing pad length ranges for F-1 instars based on ob-

servation of the larvae originating from females collected at the same site [40]. In inde-

pendent tests, we compared the head widths and wing pad lengths between two meas-

urement dates via a general linear mixed model. Head widths or wing pad lengths were 

response variables, measurement date was a fixed predictor, and individual ID was a 

random factor. We used Tukey HSD tests for pairwise level comparisons. 

3. Results 

3.1. General View 

Infected larvae had white structures along the long axis of their bodies (thorax and 

abdomen) that were visible through the body shell. In the analysed subset, where infec-

tions were present (Staw Płaszowski, later collection date), there were 182 larvae in total, 

of which 33 were classified as infected, 87 as not infected that emerged with success and 

62 as not infected that died before emergence. Larval infection was significantly affected 

by predator cue treatment (χ2 =15.12, p = 0.001). Pairwise comparisons revealed signifi-

cant differences between the perch (egg and larva) vs. signal crayfish (egg and larva) 

groups (p = 0.04) and the control vs. signal crayfish (egg and larva) groups (p = 0.05). In 

both cases, infected larvae were more abundant in the signal crayfish group. A higher 

number of infected larvae was also found in the signal crayfish (egg)–control (larva) 

group, but the difference was not significant (the lowest p = 0.2 from the pairwise com-

parison with the perch (egg and larva) group) (Figure 2). 

3.2. Histological Description 

Histological analysis showed that larvae were infected with microsporidia (Figure 

3A). These parasites filled the thorax and abdomen (Figure 3B). On the cross-sections of 

the body, hypertrophied cells of the fat body lobes were filled in by the microsporidia 

and surrounding organs (Figure 3B–F). Germ gonads with active gametogenesis were 

visible (Figure 3F). 

3.3. Life History 

Infected larvae did not metamorphose, and so did not emerge. The longest devel-

opment duration between hatching and emergence of noninfected larvae was 231 days. 

The longest development duration of noninfected larvae that died before emergence was 

251 days. Six infected larvae lived longer than 251 days; of these, the longest larval 

lifespan was 261 days. 
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In infected larvae, the range of head widths overlapped with the head widths of 

reference larvae, for both F-1 (first measurement date) and F-0 (second measurement 

date). The head widths increased significantly between the two measurement dates (t = 

4.46, p = 0.003), as did the wing pad lengths (t = 2.26, p = 0.04). However, after removing 

two outliers from the data from the second measurement date, the wing pad length did 

not differ between measurement dates (t = 1.04, p = 0.32). 

 

Figure 2. The proportion of microsporidian infections in I. elegans larvae in the different predator 

treatment groups. Ischnura elegans eggs and larvae were exposed to perch or signal crayfish cues 

either during egg or egg and larval stages. The control group was not exposed to predator cues 

during either stage. Data are displayed as the marginal means ±95% CI. Different letters at the top 

of the error bars indicate significant differences between experimental groups. 
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Figure 3. Microsporidia (A). Cross-section through the thorax (B). Hypertrophied cells of the fat 

body filled in by microsporidia and the surrounding noninfected fat body (C), intestine (D), Mal-

pighian tubules (E), and germ gonads (F). Abbreviations: fb, noninfected fat body; g, germ gonads; 
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i, intestine; il, intestinal lumen; m, hypertrophied cells of the fat body with microsporidia; mt, 

Malpighian tubules; sm, striated muscles; t, tracheal tube; tl, tracheal lumen. 

4. Discussion 

We report, for the first time, the negative effects of endoparasitic microsporidian in-

fection on life history in a damselfly model for eco-evolutionary research, I. elegans. Other 

insects [8,22,25,41], including odonates (suborder Anisoptera: Aeschna viridis [17], Or-

thetrum albistylum speciosum [20], Aeschna grandis and Libellula quadrimaculata [18,42], Tho-

lymis tillarga [43], Tramea limbata [44]; suborder Zygoptera: Calopteryx virgo [45], Coenagrion 

pulchellum [46] C. hastulatum [19]) were reported to carry this pathogen; however, these 

results were based mainly on observational, not experimental, studies. Hence, previous 

results could not directly answer the question of whether parasites or other factors caused 

reductions in host fitness. The results of our experimental approach provide insights into 

pathogenic effects on fitness-related traits in the studied organism and how these patho-

genic effects might modify damselfly population dynamics. 

We could not identify the microsporidia to the species level, which would otherwise 

extend the list of parasites in odonates (and I. elegans, in particular). However, our iden-

tification at the phylum level indicates that microsporidia are likely as common in 

odonates as in other groups of insects [25]. 

None of the infected I. elegans larvae emerged, indicating that microsporidian infec-

tion has a lethal effect on the premature damselfly. Similar negative effects on life history 

traits have been reported in other insects. For example, in the mosquito Aedes aegypti, 

microsporidian infection led to a reduction in the number of eggs laid by adult females 

and lower offspring hatching success [5]. A similar infection effect on the host was found 

in Muscidifurax raptor, a parasitoid wasp of the house fly (Musca domestica) [8]. In Dro-

sophila melanogaster, artificial microsporidian infection of adults led to death caused by 

the parasites’ use of the fat storage [41]. If the pathogen is highly transmissible, it might 

negatively affect the host population. However, we think it is possible that damselfly 

larvae carrying fewer endoparasites, which could not be identified as infected ‘by eye’, 

successfully emerged. In such situations, it would be interesting to study delayed or 

carry-over pathogenic effects from the larval to imago stage. 

The considerable increase in head width in larvae carrying microsporidia could 

suggest that these individuals had reached the minimal size for emergence; however, 

minimal wet mass for emergence is also important [40]. During the experiment, we did 

not weigh the larvae. Nonetheless, the largest infected larvae, estimated ‘by eye’, reached 

a body size similar to that of the noninfected individuals that eventually successfully 

emerged. Distorted wing development during last instars would likely prevent the 

damselflies from unfolding their wings and flying if they emerged. Notably, in mosqui-

toes, microsporidia did not affect wing development [8]. Individuals with head widths 

that indicated that they were F-1 or F-0 instars tended to have wing lengths that would 

classify them as previous instars. Moreover, hardly any wing development occurred 

between the two measurement dates. Over the same period, head width significantly 

increased. We suggest that delayed wing development led to prolonged larval devel-

opment and finally larval death. Nonetheless, measuring a larger number of morpho-

logical traits would probably show other aspects of abnormal development in the in-

fected larvae. 

We found infections only in animals originating from one population and at one time, 

sampled later in the season. The larvae from the first collection date, which included both 

collection sites, were held in the same climatic chamber. This suggests that the parasites did 

not transfer between the cups, or that earlier-collected larvae were more resistant to infec-

tion and did not show symptoms. The infection of individuals from just one population 

and one sampling date indicates that, in our laboratory, microsporidia were transferred 

horizontally. Some microsporidia genera can also be transferred vertically [47]. The higher 

experimental temperatures in the elevated temperature condition probably increased 
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pathogen development and, thus, damselfly sickness because only larvae grown at higher 

temperatures showed signs of infection. This might also explain the presence of parasites 

only in larvae whose mothers were field-sampled later in the summer, when the ambient 

temperature was higher than during the earlier sampling point. 

According to pathogen transfer, microsporidian spores could be disseminated 

among damselflies through water exchange between the aquaria that housed predators 

and cups holding damselfly eggs and larvae. However, this explanation is less likely 

since infected damselfly larvae were reported, although with lower frequency, in all ex-

perimental groups. 

Infections were generally more frequent in the signal crayfish cue group than in the 

perch and control groups. This suggests that chemicals released by the crayfish promoted 

the infection. Animals experiencing predator cues are more stressed [48,49]. Stress can 

cause changes in a number of traits, including physiological traits such as metabolic rate 

[48] and immune function, in potential prey [50–52]. Reduced immune function can, in 

turn, increase the exposure of host animals to pathogens. The results from previous 

studies on I. elegans indicated that exposing damselfly egg and larval stages to predator 

cues delayed egg and larval development [28,29,40], thus indicating that this damselfly is 

sensitive to predator-risk cues. Hence, a possible explanation for the highest microspor-

idian infection experienced by the crayfish cue group could be stress reactions in the host. 

Interestingly, larval infection was only elevated in the signal crayfish cue group, indi-

cating that a stronger stress is imposed by alien invasive allopatric predators (the signal 

crayfish cue group) than native sympatric predators (the perch cue group). This dis-

crepancy is in accordance with our previous results, where we showed prolonged egg 

development in groups treated with signal crayfish cues, but not perch cues, when 

compared to the control group [29]. 

5. Conclusions 

Our results broaden our knowledge of the effects of microsporidian infection on life 

history traits in a key amphibious organism. We underline the importance of possible 

microsporidian infection in damselflies that are used as model organisms in 

eco-evolutionary studies. Overlooking this factor may impact the experimental results. 

Future studies should focus on the mechanism of infection and the impact of micro-

sporidia on different host traits and conditions that increase the risk of parasitism. Such 

studies would shed light on the association between microsporidian infection and hosts 

exposed to ecologically challenging conditions. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/d14060428/s1; Table S1. Experimental temperature and photoper-

iod distributions and ranges. 
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