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Polyandry and sperm competition 
in two traumatically inseminating 
species of Strepsiptera (Insecta)
Kenny Jandausch  1,2,3*, Nico Wanjura 2, Hermes Escalona  4, Manuela Sann  5, 
Rolf G. Beutel  1, Hans Pohl  1,6 & Oliver Niehuis  2,6

Polyandry, the practice of females mating with multiple males, is a strategy found in many insect 
groups. Whether it increases the likelihood of receiving beneficial genes from male partners and other 
potential benefits for females is controversial. Strepsiptera are generally considered monandrous, 
but in a few species females have been observed copulating serially with multiple males. Here we 
show that the offspring of a single female can have multiple fathers in two Strepsiptera species: 
Stylops ovinae (Stylopidae) and Xenos vesparum (Xenidae). We studied female polyandry in natural 
populations of these two species by analysis of polymorphic microsatellite loci. Our results showed 
that several fathers can be involved in both species, in some cases up to four. Mating experiments 
with S. ovinae have shown that the first male to mates with a given female contributes to a higher 
percentage of the offspring than subsequent males. In X. vesparum, however, we found no significant 
correlation between mating duration and offspring contribution. The prolonged copulation observed 
in S. ovinae may have the advantage of reducing competition with sperm from other males. Our 
results show that monandry may not be the general pattern of reproduction in the insect order 
Strepsiptera.
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Copulation with multiple mating partners is a strategy that can confer fitness advantages over intraspecific 
competitors1. This type of promiscuous sexual reproduction has long been considered to be the domain of 
males2,3, which have a higher variance in their reproductive success than females. This phenomenon is summa-
rised by the Bateman principle. However, females may also use polyandry, the mating of a female with several 
males, as a mating strategy, which is widespread throughout the animal kingdom (e.g., Refs.4–8). This strategy 
has advantages and disadvantages for females. Parker and Birkhead9 list the advantages of this mating strategy to 
include an increased number of fertilised eggs, increased genetic diversity of the offspring, and the general allow-
ance of postcopulatory mate choice. The same authors mention an increased risk of predation as a disadvantage, 
since mating is often a vulnerable period9. In his monograph on sperm competition, Simmons10 summarised 
five factors that could explain the evolution of polyandry: (i) sperm replenishment—females remate to replenish 
sperm reserves depleted by previous ovipositions, to replace inviable sperm, or to otherwise ensure fertility; (ii) 
material benefits—females remate to acquire resources controlled by males, such as nesting sites, food resources, 
or protection from conspecifics and/or heterospecifics; (iii) genetic benefits—females replace sperm from previ-
ous matings with sperm from a genetically superior mate, encourage sperm competition to ensure fertilization 
by high quality sperm, or ensure genetic diversity in offspring; (iv) convenience: females remate to minimize the 
cost of harassment by males; and (v) correlated evolution—females remate due to correlated response to sexual 
selection on multiple mating males. However, the idea that polyandrous females have a genetic advantage has 
been questioned by Slatyer et al.11, who found only weak support for this in a comprehensive meta-analysis of 
experimental studies.
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Polyandric behavior creates a competitive environment for sperm from different males within the body of 
the inseminated female after copulation1,10,12,13. Two key factors are currently considered to generate this com-
petitive environment: (1) the temporal and (2) the spatial simultaneous presence of sperm from different males 
in the genital tract, or more generally, inside the female’s body1,10. This overlap can be strongly influenced by 
the morphology of the female reproductive apparatus. For example, the structure, function, and number of the 
spermathecae can strongly influence sperm competition14. Such adaptations allow females to select preferred 
sperm for fertilization. As a result, males may have evolved counter-strategies in their post-copulatory behavior1. 
For example, dragonflies using specialised structures to remove of sperm from a previous mating partner15 and 
some spiders use a mating plug to close the genital opening of a female after mating16 or prolong the duration 
of copulation known as mate guarding1,17. Sperm competition can thus strengthen sexual selection1. Whether 
polyandry and sperm competition may have contributed to the evolution of the bizarre species of the little-known 
insect order Strepsiptera remains unclear.

The endoparasitic holometabolous order Strepsiptera comprises ca. 600 described species and is characterised 
by numerous derived features in both sexes at all life stages18–21. All species of Strepsiptera show extreme sexual 
dimorphism. Male Strepsiptera are free-living; the only function of their short adult life span of a few hours is to 
find females and to mate with them. The females are obligate endoparasites of other insects, in which they remain 
during most of their larval development and as adults, except for species of the Mengenillidae, whose adult 
females are free-living. The inability of females to actively prevent conspecific males from copulating increases the 
likelihood that multiple males will contribute to the fertilization of a female’s eggs (i.e., polyandry)20,22. However, 
there is only anecdotal evidence for polyandry in Strepsiptera, and it is based on a few random observations 
of multiple males copulating serially with the same female23–25. Whether these observations are representative 
of the behavior of the species studied or even of the entire insect order is unclear, as is the question of whether 
multiple males also fertilize the eggs of a given female. We conducted field and controlled laboratory experiments 
in combination with DNA paternity testing to answer these questions. These answers, in turn, could explain 
the peculiar reproductive behavior of some Strepsiptera, in which a first mating male has a longer copulation 
duration than a second mating male20.

The Strepsiptera species whose mating behavior we study are Stylops ovinae (Stylopidae) and Xenos vesparum 
(Xenidae). Both belong to the clade Stylopidia, which is characterized by the use of pterygote insect hosts and 
by the fact that adult females remain inside the host’s body. The large sack-shaped posterior body of the female 
resides within the abdomen of the host, while the sclerotized cephalothorax is exposed18,19,26,27. In the majority of 
Strepsiptera (i.e., Stylopiformia, Stylopidia excl. Corioxenidae), a birth opening is present on the ventral side of 
the cephalothorax, between the head and the prosternum. This birth opening is connected to the hemocoel via 
the birth organs in the abdomen by a brood canal and allows the primary larvae to leave the female (Fig. 1). In 
species of Stylopiformia, the birth opening additionally serves as the site where the penis penetrates the female’s 
cuticle during traumatic insemination.

Kathirithamby et al.28 considered Strepsiptera to be monandric. This idea is based on several behavioral 
observations, especially in species of the family Xenidae29,30 and Stylopidae31,32: for example, S. ovinae (= S. 
melittae auct.) females reduce the production of a sex pheromone that attracts conspecific males immediately 
after the first copulation. This reduces the chance of being fertilized by multiple males. However, females do not 
appear to completely stop releasing their sex pheromone33. At the same time, there are numerous scattered hints 
in the literature that indicate the possible occurrence of polyandry in Strepsiptera. For example, Silvestri25 and 
Riek24 reported that females of species in the family Halictophagidae to had mated with multiple males and that 
these females remained attractive to other potential mates. Similar evidence for the occurrence of polyandry 
was provided by Kirkpatrick23 in one species of Corioxenidae. The most recent and detailed evidence for the 
occurrence of polyandry in Strepsiptera was presented by Peinert et al.20 who conducted controlled laboratory 
experiments showing that female S. ovinae mate serially with multiple males and that these females remained 
attractive for a prolonged period of time (up to 2 h) after the first copulation.

Strepsiptera are thought to be traumatically inseminated21 and this insect order therefore serves as a prime 
example of this mode of copulation. Traumatic inseminating (TI) is defined as a copulation method in which 
the copulatory organ is pierced directly through the body integument of the female, allowing the male’s sperm 
to enter directly into the female’s body cavity. This bizarre mode of copulation, combined with the endoparasitic 
lifestyle of the female Strepsiptera, which thus cannot prevent copulation with males and may have no precopula-
tory influence on mate choice, makes polyandry likely. The occurrence of TI itself is probably triggered by sperm 
competition, as this allows males to bypass the female genitalia and thereby also sperm previously deposited by 
other males34–37. Whether Strepsiptera females would benefit from polyandry is unclear. Given the large num-
ber of eggs produced by female Strepsiptera (e.g., Eoxenos laboulbenei (Mengenilldae): ca. 140038; S. ovinae: ca. 
29,000, unpublished data by H. Pohl & H. Stark; Stichotrema dallatorreanum (Myrmecolacidae): up to 750,00039), 
polyandry could help females to get the necessary amount of sperm to fertilize all their eggs (sperm replenish-
ment hypothesis). However, this interpretation remains speculative, as it is difficult to gather supporting evidence 
due to various challenges associated with handling and rearing Strepsiptera.

Polyandry puts strong selective pressure on males to be the first to mate with a given female and to prevent 
or delay fertilization of the eggs by other males. The absence of sperm storage structures and ovaries in adult 
females most likely precludes post-copulatory mate choice, as sperm is released directly into the hemolymph by 
males. Structures such as the spermalege described by Carayon40 in bed bugs, which is thought to allow cryptic 
mate choice with the help of hemocytes41,42, are also not found in Strepsiptera. One way for males to reduce 
sperm competition is to extend the duration of their copulation and/or to guard their mating partner. Both strat-
egies would delay access to the female by other males. Consistent with this idea, Peinert et al.20 found not only 
exceptionally long copulation durations of a first mating male of S. ovinae (up to 34 min), but also significantly 
shorter copulation durations of each subsequent mating male. In comparison, the reported copulation duration 
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of X. vesparum is 5–15 s43, that of Elenchus tenuicornis (Elenchidae) 1–3 s44, and that of Corioxenos antestiae 
(Corioxenidae) a few seconds to 1 min, rarely 5 min23. Based on these observations, Peinert et al.20 discussed the 
possibility that a first male that mates with a given female in S. ovinae guards the female, thereby reducing sperm 
competition with other males. A longer copulation duration could alternatively or additionally allow the male to 
inject more sperm into the female. However, we think this is unlikely: if the total amount of sperm, rather than 
the order of insemination, primarily determines how many eggs are fertilized by a male (‘fair raffle’ scenario 
sensu Parker45), the copulation duration of subsequent males should not differ drastically from that of the first 
male. We consider it more likely that S. ovinae engages in mate guarding and that this strategy has evolved in 
this species due to the highly synchronized hatching of its males. This creates a highly competitive environment, 
with several males often competing for a given female (Supplementary Movie 220). If there is a high probability 
that a male’s sperm will compete with that of other males for fertilization of a given female’s eggs, and if injected 
sperm will result in a timely fertilization of that female’s eggs, then males should benefit from restricting access 
to that female. If the chance of a given female being mated by multiple males during the short lifetime of the 

Figure 1.   Stylops ovinae and Xenos vesparum. (A,B) Cephalothorax and brood canal of females of S. ovinae (A) 
and X. vesparum (B) filled with primary larvae, ventral view. (C) The bee Andrena vaga with primary larvae of 
S. ovinae emerging from the birth opening and dispersing. (D) The wasp Polistes dominula with emerging X. 
vesparum larvae. bc brood canal, bo birth opening, cth cephalothorax.
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first mating male is low, a male might benefit more from searching for additional females than from guarding a 
female. Note that males typically live less than six hours.

In the present investigation, we use experimental behavioral assays in combination with paternity tests based 
on newly established microsatellite markers to assess whether multiple mating in Strepsiptera actually results 
in the fertilization of a female’s eggs by multiple males. With all the necessary tools in place, we will addition-
ally address the question of whether the extended copulation duration of the first copulating male in S. ovinae 
reduces the chances of subsequent copulating males to inseminate the eggs of the same female, compared to 
species that do not exhibit mate guarding behavior. We used S. ovinae and X. vesparum for our tests. While S. 
ovinae parasitizes only in the grey-backed mining bee (Andrena vaga, Andrenidae) and the ashy mining bee (A. 
cineraria)46, X. vesparum parasitizes several species of the paper wasp genus Polistes, primarily Polistes dominula47, 
but also in Ropalidia (Vespidae). Both species offer the advantage that they have a high infestation rate and are 
far easier to collect in sufficient numbers for the experiments. This is mainly due to the lifestyle of their host 
species. A. vaga can form nest aggregations of up to several thousand individuals, while the eusocial P. dominula 
is very common in settlements in Central Europe. Furthermore, these two species are suitable because they can 
be kept in the laboratory with little effort in order to obtain the necessary first instar larvae of the parasites for 
the paternity experiments. Males of S. ovinae hatch in synchronised masses over a period of only a few of days 
in late winter/early spring31,33,48,49. In contrast, the hatching period of X. vesparum under natural conditions 
lasts at least one month, from mid-July to mid-August50, and can therefore be considered asynchronous. Mass 
emergence of males is likely not unique to S. ovinae and may occur in other species under certain circumstances. 
Jandausch et al.22 attracted over 100 conspecific males to unmated X. vesparum females during a single day, with 
some males even simultaneously approaching the cage containing the stylopized paper wasps. Masses of males 
have also been observed in Mengenilla moldryzki (Mengenillidae) in Tunisia51.

Results
Polyandry in field‑collected Strepsiptera
Stylops ovinae
Of the ten pooled samples of 50 larvae each, seven had more than four different alleles at least one locus, indicat-
ing the involvement of more than one father in the generation of a female’s offspring (Table 1). The number of 
alleles (i.e., nine) in one particular pool of primary larvae (S08) suggests at least four fathers. Thus, polyandry 
clearly occurs in Stylops ovinae and appears to be common in the population studied.

Xenos vesparum
Among the ten pooled samples of 50 larvae each, one (X07) had more than four different alleles at one locus, 
indicating the involvement of more than one father in the generation of a female’s offspring (Table 2). Thus, 
polyandry clearly occurs in X. vesparum, but does not appear to be common in the population studied.

Polyandry in laboratory conditions
Stylops ovinae
We were able to infer the paternity of 397 of the 400 genotyped primary larvae (Fig. 2, Supplementary Table S8). 
The electropherograms of the remaining three primary larvae had no detectable signal. The offspring genotypes 
indicate that both males contributed genetically in nine out of ten experiments. Only one mating experiment 
(So10; n = 40) involved only a single male, the one that mated first. In seven of the ten mating experiments, the 
genetic contribution of the two males is statistically skewed, with the first male being a father more often than 
expected by chance: So01 (n = 40), So02 (n = 37), So05 (n = 40), So07 (n = 40), So08 (n = 40), So09 (n = 40), and 
So10 (n = 40) (χ2-test: χ2 = 10.0–40.0; df = 1; p < 0.0016).

Table 1.   Number of alleles and estimated number of fathers in batches of 50 larvae produced by different 
field-collected Stylops ovinae females. Allele counts greater than four, indicating polyandry, are highlighted in 
bold.

ID

Number of alleles detected per 
microsatellite locus

Minimum number of fathersSo_A So_B So_D So_G

S01 4 1 4 3 1

S02 2 1 7 2 3

S03 3 2 6 3 2

S04 4 4 6 3 2

S05 3 2 4 3 1

S06 3 1 6 2 2

S07 2 0 4 3 1

S08 5 3 9 2 4

S09 3 4 6 4 2

S10 3 3 7 3 3
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Table 2.   Number of alleles and estimated number of fathers of batches in 50 larvae produced by different 
field-collected Xenos vesparum females. Allele counts greater than four, indicating polyandry, are highlighted 
in bold.

ID

Number of alleles detected per 
microsatellite locus

Minimum number of fathersXv_D Xv_E Xv_F Xv_H

X01 3 3 3 1 1

X02 4 2 3 2 1

X03 4 3 3 1 1

X04 3 3 3 2 1

X05 3 2 2 1 1

X06 3 1 3 3 1

X07 4 5 2 2 2

X08 3 3 3 2 1

X09 3 2 3 3 1

X10 3 2 4 2 1

Figure 2.   Genetic contribution of two males mating with the same female to the female’s offspring. Bar graphs 
show the percentage of offspring in each copulation experiment sampled (ten per species). The proportions of 
Stylops ovinae are shown in red, those of Xenos vesparum in yellow. The red line marks the equal distribution of 
50%. Copulation experiments marked with an asterisk show a statistically significant deviation from an equal 
contribution of both fathers to the offspring of the female (χ2-test: χ2 = 8.53–38.011; df = 1; p < 0.004). Cop_ID 
experimental ID of the copulation experiment, M1 proportion of offspring from the male that copulated 
first, M2 proportion of offspring from the male that copulated second, NA not assignable; n number of larvae 
sampled, ndet number of larvae with known paternity.
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Xenos vesparum
We inferred the paternity for 354 of the 400 genotyped primary larvae (Fig. 2, Supplementary Table S9). The 
allelic composition of the remaining 46 primary larvae did not allow a clear identification of a father. The 
paternity data showed that both males contributed genetically to the offspring in all but one of the experiments. 
Only in one mating experiment (Xv10, n = 39) was a single male identified as the father, in this case the one 
that mated second. The genetic contribution of the two males was statistically skewed in five of the ten mating 
experiments, with the first male being a father more often than expected by chance: Xv02 (n = 39), Xv03 (n = 31), 
Xv07 (n = 38), Xv08 (n = 40), and Xv09 (n = 31) (χ2-test: χ2 = 8.53–31.41; df = 1; p < 0.004). Only in mating experi-
ment Xv10 (n = 39) was the second male more successful than expected by chance (χ2-test: χ2 = 38.011; df = 1; 
p = 7.034e−10). In contrast to males of S. ovinae, X. vesparum males often make multiple copulation attempts 
before copulating with a given female. We tested whether the number of copulation attempts differed between 
the first and second mating male, but did not find a statistically significant difference (Mann–Whitney U test: 
n = 18, W = 125.5, p-value = 0.2353).

Effect of copulation duration of the first male on the paternity success of the two copulating 
males
Stylops ovinae
We found a statistically significant negative correlation between the copulation duration of the first male and the 
paternity success of the second male (generalized linear model: n = 10; p = 0.000061; Fig. 3A). The negative corre-
lation remained statistically significant after removing the data from experiment So10, in which the second male 
did not genetically contribute to the offspring (generalized linear model: n = 9; p = 0.00193). We found no effect of 
the copulation duration of the second male on its paternity success (generalized linear model: n = 10; p = 0.168).

Xenos vesparum
We found no statistically significant correlation between the copulation duration of the first male and the pater-
nity success of the second male (generalized linear model: n = 10; p = 0.774; Fig. 3B). This result was not affected 
when we removed the data from experiment Xv10, in which the first male did not appear to contribute geneti-
cally to the offspring (generalized linear model: n = 9; p = 0.456441). However, we found a statistically significant 
negative correlation between the copulation duration of the second male and the contribution of the first male 
to a female’s offspring (generalized linear model: n = 10; p < 0.000487).

Discussion
Peinert et al.20 found that S. ovinae females were sequentially mated by multiple males in laboratory experiments. 
However, it remained unclear whether males that subsequently copulate also contribute genetically to a female’s 
offspring. Our parental testing has shown that the offspring of a female can indeed have multiple fathers. They 
also showed that polyandry can be common in nature in Strepsiptera: ca. 70% in the studied population of S. 
ovinae. Peinert et al.20 observed that the first copulation in S. ovinae is significantly longer than subsequent copu-
lations with other males and tentatively interpreted this conspicuous behavior as mate guarding. The results of 
our paternity tests confirm this, as we found a statistically significant negative correlation between the copulation 

Figure 3.   Correlation between the total copulation duration of the first male and the relative genetic 
contribution to the offspring of the second male in Stylops ovinae (A) and Xenos vesparum (B). Regression line 
in red (S. ovinae) and yellow (X. vesparum). The shape of the 95% confidence interval at is shown in dark grey.
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duration of the first mating male and the fertilisation success of a second male: the first mating male benefits from 
prolonging his copulation with a given female in time. A positive correlation between the duration of copulation 
and fertilisation success has also been described in other polyandrous organisms, such as the scorpion fly Panorpa 
cognata52, the nursery web spider Pisaura mirabili17,53, and the ensign fly Sepsis cynipsea54. Our interpretation of 
the results also seems plausible from a morphological point of view: Strepsipteran females lack sperm storage 
structures. Traumatic insemination results in an immediate contact of the sperm with the eggs floating freely in 
the hemolymph. Since there are no known mechanisms or morphological structures that would allow cryptic 
sperm choice of female Strepsiptera, the first mating male gains a high degree of control over how many eggs 
are fertilized by his own sperm. The second mating male cannot gain an advantage by mating with females that 
have long since been fertilized because egg production ends with the end of postembryonic development. This 
makes eggs a limited resource, and the second mating male has no access to eggs that the first male did not at 
least have the potential to fertilize.

In contrast to the experiments of Dallai et al.29, which suggested that males of X. vesparum are not attracted 
to previously mated females, our experiments show that females of this species remain attractive to males for an 
extended period of time, even if these females have previously been fertilized by another male. In our laboratory 
experiments, males mated with females up to 20 min after the females were mated by another male (Supplemen-
tary Table S5, Xv01); and paternity tests show that both males contribute genetically to the offspring (Fig. 2). In 
nature, however, the proportion of females whose eggs are fertilized by multiple males is likely to be lower, 10% 
in the case of the population we studied.

Males of X. vesparum hatch asynchronously over a period of approximately 1 month50. The chances of two 
males competing for access to a given female at the same time are therefore likely to be significantly lower in this 
species than in S. ovinae. It is therefore unlikely that X. vesparum males benefit from mate guarding, and males 
that invest their short lifespan in searching for a second mate may have higher overall reproductive success. Con-
sistent with these considerations, we found no evidence for a longer copulation duration of the first mating male 
compared to the second. We also found that the copulation duration of the first male did not correlate with the 
relative genetic contribution of the male to the female’s offspring, even when the female was subsequently mated 
by a second male. While we found that the copulation duration of the second mating male negatively affects the 
relative genetic contribution of the first male to a female’s offspring in laboratory mating experiments, we expect 
this pattern to be largely irrelevant under natural conditions. This is because our laboratory experiments allowed 
males to copulate with one female in rapid succession. This is unlikely to occur in nature, as X. vesparum males 
emerge over a long period of time, with little chance of aggregation. A possible explanation for the copulation 
duration of the second mating male affecting the genetic contribution of the first male to the offspring could 
be that the sperm of both males compete directly with each other for a limited number of eggs, with a longer 
copulation allowing a male to transfer more sperm (’fair raffle’ scenario sensu Parker1). However, we consider this 
scenario as unlikely for several reasons, including the fact that insemination begins at the onset of the copula-
tion, and a short mating duration is sufficient for males to transfer enough sperm to fertilize all of the eggs31,49.

We found no statistically significant difference in the duration of the first and of the second copulation in 
our experiments (Supplementary Table S4), which were less than 10 s on average. Therefore, we suggest that X. 
vesparum males, in contrast to S. ovinae males20, are not able to judge whether a female is already mated. We 
found that X. vesparum males make multiple attempts to mate with a given female. While we interpreted most 
of these copulations as failed attempts, they may represent true matings with sperm transfer. Such behavior has 
been shown to allow males of some species to transfer more sperm (e.g., Refs.55–57). However, we consider this as 
unlikely in the case in X. vesparum, due to asynchronous hatching50 and the sufficient sperm transfer at the begin-
ning of the copulation to fertilize all of the eggs31,49. Furthermore, we found no statistically significant correlation 
between the number of mating attempts a male made with an already mated female and his reproductive contri-
bution to the offspring. Active or passive displacement of previously deposited sperm by subsequent males, as 
has been shown in dragonflies58, also seem implausible, since Strepsiptera females are inseminated traumatically.

Hrabar et al.30 observed that X. peckii females protrude the cephalothorax from the host prior to copulation 
and reinsert it into the host after copulation. This behavior was interpreted as a mechanism to prevent serial 
mating by multiple males. In our experiments, we also observed significant extrusion (hyperextrusion) of the 
cephalothorax in X. vesparum females. However, we have never observed females retracting their cephalothorax 
immediately after mating. Interestingly, we even found males successfully mating with females that had not 
been in the hyperextrusion position at all. Thus, while females may be able to reduce the number of matings by 
retracting their cephalothorax into the host’s body, this does not seem to completely prevent multiple mating and 
thus polyandry per se. In fact, females of the two species we studied probably mitigate possible negative conse-
quences of traumatic insemination, such as wounding22,35,37,59,60, by morphological adaptations (e.g. thickening 
of the cuticle at the penetration site22) rather than by reducing the number of matings. Strepsipteran females 
may benefit from mating with multiple males. Possible benefits include an increased number of fertilized eggs, 
an increased genetic diversity of the offspring, and reduced effects of mating with a sterile male9,11,61,62. In the 
light of the present results, we suggest that females either benefit from copulating with multiple males or tolerate 
polyandry because there is no cost22,59.

The fact that the copulation duration of the second mating male of S. ovinae is on average shorter than that of 
the first mating male suggests that males are able to perceive the mating status of a female. Possible cues include 
the ejaculate of a previous male, as in bed bugs63, hemolymph from a previous mating wound, pheromones 
released by another male on the host’s abdomen, or specialized pheromones produced by mated females20. 
Another possible signal perceived by males could be the decrease in sex pheromone released by females after 
copulation. Tolasch et al.33 not only described the chemical structure of the sex pheromone compound (i.e., 
stylopsal64), but also monitored its release from a female. They found that the amount of pheromone secreted by 
a female decreases significantly immediately after copulation. Perception of mating status with the copulatory 
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organ was ruled out by Peinert et al.20, because there are no sensilla on the penis. The perception of the female’s 
mating status is only one important aspect for the male to consider. When it comes to strategic ejaculation, as 
detailed in a meta-analysis by Kelly and Jennions65, other factors may also play a role, such as the number of 
rivals or the mating condition of the female. Wedell and Cook66 showed that the small white Pieris rapae (Lepi-
doptera: Pieridae) can strategically determine the amount of sperm to be ejaculated, given that it is a limited 
resource, depending on the probability of remating and the degree of sperm competition. Comparable data from 
Strepsiptera are not available, but strategic ejaculation could in principle also play a role in the mating strategies 
of this taxon. However, as the life span of male Strepsiptera is too short to produce new sperm after ejaculation, 
unlike Pieridae and other groups, this seems very unlikely.

Conclusion
Our study showed that, contrary to Kathirithamby et al.28, polyandry occurs not only in laboratory experiments 
with strepsipterans20, but also in natural populations. Given the largely uniform morphology and (as far as is 
known) uniform behavior of Strepsiptera, this tentatively suggests that polyandry may be a ground plan feature 
of this insect order. Representatives of more families need to be studied for a firm conclusion. However, this 
hypothesis would be consistent with Kokko and Mappes67 who stated that polyandry rather than monandry 
should serve as the ’null hypothesis’. The results of our experiments with S. ovinae are consistent with the mate 
guarding hypothesis of Peinert et al.20 in that the copulation duration of the first mating male negatively affects 
the fertilization success of a second male. The prolonged copulation of the first male most likely reduces the access 
of competing males to the female, thereby increasing the proportion of the first male’s genetic contribution to the 
female’s offspring (Supplementary Video S2). In contrast, our data do not suggest mate guarding in X. vesparum.

Materials and methods
Sample collection, rearing, and mating experiments
Field samples
To detect polyandry of S. ovinae and X. vesparum in nature, we collected fertilised females of both species and 
determined the number of alleles at different polymorphic loci in the offspring of each female. Specifically, to 
assess the extent of polyandry in S. ovinae, HP and KJ collected 50 host bees (A. vaga) parasitised by a total of 
59 S. ovinae females in the Teverner Heide nature reserve (North Rhine-Westphalia, Germany). The bees were 
collected on a warm day (ca. 16 °C at noon) (February 28, 2022) when male S. ovinae were hatching in large 
numbers and mating with females. Given the short lifespan and flight period of the males, it is reasonable to 
assume that most (if not all) of the collected females were fertilized by at least one male. To rear primary larvae 
from the presumably fertilized females collected in the field, we kept the stylopised host bees under stable light 
in 0.5–l glass jars half- filled with moist sand and sealed with gaze in the laboratory for several weeks until the 
primary larvae began to hatch. The temperature in a climatic chamber was regulated as follows: 14 °C from 
7 a.m. to 10 a.m., 19 °C from 10 a.m. to 5 p.m., 14 °C from 5 p.m. to 6 p.m., and 11 °C from 6 p.m. to 7 a.m. The 
light was turned on at 7 a.m. and turned off at 6 p.m., resulting in a regular photoperiod of 11 h. The host bees 
were provided with diluted honey and water ad libitum. Females were visually inspected daily with a tenfold 
magnifying glass for the appearance of primary larvae, which were easily seen when the larvae appeared at the 
birth opening. Hatching was accompanied by darkening of the female cephalothorax, caused by the primary 
larvae inside (Fig. 1A). Females with offspring were removed from the host bee with fine forceps and stored in 
pure ethanol at − 15 °C. Of the 59 S. ovinae females collected, 31 produced primary larvae. The larvae hatched 
between April 5 and April 20.

The females of X. vesparum were collected together with their host, P. dominula, on July 7, 2021, in Metten-
heim (Rhineland-Palatinate, Germany) by HP and KJ. We collected 29 wasps with a total of 33 X. vesparum 
females, all of which had primary larvae at the birth opening (Fig. 1D). The presence of primary larvae made it 
unnecessary to keep X. vesparum females and their host alive in the laboratory for an extended period of time. 
Females were removed from their hosts in the laboratory with fine forceps and stored in pure ethanol at − 15 °C. 
As some hosts contained several females, special care was taken to avoid cross-contamination between the tissues 
of the females and their primary larvae.

Laboratory mating experiments
To assess whether the first mating male fertilizes a higher number of offspring than subsequently mating males, 
we performed paternity tests on parents and offspring of S. ovinae and X. vesparum in controlled laboratory 
mating experiments. In the case of S. ovinae, the necessary experiments had already been performed by Peinert 
et al.20, whose samples were available to us and suitable for DNA genotyping. The description of their mating 
experiments is given below. Note that Peinert et al.20 provided detailed unpublished information on the parents 
of all offspring, the mating sequence, and the time and duration of the copulations.

To determine the duration and frequency of copulations, 68 live specimens of A. vaga, each parasitized by a 
single virgin female of S. ovinae, were placed separately in glass jars (0.5 l) lined with absorbent paper (to prevent 
the males from sticking to the excretions of the host bees) at 21 ± 1 °C. A cold light source was used for illumina-
tion. A freshly hatched male of S. ovinae was placed in each glass jar. After the first copulation, the males were left 
in the jar for ca. 10 min. The first male was the removed and a second freshly hatched male was added to each of 
the 58 females. To assess the duration of female attractiveness after copulation, a single newly hatched male was 
added to 17 A. vaga individuals, each parasitized by a single S. ovinae female, from 50 min to 3 h 18 min after 
the first copulation after20. In each experiment, the behavior of the male was recorded.

We genotyped the parents and offspring from a total of ten mating trials. The males (fathers) were stored 
separately in pure ethanol. The bees containing the females (mothers) were kept in a climate chamber under the 
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following controlled conditions until the emergence of the primary larvae: 14 °C from 7 a.m. to 10 a.m., 18 °C 
from 10 a.m. to 5 p.m., 14 °C from 5 p.m. to 6 p.m., and 10 °C from 6 p.m. to 7 a.m. The light was turned on at 
7 a.m. and turned off at 6 p.m., resulting in a regular photoperiod of 11 h. The bees were kept separately in 0.5–l 
glass jars half filled with moist sand, sealed with gaze, and provided with diluted honey and water ad libitum. 
After the emergence of the primary larvae, we dissected the bees, removed the S. ovinae female(s), and stored 
them separately with the primary larvae in 100% pure ethanol.

We set up 18 mating experiments with samples of X. vesparum similar in design to those performed by Pei-
nert et al.20 with S. ovinae. However, Peinert et al.20 studied freshly hatched males in their experiments, whereas 
we studied X. vesparum males attracted by unmated females in the field. Experiments were conducted in 2018, 
2020, and 2021 using samples collected from the sites listed in Supplementary Table S1. In each experiment, the 
host wasp with an unmated female of X. vesparum was fixed in a plastic tube (20 mm long, 7 mm diameter) with 
a short thread attached to the wasp’s waist, leaving only the metasoma protruding from the tube. To ensure that 
the strepsipteran male only had access to the protruding wasp metasoma containing the strepsipteran female 
and to no other regions of the wasp, the end of the tube with the wasp’s head and the space between the wasp’s 
metasoma and the tube were filled with cotton to ensure that the males did not get stuck in the tube. The tubes 
were then individually placed in containers (105 mm × 65 mm × 45 mm), in which the copulation experiments 
were performed, and fixed with plasticine. We started each experiment by releasing a single X. vesparum male 
into a container (Supplementary Video 1), where it remained until it copulated with the female and made no 
further copulation attempts within 3 min. The male was then removed from the container and fixed in pure 
ethanol. We then released a second male into the container and repeated the procedure. After the second male 
had mated, each wasp was placed in individual 0.5–l glass jars sealed with gaze, kept at room temperature (ca. 
20 °C), and fed ad libitum with diluted honey and water for up to three months. We initiated artificial hibernation 
of the host wasps for 12 weeks according to the procedure described by Gibo (1977). Hibernation was termi-
nated by raising the ambient temperature to ca. 20 °C. The wasps and their strepsipteran parasites were checked 
daily for the appearance of primary larvae. As soon as they appeared, the females were dissected from the host 
wasps and stored in pure ethanol. In a few cases, the host wasps died before the release of primary larvae from 
their parasite(s). Nevertheless, we included the offspring in our paternity tests, as these did not depend on fully 
developed primary larvae. The duration of each copulation and the time between copulations were documented 
and analysed as described above or as described by Peinert et al.20 (Supplementary Tables S2, S3, S4, S5). Due 
to time and budget constraints, the proportions of offspring produced by the first male and by the second male 
were calculated from samples of ten of the 18 copulation experiments.

Tissue dissection and DNA extraction
All specimens were dissected under an Olympus SZ61 Zoom Stereo Microscope (Olympus, Shinyuku, Japan). 
DNA was extracted from tissues of three legs and of pterothoracic muscles of males, from cephalothoracic 
muscle tissue of females, and from whole primary larvae. To study the genetic contribution of a given male 
to the offspring of a female in the laboratory experiments, we extracted the DNA from individual larvae (40 
per female and species). The chosen sample size of 40 individuals represented a reasonable trade-off between 
the time and budget available and the precision of the results obtained (i.e., is the second mating male able to 
fertilize a major fraction of the large number of eggs of the female; ca. 29,000 in S. ovinae, unpublished data H. 
Pohl, H. Stark). In contrast, to assess the occurrence and the extent of polyandry in fertilized females collected 
in the field, we extracted DNA of batches of 50 primary larvae (one batch per female, ten batches per species). 
The DNA was extracted using the QIAamp DNA Micro Kit (Qiagen, Venlo, The Netherlands) according to the 
manufacturer’s protocol.

Microsatellite marker design
We screened unpublished shotgun genome sequence data of Stylops ovinae (courtesy of Leibniz-Institut für die 
Analyse des Biodiversitätswandels, Museum Koenig, Bonn, Germany) and published shotgun genome sequence 
data of Xenos vesparum68 for dinucleotide tandem repeats using the Microsatfinder69 software. We then used 
primer370 to design oligonucleotide primers for PCR amplification of eight identified tandem repeats in each 
of the two species studied (Supplementary Tables S6 and S7). Since we were only interested in whether alleles 
specific for one (and only one) of the potential parents had been transmitted to the offspring, and we knew the 
allelic states of all possible parents, it was not necessary to test for linkage disequilibrium and the occurrence 
of null alleles.

PCR
Oligonucleotide primers used for amplification of microsatellite loci by polymerase chain reaction (PCR) are 
listed in Supplementary Tables S6 and S7. PCRs were performed using the Invitrogen Taq DNA Polymerase 
Standard PCR Kit (Thermo Fisher Scientific, Waltham, USA), and oligonucleotide primers were produced by 
Metabion (Munich, Germany). The PCR temperature profile used began with an initial denaturation step of 
5 min at 95 °C, followed by 35 cycles of 20 s at 95 °C, 20 s at the annealing temperatures listed in Supplementary 
Tables S6 and S7, and 30 s at 72 °C. The profile ended with an extension step of 10 min at 72 °C. To reduce the 
number of PCRs required to assess paternity of offspring, we first genotyped the parents of the samples collected 
in the laboratory experiments. We then selected a subset of up to four microsatellites to genotype the offspring 
based on the following criteria: (1) males in a given mating did not share a common allele; (2) no or minimal 
uncertainty in the size of the microsatellite marker (e.g., due to stutter bands).
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Paternity analysis
We used an ABI 3130xL Genetic Analyzer (Thermo Fisher Scientific, Waltham, USA) at the Department of 
Forensic Medicine at the University of Freiburg Medical Centre to determine the size of the PCR-amplified 
microsatellite loci. The samples analysed consisted of 2 µl PCR product, 10 µl Hi-Di™-Formamide (Thermo 
Fisher Scientific, Waltham, USA), and 0.5 µl of Red 500 DNA Size Standard 500 bp (NimaGen, Nijmegen, The 
Netherlands). The resulting electropherograms were analysed using the Microsatellite plug-in of the Geneious 
Prime software version 2021.0.3 (Biomatters, Auckland, New Zealand). The minimum number of fathers in 
pooled samples of 50 larvae each was inferred from the number of allele states at a given locus in the offspring. 
For example, five or more detected allele states indicated at least two fathers, since one female and one male can 
explain a maximum of four alleles in a diploid organism.

Statistics
Statistical analyses were performed in RStudio version 2021.09.2 (R Core Team, Auckland, New Zealand). We 
tested whether the distribution of the inferred paternity proportions deviated from a normal distribution using 
the Shapiro–Wilk test (Stylops: W = 0.85401, p-value = 0.06483; Xenos: W = 0.85798, p-value = 0.07224). To show 
whether a particular male contributed more to the offspring of a female than another male, we used a chi-squared 
goodness of fit test. The influence of the copulation duration on the proportion of offspring was assessed using a 
generalized linear model (function: glm) in RStudio (R Core Team, Auckland, New Zealand). We used a Poisson 
distributed model to test whether the total copulation duration of a first copulating male affected the fertilization 
success (response variable) of a second male. The copulation duration of the second male was included as an 
additional parameter in the generalized linear model.

Imaging
All images were processed using Adobe Photoshop version 21.2.1 (Adobe Systems, San Jose, USA). We used 
Adobe Illustrator version 24.2.1 (Adobe Systems, San Jose, USA) for labeling plates and editing diagrams.

Data availability
All data necessary to evaluate the conclusions of the paper are included in the paper and its supplementary 
information.
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