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ABSTRACT

Heritable microbes that exhibit reproductive parasitism are common in insects. One class of these are the male-
killing bacteria, which are found in a broad range of insect hosts. Commonly, our knowledge of the incidence of
these microbes is based on one or a few sampling sites, and the degree and causes of spatial variation are unclear.
In this paper, we examine the incidence of the son-killer microbe Arsenophonus nasoniae across European pop-
ulations of its wasp host, Nasonia vitripennis. In preliminary work, we noticed two female N. vitripennis producing
highly female biased sex ratios in a field study from the Netherlands and Germany. When tested, the brood from
Germany was revealed to be infected with A. nasoniae. We then completed a broad survey in 2012, in which fly
pupal hosts of N. vitripennis were collected from vacated birds’ nests from four European populations,
N. vitripennis wasps allowed to emerge and then tested for A. nasoniae presence through PCR assay. We then
developed a new screening methodology based on direct PCR assays of fly pupae and applied this to ethanol-
preserved material collected from great tit (Parus major) nests in Portugal. These data show A. nasoniae is
found widely in European N. vitripennis, being present in Germany, the UK, Finland, Switzerland and Portugal.
Samples varied in the frequency with which they carry A. nasoniae, from being rare to being present in 50% of
the pupae parasitised by N. vitripennis. Direct screening of ethanol-preserved fly pupae was an effective method
for revealing both wasp and A. nasoniae infection, and will facilitate sample transport across national boundaries.
Future research should examine the causes of variation in frequency, in particular testing the hypothesis that
N. vitripennis superparasitism rates drive the variation in A. nasoniae frequency through providing opportunities
for infectious transmission.
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1. Introduction

Animals live in a microbial world (McFall-Ngai et al., 2013). In many
cases, the microbe grows externally to the organism, within the gut or on
the cuticle/skin. In other cases, the microbes live within the host as an
endosymbiont, commonly exhibiting specialised systems to live in host
cells or tissues (Douglas, 2010). Endosymbionts vary in their impact on
the host, from being beneficial partners (e.g., supplying vitamins or
amino acids or providing natural enemy protection) through to being
pathogens and parasites (Hurst, 2017). These individual impacts affect
the ecology and evolution of their host, altering nutritional ecology,
dynamics of natural enemy-host interactions, and patterns of sexual
selection.

The means of establishment of endosymbiosis vary (Hurst, 2017). In
some cases, the interaction arises de novo each generation, with either
the host acquiring the microbe from the environment or the microbe
infecting the host from an environmental source. In other cases, trans-
mission is vertical from parent to offspring. Where transmission is ver-
tical, it selects strongly for the microbe to contribute positively to host
biology because host health then correlates with microbe transmission
opportunities. Nevertheless, the maternal inheritance of many of these
microbes makes male hosts an evolutionary ‘dead end’. This has selected
for microbes to exhibit sex ratio distorting ‘reproductive parasitisms’
that bias the host sex ratio towards the production and survival of female
offspring of the host (Hurst and Frost, 2015).

Male-killing represents one class of reproductive parasitism in which
the microbe specifically kills the sons of infected females. Male-killing
symbionts are found in a broad range of arthropods, including pseudo-
scorpions, spiders, hemipteran bugs, parasitic wasps, lacewings, flies,
beetles and butterflies/moths (Hurst and Frost, 2015). The microbes that
have evolved to cause male-killing are likewise diverse, and include
Spiroplasma, Wolbachia, Rickettsia, flavobacteria and members of the
gammaproteobacteria (Gherna et al., 1991, Werren et al., 1994, Hurst
et al.,, 1997, Hurst et al., 1999b, Hurst et al., 1999a), alongside some
heritable viruses (Kageyama et al., 2017) and microsporidia (Andreadis,
1985). The male-killing action of the microbe either liberates resources
and reduces competition for female sibling hosts that carry the infection
(Hurst and Majerus, 1993), or alternately enables infectious trans-
mission of the microbe out of the male host where vertical transmission
is not possible. The former is often associated with the male host dying
during embryogenesis (early male-killing) whereas infectious trans-
mission is most commonly observed where the male host dies late in
development (Hurst, 1991). Male-killers are interesting symbionts in
that they can achieve high frequency. When they do they have diverse
population and evolutionary impacts, altering the transmission dy-
namics of sexually transmitted infections that circulate in the host
(Ryder et al., 2014), the pattern of sexual selection experienced by the
host (Jiggins et al., 2000, Charlat et al., 2007), and selecting for host
genes that restore the viability of male hosts (Hornett et al., 2022).

Arsenophonus nasoniae strain aNv is a male-killing bacterium asso-
ciated with the jewel wasp, Nasonia vitripennis. It is a member of the
gammaproteobacteria and is unusual amongst heritable symbionts in
that it is culturable in cell-free media and can be genetically manipu-
lated (Werren et al., 1986, Nadal-Jimenez et al., 2019). This cultur-
ability reflects transitions in this genus from environmentally acquired
infections (Arsenophonus apicola in honey bees, Arsenophonus strain aPb
in the blue butterfly Polyommatus bellargus) as well as vertically trans-
mitted infections (A. nasoniae strain aPv in the parasitic wasp Pachy-
crepoideus vindemmiae) (Drew et al., 2021, Nadal-Jimenez et al., 2022,
Nadal-Jimenez et al., 2023). Arsenophonus nasoniae strain aNv is itself
interesting in that it has mixed modes of transmission. When the wasp
stings and oviposits into a fly pupa, the microbe is injected onto the
surface of the metamorphosing fly. When the wasp eggs hatch into
larvae, they are exposed to the microbe through feeding. The microbe
then passes through the gut to establish infection, with a pronounced
tropism for the ovipositor that enables onward microbial passage when
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the wasp parasites a fly pupa (Nadal-Jimenez et al., 2019). This trans-
mission mode means that when an infected and an uninfected female
parasitise the same fly pupa (superparasitism), the progeny of the un-
infected female can also acquire A. nasoniae infection (Skinner, 1985).
This infectious transmission makes the dynamics of A. nasoniae very
sensitive to rates of wasp superparasitism (Parratt et al., 2016). Arsen-
ophonus nasoniae can also pass into other pteromalid wasp species when
they co-parasitise fly pupae with another species (Duron et al., 2010),
leading to it being found in a range of host wasp species (Duron et al.,
2010, Taylor et al., 2011). It is thus possible for the wasp community
context beyond N. vitripennis to impact the frequency of the microbe.

Studies of A. nasoniae in the natural environment are rather rare. A
survey by Balas et al (1996) collected fly pupae from bird’s nests,
allowed N. vitripennis to emerge and then tested lines for A. nasoniae
through culture, hybridisation or sex ratio phenotype. This analysis
indicated that infection was found in N. vitripennis from across USA, in
7-11% of female individuals. Later PCR-based analyses on Canadian
wasp populations revealed high presence in this population (Taylor
et al., 2011). This survey further revealed a number of other pteromalid
wasps carry A. nasoniae infection. In contrast, there have been no sur-
veys of European N. vitripennis to date. The difference in wasp commu-
nities between the two continents makes such a survey timely. Whilst
N. vitripennis is the sole member of the genus in Europe, this species lives
sympatrically with N. giraulti, N. longicornis and N. oneida in North
America (Darling and Werren, 1990, Raychoudhury et al., 2010),
creating the context for within community transmission.

In this study we first examined material from a previous study of
N. vitripennis from field collected fly pupae in the Netherlands and
Germany for evidence of A. nasoniae infection as a preliminary indicator
of A. nasoniae presence in European N. vitripennis. We then completed
our own survey of four European N. vitripennis populations for
A. nasoniae using similar methodologies to previous studies, that is to
say to collect vacated birds’ nests, extract and isolate fly pupae, and
allow any wasps to emerge before testing through PCR assay. Finally, we
developed a novel methodology for screening that involves simply col-
lecting and testing fly pupae, using a highly specific PCR assay for wasp
and microbe, and then applied this to test for the presence of A. nasoniae
in a Portuguese N. vitripennis population.

2. Materials and methods

2.1. An initial targeted screen for A. nasoniae in N. vitripennis in
Germany and Netherlands

We examined material derived from a previous study into the genetic
structure of wild N. vitripennis populations from Grillenberger et al.
(2008). In this work, host fly pupae were collected from 18 different nest
boxes in two field sites in Europe (Hoge Veluwe National Park, the
Netherlands and Schliichtern, near Hessen, Germany). Wasps were
allowed to emerge from the pupae (a single pupa may contain up to 100
wasps), and then collected for onward relatedness analysis with mi-
crosatellite markers. 3,550 wasps that emerged were identified as the
offspring of 49 different foundresses. From the data deposited, it was
possible to ascertain the sex ratio of offspring produced by each foun-
dress, and we reasoned that two foundresses which produced very fe-
male biased broods were strong candidates to be infected with
A. nasoniae: foundress 46 from Germany (2 males to 114 females across
12 host pupae) and foundress 21 from the Netherlands (6 males to 151
females across 5 host pupae).

DNA templates from three offspring of each of these two foundresses
were obtained from the authors of the original study and screened by
PCR for the presence of A. nasoniae using primers Ars16Sf (5'GGGT
TGTAAAGTACTTTCAGTCGT) and Arsl6Sr (5'CGCAGGCTCGCCTCT
CTC) which were designed to be specific for the genus based on the 16S
rRNA gene of A. nasoniae (GenBank M90801.1) and amplify an 846 bp
fragment of 16S rRNA. PCR assays were performed under the following
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conditions: initial denaturation (95 °C for 2 min), 30 cycles of dena-
turation (94 °C, 30 s), annealing (54 °C, 1 min) and extension (72 °C, 1
min) before a final extension at 72 °C for 5 min. DNA from pure cultures
of A. nasoniae, ATCC number 49151, was used as a positive control
(extraction by boiling for 15mins in ddH,0) and DNA from an unin-
fected lab strain of N. vitripennis as a negative control. Where PCR
amplicons were obtained, these were sequenced to confirm specific
amplification and relatedness to A. nasoniae.

2.2. Assessing the frequency of A. nasoniae in N. vitripennis in Europe

Nasonia vitripennis commonly oviposits in calliphorid ‘filth fly’ pupae
found in birds’ nests. Nests of blue tit (Cyanistes caeruleus), great tit
(Parus major) and other passerine birds were collected shortly following
fledging from the nest and placed in bags. Collections were made in
June/July 2012 from the area surrounding Harjavalta, Finland; from
Lausanne, Switzerland; from Kraslava, Latvia; and from Marbury,
Cheshire in the UK. Each nest was given an ID number, was manually
inspected for calliphorid/protocalliphorid pupae, and these pupae
removed individually to a tube for any parasitising wasps to emerge.
Where more than one pupa was collected from the same nest this was
noted, as pupae from the same nest may be parasitised by the same in-
dividual wasp. The pupae, which were monitored daily, were placed at
25 °C for 14 days to allow for N. vitripennis wasps to emerge.

For PCR assays, N. vitripennis DNA was prepared using the Chelex
method. Template quality was assessed based on COI amplification
using primers HCO/LCO (Folmer et al, (1994), with 30 PCR cycles of
93°Cfor 155,47 °Cfor 1 m, 72 °C for 1 m and an expected amplicon size
of. c. 710 bp. Templates passing this quality control were then tested for
A. nasoniae using primers amplifying the metalloprotease gene (M1f
GGGTCACATACCTATTTT, M1r GTAGTCGCCTGGGTGGG), with 30 cy-
cles of 93 °C for 15 s, 55 °C for 45 s, 72 °C for 30 s and an expected
amplicon size of 594 bp. A number of amplicons for A. nasoniae for each
positive location were selected for Sanger sequencing to confirm
identity.

For the UK and Swiss populations, we additionally established the
sex ratio produced by A. nasoniae infected females compared to unin-
fected females. To this end, the F1 progeny of female N. vitripennis that
emerged from field collected pupae and allowed to oviposit were scored
for sex. In this analysis, individuals producing no female offspring were
discounted, as this is commonly the result of failure of the female wasp
to mate and fertilize eggs.

2.3. Isolation of A. nasoniae to plate culture

Where A. nasoniae was detected in the above screens, the wasps
maintained onward were used to attempt isolation of A. nasoniae to plate
culture to curate a representative isolate from each population. In brief,
N. vitripennis females were allowed to oviposit on fly pupae and those
pupae maintained at 25 °C for ten days. Pupae were then ‘cracked’ to
access the N. vitripennis pupae. These pupae were surface sterilized with
70% ethanol, and the interior smeared on GC agar plates with isovitalex.
Because A. nasoniae is slow growing, bacteria were allowed to grow for
5-10 days at 30 °C, and plates were then examined. Bacterial growth in
the site of smearing was then sampled with a loop and streaked to a new
plate to obtain cloned A. nasoniae. Microbial identity was first confirmed
through colony morphology in brain-heart infusion agar (cauliflower
like) and then through colony PCR using the PCR primers M1f an M1r
above.

2.4. PCR detection of N. vitripennis and A. nasoniae in fly pupae

Biosecurity considerations make transportation of live material from
field collections across international boundaries complex. We therefore
developed a method for jointly assaying for N. vitripennis wasps and
A. nasoniae in ethanol-preserved fly pupal material. We first emulated
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this scenario with fly pupae known to be parasitised with A. nasoniae
infected N. vitripennis in the laboratory. To this end, “white maggots”,
generally intended for fishing in freshwater, were obtained from local
fish bait shops. Each 500 ml of maggots was placed in a tray measuring
38 (L) x 28 (W) x 7.5 (H) cm with a sheet of towel paper at the bottom
and another sheet covering them and left to pupate at 25 °C for 4 days.
Subsequently, the pupae were placed in plastic boxes with a layer of
towel paper, holes on the lid to allow respiration and decrease ammonia
concentration and stored at 4 °C. Two days after, the pupae were washed
under tap water using a cooking sieve. The excess of water was removed,
and the pupae were placed overnight to dry at 25 °C. This step decreases
bacterial contamination and reduces the potential rotting of the pupae
(which are metabolically very active 48-72 h after pupation). Upon this
second process, the pupae are placed back in clean plastic boxes and
stored at 4 °C for up to 20 days.

A time series analysis was completed to establish the capacity to
detect recent wasp and A. nasoniae infection. To this end, one mated
N. vitripennis strain AsymC female wasp (previously infected with
A. nasoniae aNv_Fin strain) was added to a plastic vial containing two
fresh fly pupae; the tube was sealed with a cotton plug and placed at
25 °C in an incubator with a cycle of 12 h light/12 h darkness. This
experiment was performed in triplicate for each time point (2, 4, 24, 48,
and 72 h) post wasps being allowed to oviposit. Three tubes where flies
were not exposed to wasps were used as a negative control (0 h). At each
of the time intervals, the fly pupae were removed and kept in 1.5 ml
tubes at —20 °C till the moment of DNA extraction.

For DNA extraction, the surface of the fly pupae was washed by
rubbing the pupae against a clean towel paper previously sprayed with
70% ethanol. The two pupae of each tube were then homogenized with a
sterile pestle. Genomic DNA (gDNA) from the homogenized samples was
extracted using a Zymo Research Quick-DNA Miniprep plus kit (D4069,
Zymo Research, USA) and eluted in 30 pl of molecular biology grade
water (Thermo Fisher Scientific, UK). Sample concentrations were
measured using a nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, UK). N. vitripennis was detected by PCR assay using
primers NvS6KQTF1 (5 GGCATTATCTACAGAGATTTGAAACCAG) and
NvS6KQTR3 (5’ CAAAGCTATATGACCTTCTGTATCAAG), with cycling
conditions 1 x 95 °C -5 min; 30 x (94°C-15s,55°C-45s,72°C-1
min; 1 x 72 °C — 5 min (Bordenstein and Bordenstein, 2011). For the
detection of A. nasoniae we designed and used novel primers based on
one of the conserved luxI (AHL) synthase genes of this bacterium (Ars-
FIN_37250 gene in A. nasoniae aNv_Fin genome). This luxI gene is pre-
sent and fully conserved in all five sequenced A. nasoniae strains but has
low homology to that of other bacteria including other Arsenophonus
spp. which will minimize the rate of false positive amplicons (Frost et al.,
2020). To this end, PCR primers luxI2 AN F (5 ATGTTAAACTTTTT-
TAATGCAAAAT) and luxI2 AN R (64 TTACCATCTTGATA-
GAAAATTTAAA) were utilized with PCR conditions were 1 x 95 °C -5
min; 30 x (94°C-15s,55°C-45s,72°C—-1min; 1 x 72 °C -5 min).

2.5. Application of the method in blowfly puparia collected in great tit
nests in Portugal

During the breeding season of 2021, we sampled pupae from great tit
nests at Mata Nacional do Choupal (40°13'N, 8°27'W), a mixed wood-
land on the periphery of the city of Coimbra, Portugal (more details of
the study area in (Norte et al., 2009). Old nest material from all nest
boxes had been previously removed at the end of the previous breeding
season to avoid the accumulation of overwintering Protocalliphora spp.
adults (Gold and Dahlsten, 1983). Once all fledglings had left their nests
in May/June, the nests were collected in plastic bags and transported to
the laboratory. Blowfly puparia were sorted manually from the nest
material and were stored in 1.5 ml tubes with absolute ethanol for
further genetic analysis.

To determine the presence of N. vitripennis and its endosymbiont
A. nasoniae, up to five pupae collected from each nest were surface
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sterilised with 70% ethanol, added to a 2 ml Eppendorf tube, crushed
and homogenised using a sterile pestle. Fly pupal shells were removed
with the aid of a sterile forceps and DNA was extracted from the
homogenised sample using a Zymoresearch Quick DNA ™ Miniprep
plus kit (Zymoresearch, USA). These were then subject to diagnostic QC
PCR of the COI gene with HCO/LCO primers described above (this
amplifies fly DNA in the absence of other parties, and establishes tem-
plate quality). Then, PCR assays for wasp and microbe were performed
as outlined above (primer pair NvS6KQTF1 & NvS6KQTRS3 primer pair
luxI2_AN_F/ luxI2_AN_R respectively). Amplicons for the A. nasoniae
PCR assay were sequenced using the Sanger method to confirm identity
(Accession Numbers 0X459129- 0X459132).

3. Results

3.1. An initial screen for A. nasoniae in N. vitripennis in Germany and
Netherlands

Arsenophonus nasoniae infection was confirmed in one of the two
European N. vitripennis lines tested. All three daughters of foundress 46
from Schliichtern (Germany) tested positive for A. nasoniae infection.
The sequence of the PCR amplicon detected was identical in 16S rRNA
gene sequence to the A. nasoniae infection of American N. vitripennis
(GenBank M90801.1). The progeny of foundress 21 from the
Netherlands did not produce an amplicon in the A. nasoniae PCR assay
and were scored as uninfected.

3.2. Assessing the frequency of A. nasoniae in N. vitripennis in Europe

Nasonia vitripennis presence in birds’ nests varied greatly between
sites, explained partly by variation in the number of nests in which fly
pupae were found (from 26% to 47.5% of nests), and the rate of para-
sitism by N. vitripennis where pupae were found in a nest (from 3% to
58% of nests)(Table 1). Arsenophonus nasoniae was detected broadly in
European N. vitripennis, from Finland in the NE Europe to Switzerland in
central Europe and the UK in Western Europe. One population, Latvia,
showed no evidence of A. nasoniae infection in N. vitripennis, but this was
a small sample size where N. vitripennis only emerged from 4 nests with 8
pupae total, so may reflect low prevalence of A. nasoniae rather than
absence.

The frequency with which nests with N. vitripennis carried A. nasoniae
and the frequency of pupae with N. vitripennis carrying A. nasoniae was
heterogeneous between samples (for nests with pupae parasitised by
N. vitripennis, null hypothesis of no heterogeneity of A. nasoniae presence
between places: 4 x 2 Fisher exact test, p < 0.025; for pupae parasitised
by N. vitripennis null hypothesis of no heterogeneity of A. nasoniae
presence between places: 4 x 2 Fisher exact test p < 0.001). Arsen-
ophonus nasoniae frequency in N. vitripennis was highest in the Harjavalta
population (Finland) with over half of the sampled pupae and over half
of the sampled nests being A. nasoniae positive. In all cases where
amplicons were sequenced, the strain was identical in marker sequence
to A. nasoniae.

We then examined the sex ratio produced by the female N. vitripennis
that emerged from the field-collected pupae. For the UK sample, female

Table 1
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wasps infected with A. nasoniae produced more female biased sex ratios
than uninfected females (average proportion of female offspring from
infected females = 90.1%, from uninfected females = 64.4%, N = 42 and
N = 15 crosses respectively). The null hypothesis of equal sex ratios
according to N. vitripennis infection status was rejected (Mann Whitney
test N1 = 42, N2 =15 U = 88, p < 0.001). For the Swiss sample, female
wasps infected with A. nasoniae again produced more female biased sex
ratios than uninfected females (average proportion female offspring
from infected females = 100%, from uninfected females 83.3%, N = 5
and N = 22 crosses respectively). The null hypothesis of equal sex ratios
according to N. vitripennis infection status was rejected (Mann Whitney
test N1 =5, N2 =22 U = 2.5, p < 0.001).

We isolated A. nasoniae to in vitro culture from individuals from
Finland, Switzerland and the UK, and verified the strains as being
A. nasoniae from 16S rRNA sequence. These were designated A. nasoniae
strain aNv_Fin, A. nasoniae strain aNv_UK and A. nasoniae strain aNv_CH
The genome sequence of A. nasoniae strain aNv_Fin was completed and
reported elsewhere (Frost et al., 2020).

3.3. Direct detection of N. vitripennis and A. nasoniae in fly pupae by
PCR assay

We applied PCR methods for the detection of both N. vitripennis and
its bacterial symbiont, A. nasoniae, in fly pupae collected from wild
bird’s nests. Our first challenge was to determine how long after intro-
duction of a N. vitripennis female we could detect both wasp (oviposi-
tion) and microbe by PCR assays on the fly pupa. Under laboratory
conditions, we could detect A. nasoniae 4 h following exposure of a fly
pupa to a wasp female, and the wasp itself after 24 h (Fig. 1). This time
frame corresponds to the period between egg laying and hatching. This
earlier detection of A.nasoniae compared to the host suggests that either
more DNA is available in this interval or that the PCR assay for the luxI]
gene is more sensitive than the assay for N. vitripennis.

3.4. Application of the method in blowfly puparia collected in great tit
nests in Portugal

In the field study, one to five fly pupae were recovered from 14 great
tit nests and tested for the presence of N. vitripennis and A. nasoniae by
PCR assay. In 10 cases, neither N. vitripennis nor A. nasoniae were
detected. In one case, N. vitripennis was scored as present but there was
no evidence of A. nasoniae. In three cases, both N. vitripennis and
A. nasoniae were scored as present. Where luxI amplicons were detected,
Sanger sequence confirmed identity as A. nasoniae with 100% similarity
to the reference sequence. Thus, pupae in four nests can be considered as
being parasitised by N. vitripennis and in three of these at least one
Nasonia individual harbours A. nasoniae.

4. Discussion

Arsenophonus nasoniae, the son-killer symbiont of N. vitripennis, is an
unusual reproductive parasite in having mixed modes of transmission,
contrasting to the purely vertical transmission of other microbes that kill
male embryos. The combination of transmission modes makes the rate at

Presence of A. nasoniae in N. vitripennis collected from fly pupae from European bird’s nests.

Nest Sampling site  Nests # nests with # nests with # Pupae parasitised by # Nests with N. vitripennis # pupae with N. vitripennis
examined fly pupae N. vitripennis N. vitripennis infected with A. nasoniae infected with A. nasoniae
UK (Marbury) NA 5 1 8 1 4
Finland 33 12 7 18 5 10
(Harjavalta)
Latvia (Kraslava) 40 19 4 13 0
Switzerland 116 48 26 126 9 14
(Lausanne)
Total 189 84 38 165 15 28
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Fig. 1. Direct detection of A. nasoniae (left) and N. vitripennis (right) directly in
fly pupae through PCR assay. 0 h = negative control (unexposed); 2-72 h
period = time elapsed since A. nasoniae infected N. vitripennis female was put in
contact with a pupa.

which wasps superparasitise — that is to say, how commonly two wasps
utilize the same fly host — a critical parameter in A. nasoniae dynamics
(Parratt et al., 2016). This difference in population biology from other
male-killing microbes drove our survey of European N. vitripennis pop-
ulations for A. nasoniae. Preliminary work, finding A. nasoniae in a
German N. vitripennis sibship with very female biased sex ratios, indi-
cated European N. vitripennis carried A. nasoniae. Wider sampling indi-
cated A. nasoniae was present in N. vitripennis across Europe, with the
Swiss, Finnish and UK samples being positive, In addition, we detected
A. nasoniae infection in N. vitripennis in Portugal through our novel
combined method for the detection of N. vitripennis and A. nasoniae in fly
pupae collected from nests. Altogether, these populations include
Northern and Southern locations, Eastern and Western, and we infer
A. nasoniae is likely to be generally present in N. vitripennis across
Europe.

The rates at which N. vitripennis were infected with A. nasoniae were
heterogeneous between our samples, being high in Finland (>50% of
N. vitripennis tested carried the infection) and relatively low in
Switzerland (~10% of N. vitripennis carrying A. nasoniae). Studies in
North America have recovered an overall low frequency infection in
N. vitripennis (5-8%) (Skinner, 1985, Balas et al., 1996, Duron et al.,
2010), but with some local samples having very high frequency (e.g.
47% in Lethbridge, Canada) (Taylor et al., 2011). In the latter case, the
number of fly pupae collected was unclear making it hard to estimate
frequency of infection in the field; our data indicate robustly that
A. nasoniae can reach high local prevalence.

The causes of variation in frequency with which N. vitripennis are
infected with A. nasoniae are currently unclear. A strong hypothesis is
that A. nasoniae frequency in a population relates to the recent historical
rates of superparasitism by the wasp host, as this was the key determi-
nant of spread in laboratory experiments. Superparasitism rates are not
widely known in N. vitripennis. In the most complete study, Grillenberger
et al (2008) estimated that 40% of fly pupae parasitized by N. vitripennis
in the Netherlands/Germany are subject to attack by more than one
wasp female. Variation in the rate of superparasitism — which is likely to
depend on local N. vitripennis density — would drive variation in the
frequency of A. nasoniae infection. Further work should assess the hy-
pothesis that A. nasoniae frequency is highest in areas with high
N. vitripennis density and high rates of superparasitism by the wasp.

One drawback in surveying for Arsenophonus in Nasonia is the in-
tensity of the work needed for proper sample collection and storage.
Birds’ nests are collected, and then commonly couriered to the inter-
ested scientist’s laboratory. The nests are then teased apart to find
pupae, these pupae isolated for wasp emergence before testing for
A. nasoniae. Whilst this method is the ‘Gold standard’ - allowing live

Journal of Invertebrate Pathology 199 (2023) 107947

material to be obtained from which cultures can be established and
onward experiments — it is commonly not feasible and may be restricted
by biosecurity regulations which prevent live material from crossing
International boundaries without license. We therefore established a
method for joint detection of N. vitripennis and its endosymbiont
A. nasoniae in preserved fly pupae, based on PCR assays. This method
has the benefit that preserved dead pupae are permitted for transport
and a faster assay process, with few tubes and no time spent waiting for
wasps to emerge for testing. The PCR based method was able to establish
the presence of wasp and A. nasoniae 24 h post parasitisation in the
laboratory. This level is satisfactory for field collected material and
should create only a very low level of false negatives for very recently
parasitized fly pupae. Subsequently, we used this method to analyse fly
pupae collected from nests of great tits at Mata Nacional do Choupal,
near Coimbra, Portugal for the presence of both N. vitripennis parasitoid
wasps and its bacterial endosymbiont. The method was successful at
detecting N. vitripennis and symbiont in the material and indicates that
the material can be preserved in 70% ethanol in situ for screens aiming to
identify both wasp and symbiont in natural populations.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Gregory Hurst reports financial support was provided by Biotechnology
and Biological Sciences Research Council. Gregory Hurst reports finan-
cial support was provided by Natural Environment Research Council.
Eeva Tapio reports financial support was provided by Academy of
Finland. Indirikis Krams reports financial support was provided by
Latvian Council of Sciences. Ana Norte reports financial support was
provided by Fundacao para a Ciéncia e a Tecnologia. Gregorio Moreno-
Rueda reports financial support was provided by Spanish Ministry of
Education.

Data availability

Sex ratio produced by Arsenophonus infected vs uninfected Nasonia
vitripennis from the UK and Switzerland (Original data) (Figshare)

Frequency of A. nasoniae in calliphorid fly pupae collected from
European Bird’s nests (Original data) (Figshare)

Presence of Nasonia wasps and the bacterium Arsenophonus
nasoniae in calliphorid fly pupae collected from great tit nests in
Coimbra, Portugal. (Original data) (Figshare)

Acknowledgements

We wish to thank Jo Carroll for sending vacated bird’s nests, and Dr
Berndt Grillenberger and Prof Leo Beukeboom for sharing DNA template
from their previous work, and Dr Stefanos Siozios for advice on PCR
assay design.

Funding

This work was supported by grants from the NERC (NE/101067X/1)
and BBSRC (BB/S017534/1) to GH, grants 1zp-2021/1-0277, and lzp-
2022/1-0348 from the Latvian Council of Science to IK, a grant from
Academy of Finland (338180) to TE, grants from the Fundacao para a
Ciéncia e a Tecnologia to ACN (UIDB/04292/2020; UIDP/04292/2020;
LA/P/0069/2020; DL57/2016/CP1370/CT89), and grants from AUIP
and Spanish Ministry of Education (FPU18/03034) to JGB.


https://doi.org/10.6084/m9.figshare.22568035
https://doi.org/10.6084/m9.figshare.22568035
https://doi.org/10.6084/m9.figshare.22567984.v1
https://doi.org/10.6084/m9.figshare.22567984.v1
https://doi.org/10.6084/m9.figshare.22568065.v1
https://doi.org/10.6084/m9.figshare.22568065.v1
https://doi.org/10.6084/m9.figshare.22568065.v1

P. Nadal-Jimenez et al.

References

Andreadis, T.G., 1985. Life cycle and epizootiology and horizontal transmission of
Amblyospora (Microspora: Amblyosporidae) in a univoltine mosquito. J. Invertebr.
Pathol. 46, 31-46.

Balas, M.T., Lee, M.H., Werren, J.H., 1996. Distribution and fitness effects of the son-
killer bacterium in Nasonia. Evol. Ecol. 10, 593-607.

Bordenstein, S.R., Bordenstein, S.R., 2011. Temperature Affects the Tripartite
Interactions between Bacteriophage WO, Wolbachia, and Cytoplasmic
Incompatibility. PLoS One 6, €29106.

Charlat, S., Reuter, M., Dyson, E.A., Hornett, E.A., Duplouy, A., Davies, N., Roderick, G.
K., Wedell, N., Hurst, G.D.D., 2007. Male-killing bacteria trigger a cycle of increasing
male fatigue and female promiscuity. Curr. Biol. 17, 273-277.

Darling, D.C., Werren, J.H., 1990. Biosystematics of Nasonia (Hymenoptera:
Pteromalidae): Two New Species Reared from Birds’ Nests in North America. Ann.
Entomol. Soc. Am. 83, 352-370.

Douglas, A.E., 2010. The symbiotic habit. Princeton University Press, Princeton, USA.

Drew, G.C., Budge, G.E., Frost, C.L., Neumann, P., Siozios, S., Yanez, O., Hurst, G.D.D.,
2021. Transitions in symbiosis: evidence for environmental acquisition and social
transmission within a clade of heritable symbionts. ISME J. 15, 2956-2968.

Duron, O., Wilkes, T.E., Hurst, G.D.D., 2010. Interspecific transmission of a male-killing
bacterium on an ecological timescale. Ecol. Lett. 13, 1139-1148.

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from diverse
metazoan invertebrates. Mol. Mar. Biol. Biotech, 3, 294-299.

Frost, C.L., Siozios, S., Nadal-Jimenez, P., Brockhurst, M.A., King, K.C., Darby, A.C.,
Hurst, G.D.D., 2020. The hypercomplex genome of an insect reproductive parasite
highlights the importance of lateral gene transfer in symbiont biology. MBio 11,
€02590-19.

Gherna, R.L., Werren, J.H., Weisburg, W., Cote, R., Woese, C.R., Mandelco, L.,
Brenner, D.J., 1991. Arsenophonus nasoniae Gen-Nov, Sp-Nov, the Causative Agent
of the Son-Killer Trait in the Parasitic Wasp Nasonia vitripennis. Int. J. Syst.
Bacteriol. 41, 563-565.

Gold, C.S., Dahlsten, D.L., 1983. Effects of parasitic flies (Protocalliphora spp.) on
nestlings of mountain and chestnut-backed chickadees. The Wilson Journal of
Ornithology 95, 560-572.

Grillenberger, B.K., Koevoets, T., Burton-Chellew, M.N., Sykes, E.M., Shuker, D.M., van
de Zande, L., Bijlsma, R., Gadau, J., Beukeboom, L.W., 2008. Genetic structure of
natural Nasonia vitripennis populations: validating assumptions of sex-ratio theory.
Mol. Ecol. 17, 2854-2864.

Hornett, E.A., Kageyama, D., Hurst, G.D.D., 2022. Sex determination systems as the
interface between male-killing bacteria and their hosts. Proceedings of the Royal
Society B-Biological Sciences 289, 20212781.

Hurst, L.D., 1991. The incidences and evolution of cytoplasmic male killers. Proceedings
of the Royal Society B-Biological Sciences 244, 91-99.

Hurst, G.D.D., 2017. Extended genomes: symbiosis and evolution. Interface Focus 7,
20170001.

Hurst, G.D.D., Frost, C.L., 2015. Reproductive Parasitism: Maternally Inherited
Symbionts in a Biparental World. Cold Spring Harb. Perspect. Biol. 7, a017699.
Hurst, G.D.D., Hammarton, T.C., Bandi, C., Majerus, T.M.O., Bertrand, D., Majerus, M.E.
N., 1997. The diversity of inherited parasites of insects: the male-killing agent of the
ladybird beetle Coleomegilla maculata is a member of the Flavobacteria. Genet. Res.

70, 1-6.

Journal of Invertebrate Pathology 199 (2023) 107947

Hurst, G.D.D., Jiggins, F.M., von der Schulenburg, J.H.G., Bertrand, D., West, S.A.,
Goriacheva, LI, Zakharov, I.A., Werren, J.H., Stouthamer, R., Majerus, M.E.N.,
1999a. Male-killing Wolbachia in two species of insect. Proceedings of the Royal
Society of London Series B-Biological Sciences 266, 735-740.

Hurst, G.D.D., Majerus, M.E.N., 1993. Why do maternally inherited microorganisms kill
males? Heredity 71, 81-95.

Hurst, G.D.D., von Schulenburg, H.G., Majerus, T.M.O., Bertrand, D., Zakharov, LA.,
Baungaard, J., Volkl, W., Stouthamer, R., N, M.M.E., 1999b. Invasion of one insect
species, Adalia bipunctata, by two different male-killing bacteria. Insewcgt Molecular
Biology 8, 133-139.

Jiggins, F.M., Hurst, G.D.D., Majerus, M.E.N., 2000. Sex-ratio-distorting Wolbachia
causes sex-role reversal in its butterfly host. Proceedings of the Royal Society B-
Biological Sciences 267, 69-73.

Kageyama, D., Yoshimura, K., Sugimoto, T.N., Katoh, T.K., Watada, M., 2017. Maternally
transmitted non-bacterial male killer in Drosophila biauraria. Biol. Lett. 13,
20170476.

McFall-Ngai, M., Hadfield, M.G., Bosch, T.C.G., Carey, H.V., Domazet-Loso, T.,
Douglas, A.E., Dubilier, N., Eberl, G., Fukami, T., Gilbert, S.F., Hentschel, U.,
King, N., Kjelleberg, S., Knoll, A.H., Kremer, N., Mazmanian, S.K., Metcalf, J.L.,
Nealson, K., Pierce, N.E., Rawls, J.F., Reid, A., Ruby, E.G., Rumpho, M., Sanders, J.
G., Tautz, D., Wernegreen, J.J., 2013. Animals in a bacterial world, a new imperative
for the life sciences. PNAS 110, 3229-3236.

Nadal-Jimenez, P., Griffin, J.S., Davies, L., Frost, C.L., Marcello, M., Hurst, G.D.D., 2019.
Genetic manipulation allows in vivo tracking of the life cycle of the son-killer
symbiont, Arsenophonus nasoniae, and reveals patterns of host invasion, tropism
and pathology. Environ. Microbiol. 21, 3172-3182.

Nadal-Jimenez, P., Siozios, S., Frost, C.L., Court, R., Chrostek, E., Drew, G.C., Evans, J.D.,
Hawthorne, D.J., Burritt, J.B., Hurst, G.D.D., 2022. Arsenophonus apicola sp. nov.,
isolated from the honeybee Apis mellifera. Int. J. Syst. Evol. Microbiol. 72, 005469.

Nadal-Jimenez, P., Parratt, S.R., Siozios, S., Hurst, G.D.D., 2023. Isolation, culture and
characterization of Arsenophonus symbionts from two insect species reveal loss of
infectious transmission and extended host range. Front. Microbiol. 14, 1089143.

Norte, A.C., Ramos, J.A., Sousa, J.P., Sheldon, B.C., 2009. Variation of adult Great Tit
Parus major body condition and blood parameters in relation to sex, age, year and
season. J. Ornithol. 150, 651-660.

Parratt, S.R., Frost, C.L., Schenkel, M.A,, Rice, A., Hurst, G.D.D., King, K.C., 2016.
Superparasitism Drives Heritable Symbiont Epidemiology and Host Sex Ratio in a
Wasp. PLoS Pathog. 12, e1005629.

Raychoudhury, R., Desjardins, C.A., Buellesbach, J., Loehlin, D.W., Grillenberger, B.K.,
Beukeboom, L., Schmitt, T., Werren, J.H., 2010. Behavioral and genetic
characteristics of a new species of Nasonia. Heredity 104, 278-288.

Ryder, J.J., Hoare, M.-J., Pastok, D., Bottery, M., Boots, M., Fenton, A., Atkinson, D.,
Knell, R.J., Hurst, G.D.D., 2014. Disease Epidemiology in Arthropods Is Altered by
the Presence of Nonprotective Symbionts. Am. Nat. 183, E89-E104.

Skinner, S.W., 1985. Son-killer: a third extrachromosomal factor affecting sex ratios in
the parasitoid wasp Nasonia vitripennis. Genetics 109, 745-754.

Taylor, G.P., Coghlin, P.C., Floate, K.D., Perlman, S.J., 2011. The host range of the male-
killing symbiont Arsenophonus nasoniae in filth fly parasitioids. J. Invertebr. Pathol.
106, 371-379.

Werren, J.H., Skinner, S.W., Huger, A.M., 1986. Male-killing bacteria in a parasitic wasp.
Science 231, 990-992.

Werren, J.H., Hurst, G.D.D., Zhang, W., Breeuwer, J.A.J., Stouthamer, R., Majerus, M.E.
N., 1994. Rickettsial relative associated with male killing in the ladybird beetle
(Adalia bipunctata). J. Bacteriol. 176, 388-394.


http://refhub.elsevier.com/S0022-2011(23)00064-2/h0005
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0005
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0005
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0010
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0010
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0015
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0015
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0015
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0020
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0020
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0020
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0025
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0025
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0025
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0030
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0035
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0035
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0035
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0040
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0040
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0045
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0045
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0045
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0050
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0050
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0050
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0050
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0055
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0055
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0055
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0055
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0060
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0060
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0060
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0065
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0065
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0065
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0065
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0070
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0070
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0070
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0075
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0075
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0080
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0080
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0085
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0085
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0090
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0090
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0090
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0090
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0095
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0095
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0095
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0095
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0100
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0100
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0105
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0105
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0105
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0105
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0110
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0110
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0110
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0115
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0115
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0115
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0120
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0120
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0120
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0120
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0120
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0120
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0125
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0125
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0125
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0125
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0130
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0130
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0130
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0135
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0135
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0135
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0140
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0140
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0140
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0145
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0145
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0145
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0150
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0150
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0150
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0155
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0155
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0155
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0160
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0160
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0165
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0165
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0165
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0170
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0170
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0175
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0175
http://refhub.elsevier.com/S0022-2011(23)00064-2/h0175

	The son-killer microbe Arsenophonus nasoniae is a widespread associate of the parasitic wasp Nasonia vitripennis in Europe
	1 Introduction
	2 Materials and methods
	2.1 An initial targeted screen for A. nasoniae in N. vitripennis in Germany and Netherlands
	2.2 Assessing the frequency of A. nasoniae in N. vitripennis in Europe
	2.3 Isolation of A. nasoniae to plate culture
	2.4 PCR detection of N. vitripennis and A. nasoniae in fly pupae
	2.5 Application of the method in blowfly puparia collected in great tit nests in Portugal

	3 Results
	3.1 An initial screen for A. nasoniae in N. vitripennis in Germany and Netherlands
	3.2 Assessing the frequency of A. nasoniae in N. vitripennis in Europe
	3.3 Direct detection of N. vitripennis and A. nasoniae in fly pupae by PCR assay
	3.4 Application of the method in blowfly puparia collected in great tit nests in Portugal

	4 Discussion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Funding
	References


