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General introduction
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1. Challenges in the food chain

The world population is expected to reach 10 billion by 2050 [1]. Agricultural production should increase
by 60% compared to the current production rates to provide sufficient calories, nutrients and raw materials
to match this expected increase in the population [2]. The current agricultural production requires large
energy, water and fertilizer investments to obtain high yields, but these also cause a large carbon footprint
[3-5]. Lowering the carbon footprint of food production is currently on the agenda of most governments
and companies, partly due to the pressure from the society. However, the problem is not solely in the carbon
footprint of food or more broadly in agricultural production, but also in the losses along supply chains and
in the waste of end products [6]. A well-known example of this concerns waste of safe and nutritious food,
which is not consumed at the table and therefore gets discarded [7]. An alarming volume of food ends up
as food waste: for instance in the Nordic countries this amounts to 10-30% of the purchased food [8], but
globally, one third of all the food produced will not be utilized as intended [9]. This also involves a major
economic impact as the total value of food wasted can reach up to 750 billion USD, bringing not just an
economic but a societal and environmental impact as well [10]. While the westernized parts of the world
have easy access to the majority of the available resources, in many parts of the world everyday access to
food or food resources can be an issue. The current production could already be sufficient to feed the world,
however, hunger and malnutrition occurs in several regions on a regular basis, which is due to the unequal
distribution of the resources [11]. What needs to change in our food systems to ensure the eradication of
hunger and in the meantime, how can we stop any further over-exploitation of our environment? The
solution to the problem might come from increasing the efficiency of the current supply chains. If we can
reduce the resources that are required per unit of output and reduce the loss of recourses between the
producer and the consumer, the goal to feed 10 billion people might be achieved. How and what is being
produced and consumed needs to go through a transition and alternatives to the current protein sources are
required. Edible insects are proposed to be a sustainable, promising alternative to the traditional animal
based proteins [12], but the environmental impact of eating insects will only be considerable if they are
consumed widely and regularly. Currently, approximately 2000 insects species are eaten at various places
around the world, but the majority of these are collected from nature [13]. Only a minor fraction of those
species are currently mass-reared as food, concerning beetles of the Tenebrionidae Tenebrio molitor,
Alphitobius diaperinus, and Zophobas morio, the orthopterans Acheta domesticus, Gryllodes sigillatus,
Gryllus bimaculatus, and Locusta migratoria and the lepidopterans Galleria mellonella and Bombyx mori
[14]. Tt is important to mention that in the European Union not all of these species are approved as food,
only four of these, T. molitor, A. diaperinus, A. domesticus and L. migratoria, are currently authorized in
certain forms and after certain processing [15].

2. Crickets as food

Several species of crickets are among the 2000 insect species that are consumed by humans, mainly the
adult stage[16]. Crickets can be either mass-produced (Fig. 1) or collected from nature. Species collected
from nature include Anabrus simplex and Acanthoplus discoidalis [17], both the collection and consumption
of these species can be an additional source of income or can be used as provision when food shortages
occur. Nevertheless, the majority of crickets consumed are produced in production facilities of various
sizes, which range from smallholder farms to large scale, highly automated, industrial facilities. Cricket
farmers focus mainly on the rearing of a few species such as 4. domesticus and G. bimaculatus. Among
crickets, the house cricket A. domesticus is traditionally the most commonly reared species, which can be
attributed to the relative ease of rearing, fast growth, good taste and nutritional values, such as the high
protein content of 60-70% (based on dry matter) [18] and their optimal fatty acid ratio and profile [19-21].
The majority of commercial scale house cricket production facilities for human consumption are located in
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Asia and Africa [22], but throughout the world there are commercial producers also for zoo and pet feed
purposes and for research use in laboratories. Certain house cricket-derived products received approval
from the European Food Safety Authority (EFSA) in 2022 to be used in products intended for human
consumption [23]. This important milestone can boost the production of house crickets in Europe and can
motivate producers elsewhere to get their products approved by EFSA to be allowed on the EU market.
Because of the good nutritional profile and functional properties in food [24], house cricket-derived
products have already been incorporated into various food products [17, 25]. High quality food products
are one of the important factors, which can shift house crickets from the delicacy category to an everyday
food ingredient. Consumer acceptance in the western world and price also play key role in this process.

3. The house cricket

The house cricket 4. domesticus L. (Orthoptera: Gryllidae) is native to Asia, but nowadays it is widely
spread around the world. House crickets grow up to ~2-3 c¢cm in length and can weigh between 0.3-0.6
grams, having a sandy light brown colour at the early instars, which gradually darkens as they reach
adulthood. The life cycle of crickets ranges from 30-50 days [16, 26], but this can vary by the environmental
or rearing conditions, some papers report 57 days as the life cycle [20]. Crickets have a hemimetabolous
life cycle with eggs, nymphs and adults, so without diapause or a pupal stage. The house cricket life cycle
starts with the egg phase, which last between 8-12 days, from which the first nymphal instars (also called
pinheads) hatch. The nymphal phase can last between 35-50 days, depending on temperature, feed quality
and cricket density. The nymphs moult seven times, the last moult giving rise to adults. It is noteworthy
that mortality is highest during the first three nymphal stages [20].

Cricket production

Beside the willingness from the consumers, production volumes of house crickets also need to meet the
demand in order to secure their position on the market. House cricket production involves a wide range of
different scale production units, which are also often referred to as cricket farms. Halloran [22] described
the different aspects of small- and medium-sized cricket farms throughout Southern Asia and Aftrica. Small-
scale production or laboratory rearing is mainly done with the use of plastic containers [20, 27]. These
allow easy manipulation and stacking of the production units. Temperature control can be done by placing
the containers into climate controlled chambers or rooms or in incubators for a more precise control. The
hot-spot of small scale and semi-industrial production is in Thailand, where approximately 20.000 farmers
rear crickets [28] at different scales in concrete “pools” [28, 29] (Fig. 1). Larger number of crickets can be
housed in these units compared to plastic containers and the rearing units are cheap to build. However, the
temperature is mainly dependent on the environmental temperature and these units are exposed to pests,
predators and various microorganisms, which can easily enter the rearing. A few companies run industrial
scale, highly controlled and automated rearing facilities (Fig. 1). The costs to build and run these facilities
are quite high [30], but their production output is also higher than the small and medium scale farming.
Most of the large rearing facilities are established in North America and in Europe and produce crickets as
feed for the pet industry or as ingredients for food [26]. House crickets can be fed with various feedstock,
such as chicken feed, fruits and vegetables and various agricultural by-products [16, 31]. Special attention
needs to be paid to the price of the diet provided [32] as this is a major component in the costs of cricket
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rearing, but the cricket feed also needs to have a proper nutritional composition [33], otherwise cannibalism
can be induced [20].

Figure 1. Different scales of cricket production facilities . Left-hand: Small-scale cricket production (Photo:
Pieter Rouweler), middle: Semi-industrial cricket production in Thailand (Photo: Afion Halloran) and
right-hand: Industrial scale cricket production (Photos: Andrea Liceaga & Aspire Food Group, with
permission from Elsevier).

4. Challenges in cricket production — biotic and abiotic stressors

Biotic and abiotic stresses can threaten house cricket production, inducing for example cannibalism, disease
symptoms or mortality. Biotic stressors include predators and microorganisms, such as bacteria, viruses,
fungi, protists and parasites, while abiotic stressors include temperature, humidity, and noise. Eilenberg et
al. [34] summarized the possible disease threats in commercial insect rearing systems and Eilenberg and
Jensen [35] provided information on the possible methods on disease prevention and management, which
also applies to house cricket rearing facilities.

Biotic stressors
Viruses

Among the microorganisms that can infect the house cricket, viruses represent one of the main threats [36].
House crickets are known to harbour various viruses, such as the Acheta domesticus densovirus
(Parvoviridae), Acheta domesticus mini ambidensovirus (Parvoviridae), Acheta domesticus volvovirus
(unclassified), invertebrate iridescent virus 6 (Iridoviridae), Acheta domesticus iflavirus (I/flaviridae) and
cricket paralysis virus (Dicistroviridae) [36-40]. Most of these viruses were detected with the use of PCR
and qPCR techniques. This gives a limited overview of the viruses that are present, as only known viruses
and those for which primers are readily available can be targeted via these techniques. Over the past decade
with the advancement of new generation sequencing (NGS), viral discovery in insects developed rapidly
[41], but viral detection with sequencing was lacking until recently in house crickets. Miranda et al. [37],
from the listed house cricket viruses, only found one DNA virus, the invertebrate iridescent virus 6. Cholleti
et al. [42] found none of the earlier listed cricket pathogens to be present. Acheta domesticus densovirus
(AdDV) is responsible for most of the losses in house cricket rearing facilities. This virus can jeopardize
the entire house cricket production by causing epizootics in the rearing leading to major losses in the
production or even to colony collapses [26, 27, 37, 43-46]. The first case description of an AADV outbreak
dates back to 1977, when an epizootic was described in a Swiss rearing facility [47], but also in the United
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States, already in the late 1980s the first occurrence of the virus was reported [48]. Throughout the early
2000s various cases were reported from North America and Europe [26, 45, 49] and a report from 2013 in
Japan [49] shows the global occurrence of AdDV. AdDV belongs to the Densovirinae subfamily of the
family Parvoviridae. Densoviruses include non-enveloped isometric, linear, single-stranded DNA viruses
with a diameter of approx. 25 nm and a genome size of 4-6 kb [26, 43, 50]. Viruses belonging to the
subfamily of the Densovirinae are known to be highly virulent towards their hosts [51].

The substantial economic losses that can be caused by AdDV urge the research towards a better
understanding of the underlying mechanism of virus infection and transmission and of disease outbreaks
and disease monitoring, which will all aid in developing optimized prevention strategies. Currently there
are no known AdDV-free cricket colonies, although there are stocks, which are claimed to be AdDV free.
Whether these cricket stocks are actually AdDV-free is questionable, since negative testing might be due
to the use of mismatching primers, as currently five genetically distinct AADV strains are known (Fang-
Shiang Lim, pers.com.). Additionally, successful detection of all of these AdDV strains by PCR requires
primers based on conserved regions (Fang-Shiang Lim, pers. com.). Most cricket colonies seem to carry a
covert AdDV infection, not showing any visible symptoms. The current knowledge on AdDV is insufficient
to understand how covert infections become active, overt infections leading to disease outbreaks and
mortality in the cricket rearings. Covert infections are not clearly recognizable, as the symptoms of the
disease might not be prevalent or only include mild symptoms, such as diminished feeding or reduced
growth, life span and fecundity. Active infections show clear symptoms, the hind legs of the crickets get
paralyzed, their abdomen becomes swollen, whitish and milky as the virus liquefies the organs [26]. The
virus is likely transmitted horizontally, via sexual transmission, body contact, surfaces or faeces and
research suggests that even the air filters of the rearing facilities can contain AdDV [26]. In addition, it is
also possible that the virus is vertically transmitted (from parents to offspring). Currently, prevention of
disease outbreaks depends on frequently monitoring the rearing. However, this might be too late for an
effective intervention to prevent economic loss. Therefore, additional knowledge is needed on the dynamics
of AdDV outbreaks, to be able to predict potential outbreaks.

Technological advancements allow modern diagnostic tools such as new generation sequencing (NGS) and
quantitative real time polymerase chain reaction (qQPCR) to be used by the producers to identify and predict
diseases. However, these methods can best be utilized in combination. For instance, detection of a pathogen
by NGS does not necessarily mean an active or even a covert infection. However, if the information of NGS
is combined with qPCR, information on the upregulation of host anti-microbial peptides (AMPs) and with
certain predictive production parameters (such as the survival rates, developmental time, biomass, and
reproductive rate) and producers can make fact-based decisions on how to react. By collecting data on the
abiotic factors influencing the rearing, other patterns like changes in temperature, feed quality, air pressure
etc. can be also identified and the possible triggers of AADV outbreaks can be linked to the epizootics.
However, disease outbreaks should not only be treated with curative methods, but should rather be avoided
with the use of preventive methods, further limiting the economic damage. One way to allow for prevention
of AdDV outbreaks would be through the establishment of AdDV-free breeding stocks of house crickets,
but this requires a more in-depth understanding of the vertical transmission of AdDV.

Entomopathogenic fungi (EPF)

Several taxa within the Fungi are capable of killing insects [52, 53]. Some entomopathogenic fungi (EPF)
are widely used for biological control purposes to control for instance agricultural pests [54] or mosquitoes
vectoring diseases [55]. Isolates belonging to the order Hypocreales, in particular of the genera Beauveria
and Metarhizium, are the most commonly used. Most EPF infect insects by penetrating their cuticle, and
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thus are not dependent on an oral mode of infection [56]. The infection cycle starts with adhesion of conidia
to the cuticle followed by germination and penetration of the cuticle. After a successful penetration of the
cuticle the fungus will grow in the hemolymph, and eventually it will result in the death of the host due to
starvation, organ destruction or toxin production. After the death of the host, the fungus produces new
infective spores called conidia externally [56]. Beauveria bassiana can infect various insect hosts, and there
are several isolates, some of which are highly host specific. Similarly to Beauveria, the genus Metarhizium
contains both host-specific species, such as Metarhizium acridum which only infect species from the order
Orthoptera [57], and more generalist species, such as Metarhizium brunneum which is known to infect a
broad range of insect species across different orders. Entomopathogenic fungi can be introduced into cricket
rearings in various ways. In open rearing facilities, infected insects can vector the fungi into the rearing
space. Since many of the EPFs mentioned earlier are widely used as biocontrol agents, these EFPs can enter
the cricket rearings by drift from nearby sprayings, or via feedstock, which was earlier treated with EPFs.

Abiotic stressors

Insect farming involves a complex system where a wide range of parameters interacts with each other. The
main components are the insects themselves, the feedstock provided for their growth and the environmental
conditions in which they are kept.

Temperature is a crucial factor in insect production systems, since insects are poikilothermic organisms,
meaning that their body temperature is dependent on the ambient temperature [58]. The developmental rate,
which is strongly correlated with growth rate, is dependent on the temperature, with a minimum and
maximum in the curve [59, 60]. For house crickets, the optimum rearing temperature ranges between 28-
30 °C [61]. Deviations from the optimal temperature can result in temperature stress, leading to negative
physiological effects [62]. One possible reason for temperature deviation is the application of curative
treatments against pathogens, e.g. by transient exposure to high temperature [63]. Crickets are known to
exhibit the phenomenon of behavioural fever [64], choosing areas with elevated temperatures upon
infection by bacteria.

Density of crickets in the rearing is a crucial factor to avoid crowding-related stresses. Density has been
well studied for other insect species [65, 66], but in the case of crickets, only a few studies address the topic
[67-69]. During the development from pinheads to fully-grown adults, the cricket body mass increases from
0.7 mg to 300 — 500 mg of adult live body weight. As this is an increase of ~400 - 700 fold, the occupied
space by each individual also increases in the rearing space. The proportionally reduced individual-to-
surface ratio leads to enhanced contact and interactions among crickets, which can facilitate the spread of
disease-causing agents and which can create stress in the population. The cricket rearing area is often
reported as volume per individual, but this methodology can lead to false conclusions since most cricket
rearing facilities provide some kind of internal structure in the rearing units (Fig. 1) to increase the surface
area within. Structures in use are egg trays, paper barriers, and others with the intention to create additional
surface area to allow the crickets to exhibit their natural behaviour.

Feed used in most cricket rearings is chicken feed [33, 70]. Further research aiming to optimize rearing
substrates to the dietary needs of the house crickets is needed, similar to the work done by Morales-Ramos
et al. [32] for the selection of feed ingredients. A diet formulation providing all the necessary nutrients of
house crickets also can contribute to a robust immune system of the insects, since lacking nutrients are
known to interfere with immune capacities [71, 72]. A robust immune system is especially important for
house cricket rearing, because high rearing densities are known to be a highly conducive environment for
disease epidemics [37, 73]. However, sustainable insect farming should aim to feed the insects with non-
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utilized by-products of the food chain. On a farm level it could be that other than mixing feed ingredients
for a balanced diet, little can be done with respect to optimization of feed.

5. Research objectives and thesis outline

The central objective of this thesis is to study the effects of key stressors associated with house cricket
rearing that could affect cricket survival and biomass growth and/or that could be triggers of AdDV
outbreaks. These stressors include density, temperature and two fungal pathogens that the crickets can be
exposed to. A better understanding of the relation of AdDV levels and these stressors can be used to
implement changes in the rearing setups with the aim to reduce the chances of AdDV outbreaks and losses
related to this pathogen, or other suboptimal conditions. Some of the stressors had been evaluated
individually [61, 67, 68, 74]. Various immune challenge experiments were conducted with crickets,
examining the phenoloxidase enzyme activity, lysozyme-like enzyme activity, the number of circulating
hemocytes, and encapsulation ability [64, 75-77]. These experiments mainly used single stressors such as
nylon filament insertion [77, 78] or bacterial injections [64, 76]. Combined stressors affecting the cricket
simultaneously under rearing conditions received little attention so far. In this thesis, several combined
stressor experiments were conducted to assess the effect on the survival, biomass and AdDV levels.

Rearing temperature and cricket density were selected as two key factors in successful house cricket rearing
(Chapter 2). Three different temperatures in combination with three different rearing densities are tested.
The effects on cricket survival, on male and female individual weight and on total biomass obtained are
investigated. This is the first study to examine the combined effect of these two stressors.

In Chapter 3, a selection of Beauveria and Metarhizium isolates are tested for their pathogenicity to house
crickets. Subsequently, one isolate from each genus is tested in combination with three different rearing
densities to evaluate the combined effect of these biotic and abiotic stressors on cricket survival, individual
weight and the total biomass obtained.

In Chapter 4, I examine the tissue tropism of AdDV and determine its presence and levels in reproductive
tissues and the midgut of house cricket females and males. The effect of mating on virus levels is also
tested. In addition, I measured the change in virus levels throughout the rearing cycle of crickets. The results
provide fundamental information to understand viral transmission and disease outbreaks, and to design
optimized preventive measures.

Although AdDV is considered the most prevalent disease in house cricket rearing, we cannot ignore
potential other viruses to be present in crickets, and the possible effects that those viruses could have on
cricket fitness and on disease outbreaks. In Chapter 5, T identify which DNA and RNA viruses are present
in three different house cricket colonies. This is the first study to use NGS on pooled samples obtained from
various crickets stocks to report both DNA and RNA viruses present.

In Chapter 6, the findings of the research chapters in the thesis are integrated. I discuss how cricket rearing
is affected by multiple stressors, which need to be examined in combination to design optimal cricket
rearing strategies. Furthermore, [ elaborate on the need for complex diagnostic methods integrating modern
technologies and classical bioassays. In the end of the chapter, suggestions for future research are given.

Acknowledgments: I would like to thank Vera Ros, Joop van Loon, Annette Bruun Jensen and Astrid
Bryon for their input and feedback on the content and structure of the chapter.
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Abstract

The house cricket, Acheta domesticus, is a commonly reared insect for food and feed purposes. In 1977, a
report described a colony collapse, which was caused by the single-stranded DNA virus Acheta domesticus
densovirus (AdDV). Currently, there are no confirmed 4. domesticus colonies free of AdDV, and viral
disease outbreaks are a continuous threat to 4. domesticus mass rearing. Correlations between cricket
rearing density or temperature and AdDV abundance have been hypothesized, but experimental evidence
is lacking. Optimised rearing conditions, including temperature and density, are key to cost-effective cricket
production. In this study, house crickets were subjected to different combinations of rearing density (10,
20, 40 crickets per box) and temperature (25, 30, 35 °C) to study the effect on cricket survival, biomass,
and AdDV abundance. Rearing temperature affected had a minor effect on survival, which ranged between
80 and 83%. Total cricket biomass increased with higher temperatures and higher densities. Viral
abundance in crickets at the end of the rearing period was variable; however, high rearing density seemed
to result in higher AdDV abundance. At 35 °C, a temperature considered suboptimal for house cricket
production, viral abundance tended to be lower than at 25 or 30 °C.

Keywords: Acheta domesticus; house cricket; insect production; insects as food and feed; cricket
viruses; entomopathogenic viruses; mass rearing
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1. Introduction

The continuing increase in the global human population urges for better use and distribution of resources,
such as food, feed, and raw materials produced by agriculture [74]. Mass rearing of insects is proposed as
a solution for better utilization of organic matter from the side and residual streams required to produce a
sufficient amount of good quality food and feed [13]. Over the last decade, several companies started
industrial-scale insect rearing to produce insects for food and feed purposes [75]. The insect-rearing
industry aims to utilize and upcycle (low) value organic resources [31], thereby producing alternatives to
the current protein sources with a relatively lower environmental impact [76]. For several decades, the
house cricket Acheta domesticus L. has been reared as a pet/zoo feed in Europe and North America and as
a food source in Asia [17, 29]. This cricket has a favourable nutritional profile [77, 78], which allows its
direct utilization by the food industry as an ingredient of various products [24, 25]. However, the mass
production of this species can be easily jeopardized by the Acheta domesticus densovirus (AdDV), of which
the first report dates back to 1977, describing a colony collapse due to a disease caused by this virus [26].
AdDV can cause massive disease outbreaks in A. domesticus colonies, causing high mortality and the loss
of almost entire production batches [26, 36, 43-45]. At present, there are no confirmed virus-free 4.
domesticus colonies known. AdDV is a single-stranded DNA virus from the insect-specific Densovirinae
subfamily of the Parvoviridae family [43]. Viruses from this subfamily are known to be highly virulent for
their host organisms [51]. AdDV also infects other cricket species, but in these species, the infection does
not result in mortality [45]. Cricket-rearing facilities are conducive for virus transmission due to the high
degree of crowding, the high humidity, and the high temperature, conditions set to promote biomass output
[27]. However, it is not yet understood if AdDV is mainly present in a covert state, in which the symptoms
are not clearly visible and may include mild symptoms such as diminished feeding. Currently, there is no
information on how the virus can switch from a covert state into an active, overt state, with apparently
paralyzed and swollen crickets. The literature available on AdDV mainly covers its detection and
quantification [26, 46], but studies examining the transmission between individuals and different
generations of crickets are lacking. During the growing phase of the crickets, several possible stress factors
can be identified, such as non-optimal temperature, too high humidity, high rearing densities, or the
presence of various entomopathogens [34]. These factors are hypothesized to interact with both each other
and the host organism, making them possible triggers for symptomatic AADV outbreaks. Temperature is a
crucial factor in insect production systems since insects are poikilothermic organisms, meaning their body
temperature is dependent on the ambient temperature [58]. Insect developmental rate depends on
temperature according to an optimum curve delimited by a minimum and maximum [59, 60]; for house
crickets, the optimal range is between 28 °C and 30 °C [61]. When the temperature in the rearing facility
deviates from the optimal range, it can result in temperature stress, which can lead to negative physiological
effects [62]. The infrastructure required for heating and cooling in rearing facilities is one of the major costs
involved in both the construction and the operation of an insect production facility [79]. To achieve maximal
efficiency in the production unit, it is, therefore, logical to aim for the highest possible rearing densities in
order to increase productivity per surface area. In most cases, growers use egg trays and paper corridors to
increase the surface area within the production unit and to provide dark hiding areas as a resting space for
the crickets [80]. During the growth phase, house crickets increase in biomass from approximately 0.7 mg
as pinhead (freshly hatched nymphs) to 300-500 mg of adult weight, an increase of ~500—750-fold (Jozsef
Takacs, personal observations). Consequently, with the increase in body volume, the resting space will
become smaller, and crowding can be observed in the production units.

Optimal densities combined with optimal growth temperatures resulting in the highest yields per batch are
favourable from a commercial production perspective. Unlike other mass-reared insect species [65-67, 81],
only a few studies investigated optimal rearing densities and temperatures for house crickets [67, 68]. To
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date, it is unknown if there is a correlation between rearing density, temperature, and the abundance of the
AdDV. Optimising rearing conditions for the best possible yields while maintaining low disease incidence
is crucial for the economic viability of cricket mass production. Therefore, we investigated the possible
consequences of different temperatures and densities on survival, biomass production, and AdDV
abundance.

2. Materials and Methods

Cricket rearing and experimental units

The house cricket colony kept at the Laboratory of Entomology, Wageningen University since 2006 was
reared in plastic containers (40 L, containing ca. 500 adults) in a climate-controlled room at ~28 °C [32]
and crickets were provided with chicken feed (Kuiken Opfokmeel, Kasper Fauna Food, Woerden, The
Netherlands), carrot slices and water from water dispensers on a daily basis. For the experiment, 20-day-
old crickets (calculated from the date of hatching) were randomly selected from the main rearing. The
experimental units consisted of plastic boxes with a volume of 900 cm® (10 x 15 x 6 cm) in which 10, 20,
or 40 crickets were housed per box. Each box received a piece of cardboard egg tray (5 x 5 X 7 cm), water
gel (DCM Aquaperla®, De Ceuster Meststoffen N.V., Grobbendonk, Belgium), and feed trays (3.5 x 0.2
cm) to provide the crickets with hiding space, water, and feed sources, respectively. In the 10 and 20 crickets
per box densities, one feed tray was used, while in the 40 crickets per box density, two feed trays were used
to avoid the possible stress caused by the lower individual-to-feeding surface ratio expressed as the number
of individuals per unit of volume. The lowest of the three densities we tested corresponded with the density
commonly used in house cricket lab colonies, including the colony from which our experimental crickets
originated. Our experimental design was aimed at testing density as a possible stress factor; hence we tested
2x and 4x higher densities. The boxes were observed daily, and water and feed were replenished when
required to allow ad [libitum drinking and feeding. The boxes were kept in incubators set to the
corresponding treatment temperature of 25, 30, or 35 °C, all at 12:12 L:D period and on average 75-85%
relative humidity.

The experiments were finished when the first chirp sounds appeared, signalling male maturity. This was at
varying time points due to the different temperatures resulting in different developmental durations (15-16
days at 35 °C, 21-22 days at 30 °C, and 30-31 days at 25 °C). At the end of the experiments, the number
of crickets per cage was counted and considered as survivors; missing crickets were considered dead. When
crickets were observed dead, they were not removed.

Three different temperatures combined with three different densities were tested, creating nine different
treatments, with five replicate boxes per treatment. The experiment was serially repeated three times
(Experimental runs 1, 2, and 3); thus, the total number of crickets used in the experiments was 3150. The
three experimental runs were carried out between May and November 2022.

DNA extraction and qPCR analysis

At the end of the experiments, five adult crickets (three females and two males) were taken from every
experimental unit (box) and stored at =20 °C until DNA extraction. At the start of each experimental run,
cricket samples were also taken from the main rearing to determine the initial viral load since a negative
control with virus-free crickets was not available. Homogenization of the crickets sampled was conducted
by pestle and mortar with the addition of 0.5 mL of phosphate-buffered saline (PBS) solution as the first
step of the DNA extraction. The homogenized samples were centrifuged for 15 min at 8000 RPM, after
which the supernatants were removed and used for DNA extraction. The DNA extraction was carried out
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using the Qiagen dNeasy® Blood and Tissue kit (Qiagen, Hilden, Germany), following the Total insect
DNA extraction protocol, except for sample homogenization, which was conducted as described above.
Quality control of the DNA samples was carried out using Nanodrop® ND1000 Spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA).

Relative quantitative PCR (qPCR) was performed to quantify the number of AdDV viral copies in the
samples. The Acheta domesticus elongation factor 1 alpha gene, partial coding sequence (Genbank access.
nr. EU414685.2) with an amplicon size of 199 base pairs was used as host reference gene (see Table 1 for
primer sequences). For the primer design, Primer3 (version 4.1.0) was used [82]. The AdDV primers
targeted a gene encoding for a non-structural protein with the amplicon size of 96 base pairs and were
adopted from the publication of Duffield et al. [27] (Table 1). Reactions were performed with SYBR™
Select Master Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a total reaction volume of 20
uL containing 3 pL template DNA, 5.4 uL autoclaved water, 10 uL SYBR™ Select Master Mix, 0.8 pL
forward and 0.4 uM reverse primers. The protocol for the thermal cycling was as follows: UDG activation
for 2 min at 50 °C and denaturation for 2 min at 94 °C, followed by 40 cycles of 30 s at 95 °C, 45 s at 59
°C and 1 min at 72 °C. Plate reads to measure fluorescence were conducted after every extension step. A
visual inspection of the melting curve with a temperature gradient of 0.5 °C/5 s for the interval of 55 to 95
°C was carried out as quality control to ensure that only specific products were amplified [83]. Primer
efficiencies were calculated by incorporating a standard curve for every plate individually and were in the
range of 95-105% for both the host and the viral primers. The amplification was carried out using a CFX96
Touch Real-Time PCR Detection System and the CFX Maestro 5.3 software, both from Bio-Rad
Laboratories, Inc., Hercules, CA, USA. The threshold cycle (Ct) for each well was determined by the CFX
Maestro software using a single CQ (Ct) threshold determination mode.

Raw abundance data from the qPCR runs were analysed using the gbaset+ Version: 3.2 (Biogazelle,
Zwijnaarde, Belgium—www.gbaseplus.com, accessed on 5 July 2022) software, with target and run
specific amplification efficiencies. The abundance of AADV was expressed as Calibrated Normalized
Relative Quantities (CNRQ) [84]. This is achieved by first normalizing the CQ values to the host reference
target (the host gene) and then by scaling the fold of change to the reference group of the start values
(samples taken at the start of the experiments to determine initial viral abundance). After a logarithmic
transformation, the CNRQ values were exported for further analyses in R Studio.

Table 1. Primers used in gPCR (EF1- Elongation factor 1, and AdDV96- Acheta domesticus densovirus).

Primer sequence 5' to 3’ Amplicon Size

Name  Reference Gene Target

(Forward/Reverse) (bp)

GGAAATCAAGAAGGAAGTCAGCIGGCAT, A. domesticus

EF1 This study CCAAAGCCTCAATAAG 99 elongation factor 1
alpha gene
AdDVO6 Duffield et al. [18] GCGAGCAATCCCGACTACTA/CGCGTTG 9% Non-structural

TTGATGTCCTTCC protein
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Data analyses and visualization
Data were analysed using R, version 4.2.2 (31 October 2022) [85] and R Studio Team (2020).

To test if the data sets were normally distributed, a Shapiro—Wilk test of normality was used [86]. If the
data met the assumptions of normality and homogeneity of variance, analysis of variance (ANOVA) was
used to test the differences between the treatments. The following variable met the assumption of normality:
relative abundance data.

If the data was not normally distributed, generalized mixed effect models (GLM) were built using the Ime4
package of R [87]. The following variables did not meet the assumption of normality: cricket survival, total
biomass, and female and male individual weight. The GLM models were compared based on the Second-
order Akaike information criterion (AIC) values, and the best-fitting models with the lowest AIC were
selected [88]. In the case of the total biomass, female and male individual weight data, the model including
an interaction between temperature and density was the model best fitting the data; the experimental run
included a random factor. A GLM with binomial distribution was used to compare survival. The best-fitting
model for the survival data used temperature as a fixed factor and the experimental run as a random factor.

In case a factor had a significant effect, pairwise comparisons were carried out with the Package ‘emmeans,’
version 1.8.4-1 from R [89] or with Tukey’s honest significant test (HSD) test. Data were visualized using
the R package ggplot2 [90].
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3. Results

The following experiments combined three densities and three temperatures into nine treatments to test
their effect on cricket survival, total biomass, and relative viral abundance.

Cricket survival

The temperature had a main effect on cricket survival (Figure 1, Supplementary Table S3). No effect of
density or interaction between temperature and density was detected on survival. Survival was higher for
crickets reared at 25 °C than for those reared at 30 °C (p = 0.0111). No difference in cricket survival was
seen between 25 °C and 35 °C or 30 °C and 35 °C (p = 0.5210 and 0.1693, respectively).
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Figure 1. Median cricket survival calculated over the three experimental runs. Temperatures tested are
indicated along the X-axis. The Y-axis represents survival (%), horizontal lines depict the median, boxes
indicate the lower and upper quartiles, vertical lines extend to minimum and maximum values, black dots
represent outliers. Boxplots that have no letters in common differ significantly.
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Cricket biomass
Total biomass of the surviving individuals

The total harvested biomass of surviving crickets differed significantly between treatments; there was an
interaction between rearing temperature and rearing density (Figure 2, Supplementary Table S2). The three
treatments with the lowest rearing density of 10 individuals per box resulted in significantly lower produced
biomass compared to all other treatments. Between the three treatments with density 10, at 25 °C, a
significantly lower weight was produced compared to the 30 °C and 35 °C treatments (p = 0.0002 and
0.0004, respectively). There was no significant difference at density 10 between the temperatures 30 °C
and 35 °C (p = 1.000). At the density of 20 individuals per box, the pattern was similar to density 10; at the
two higher temperatures of 30 °C and 35 °C, significantly higher biomass was recorded than at 25°C (p =
0.0098 and 0.0375, respectively). The biomass at 30 °C and 35 °C for density 20 did not differ significantly
from each other (p = 1.000). Among all treatments, those with a density of 40 individuals per box resulted
in the highest average total harvested biomass. However, total biomass at the density of 40 individuals per
box was similar at the three tested temperatures (p = 0.1112, 0.4317, and 0.9988, respectively). The exact
p values for the pairwise comparisons can be found in Supplementary Table S2.
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Figure 2. Total harvested biomass (g) for each treatment group. Temperatures are indicated along the X-
axis per density tested, indicated above the figure (D10, D20, or D40). The boxplots show the median total
biomass (bold horizontal line), boxes depict lower and upper quartiles, vertical lines extend to minimum
and maximum values, and black dots represent outliers. Boxplots that have no letters in common differ
significantly.
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Individual weight of the surviving crickets, separated by genders

The median individual weight of the crickets was significantly affected by both temperatures and by
density. Since gender had a significant effect on the individual weight (p < 0.0001), with females being
heavier than males, the individual weight data for the two genders were analysed separately. The median
individual weight of the surviving female crickets differed significantly between treatments (Figure 3 and
Supplementary Table S4), showing an interaction between rearing temperature and rearing density. The
lowest weight was achieved at 25 °C, which was significantly lower than 30 °C and 35 °C. The female
individual weight was significantly higher at 30 °C compared to 35 °C, at the densities of 20 and 40 crickets.
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Figure 3. Female individual weight (mg) for each treatment group. Temperatures are indicated along the

X-axis per density tested, indicated above the figure (D10, D20, or D40). The boxplots show the median

individual weight (bold horizontal line), boxes depict lower and upper quartiles, and vertical lines extend

to minimum and maximum values, black dots represent outliers. Boxplots that have no letters in common

differ significantly.
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The individual weight of the surviving male crickets differed significantly between treatments (Figure 4
and Supplementary Table S5); there was an interaction between rearing temperature and rearing density.
Similarly to females, the median male individual weight was the lowest at 25 °C for all densities. Male
individual weight differed significantly between 30 °C and 35 °C for the densities of 20 and 40. At 35 °C,
the individual weight of males was significantly higher at density 10 compared to 40.
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Figure 4. Male individual weight (mg) for each treatment group. Temperatures are indicated along the X-
axis per density tested, indicated above the figure (D10, D20, or D40). The boxplots show the median
individual weight (bold horizontal line), boxes depict lower and upper quartiles, and vertical lines extend
to minimum and maximum values, black dots represent outliers. Boxplots that have no letters in common
differ significantly.
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Relative abundance of AdDV

The variance analysis showed a major, significant batch effect on the viral abundance data collected at the
end of the experimental runs, as confirmed by a one-way ANOVA (p = 2 x 10%). Therefore, the three
experimental runs were analysed separately. The initial viral load of the three batches of nymphs was similar
(ANOVA, p =0.773). There was no significant interaction effect between temperature and density on the
relative viral abundance for any of the three experimental runs (p = 0.1635; 0.0866 and 0.5902, respectively)
(Suppelementary Table S1). In the case of experimental run 1, only temperature had a significant effect on
the viral levels (p = 0.0405), being higher at 25 °C than at 35 °C; however, no effect of density was observed
(p=0.7845). For experimental run 2, neither an effect of temperature nor density was observed (p = 0.8391
and 0.2092, respectively). However, in experimental run 3, both temperature and density significantly
affected viral abundance (p = 0.0024 and 0.0047, respectively). Among the three experimental runs (Figure
5), only in the first run a high fold of change in viral abundance was observed; the second and third runs
resulted in minimal overall changes. In the case of experimental runs 1 and 3, rearing at 35 °C tended to
result in lower relative viral abundance.
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Figure 5. Relative viral abundance in the three experimental runs. The Y-axis represents the fold of change
in viral abundance, relative to the start levels, while the X-axis represents the different temperatures (three
left—hand panels) and different densities (three right-hand panels). The boxplots show the lower and upper
quartiles; vertical lines extend to minimum and maximum values, black dots represent outliers. Boxplots
that have no letters in common differ significantly.
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4. Discussion

For cold-blooded animals and especially insects, the environmental temperature has a strong impact on
survival, developmental rate, reproduction, and behaviour [91-93]. The ambient temperature can be
relatively easily manipulated within the cricket-rearing facilities using ventilation systems. To decide on an
optimal temperature, it is advised to test a range of potential temperatures; however, this did not receive
focus from research so far.

In this study, the temperatures of 25 °C, 30 °C, and 35 °C were selected to cover the likely range of cricket
production in a semi- or fully industrialized facility. Significant differences were observed for the biomass
produced for the different rearing temperatures and densities tested. Harvested cricket biomass showed a
minor effect of rearing at temperatures 30 °C and 35 °C with densities of 10 and 20 crickets per box. At the
rearing density of 40 crickets per box, there were no differences in total biomass between the three
temperatures tested. Another important aspect is the individual body weight of the crickets. Minor
differences in individual body weight between the three densities tested were found. The temperatures of
30 °C and 35 °C resulted in higher body weight for both females and males. A higher individual body
weight is profitable for producers. In addition, higher female body weight can be important for the breeding
stock of an insect-rearing facility, as it will result in higher egg yields [94, 95]. A recent study from 2023
showed that higher rearing densities could reduce the survival of house crickets significantly [68]. From
the productivity perspective, the question might be raised: are the losses due to mortality caused by high
rearing densities outweighed by the higher cricket biomass yield? In the results presented in this article, the
increase of cricket rearing density interacted with the tested rearing temperatures, resulting in a clear
increase in the total harvested cricket biomass. Further research should address the maximum rearing
density that prevents competition for feed and space that may lead to reduced biomass harvest and to an
increased hazard of disease epidemics since high densities are conducive for disease epidemics [37, 73].

The economic impact of viral disease outbreaks is well known for several mass-reared insect species [96,
97], and there are also references directly connecting densovirus outbreaks with economic losses in cricket
production facilities [36]. Decreased rearing densities are hypothesized as a possible solution in house
cricket rearing to avoid viral disease outbreaks, but experimental data supporting this practice is lacking.
The viral abundance data of the experiments described in this article did not unequivocally confirm the
hypothesis of higher rearing densities resulting in higher viral abundance over the density range studied,
although a significantly higher abundance was found at density 40 in one of the three batches. However,
this observation could be due to the high variation of the final viral loads between the experimental runs.
High variation of viral levels is prevalent in the rearing, not just over time but also over life stages
simultaneously present in the facilities. Insect densities in mass-rearing of house crickets are poorly
documented in the literature; expressions are found as number of individuals per volume unit of rearing
container or per surface unit [32] which complicates comparisons among studies. Moreover, in practice,
the surface area in rearing containers is often substantially enlarged by adding carton material, e.g., carton
previously used for holding chicken eggs, as applied in our study. Extrapolation of the densities we studied
to mass-rearing scale is not straightforward and requires additional experiments. Additionally, our data
showed that viral abundance was not impacted by density, but mainly by rearing temperature. Similarly,
there was no effect of rearing density on survival (despite high relative viral loads in some cases), but the
rearing temperature of 30 °C resulted in slightly lower survival than a temperature of 25 °C.

With increasing rearing densities, the occurrence of cannibalism should also be monitored. In our density
experiments, we did not record if cannibalism occurred, but insect rearing often has to deal with losses
caused by cannibalism when the rearing densities are high [81, 98, 99], and crickets are known to be highly
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cannibalistic [100]. Cannibalism can also make the insects more vulnerable to opportunistic pathogens since
the cuticle, the natural barrier preventing the entry of the pathogens, is penetrated. This way, the first
defence of the crickets can be bypassed by pathogens [101]. For densoviruses, however, this might be
different since those infect mainly via oral ingestion [102]. To date, no research addressed the correlation
between the rearing densities and the incidences of cannibalism in crickets. In the rearing of both
Copenhagen University and Wageningen University and Research, personal observations were made of
crickets cannibalising on asymptomatic and AdDV symptomatic individuals. When consuming
symptomatic crickets, relatively high viral exposure can occur for the cannibalistic crickets, which can lead
to a viral infection. However, cannibalism can also suggest feed depletion or may indicate that nutrients are
lacking from the diet used in the rearing system [103-105], which can induce healthy individuals to
cannibalise (diseased) individuals. This can initiate a chain reaction in the rearing, which might lead to the
rapid colony collapses reported as a result of AADV outbreaks. Lacking nutrients can also result in
decreased immune functions of insects [106, 107], making them less resistant to possible pathogen
challenges. House crickets are commonly reared on chicken feed [33, 70], but optimised diets should be
developed to increase feed conversion efficiency and cost-effectiveness. These studies could also evaluate
the effect of different diets on the abundance of AdDV. Furthermore, there are several other factors
influencing the crickets during their rearing, such as humidity and light: dark cycles. The presence of other
viruses and their interaction with the crickets and with AdDV can also have an impact on AdDV levels.
Evaluating these parameters individually and in combination will resolve their effects on cricket production.

5. Conclusions

Temperature and density are key parameters for the cost-efficiency of most animal production facilities.
Our experiments aimed at evaluating the possible effects of varying rearing densities and temperatures on
survival, total biomass, and AdDV abundance in house cricket rearing. Currently, AdDV is the main threat
to house cricket rearing. Whereas a temperature of 35 °C that is considered suboptimal for house cricket
rearing does not appear to be a trigger for AdDV outbreak, the highest density tested may trigger higher
viral abundance, depending on an unknown factor favouring viral replication. The results presented in this
article can be considered as a basis for further research aiming to optimise the production conditions of
cricket rearing for maximum efficiency. Based on the economic aspects of the production, producers can
evaluate what is more beneficial for their facility and rearing setup. However, the actual cost of heating is
mainly dependent on the location and heating, ventilation, and air conditioning systems. Cricket-rearing
facilities can be found in all climatic conditions; the local circumstances and costs will determine which
temperatures are better suited for the production and/or are more economically viable to maintain in the
facility.
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Supplementary Tables and Figures

Table S1. Analysis of variance (ANOVA) output tables for the three experimental runs on relative
viral abundance data.

Experimental run 1

Analysis of variance

Df SS MS F  p-value
Temp 2 12.87 6437 3.509 0.0405
Dens 2 0.9 0448 0.244 0.7845
Temp:Dens 4 12,73 3.184 1.736 0.1635
Residuals 36 66.03 1.834
Experimental run 2 Analysis of variance
Df SS MS F  p-value
Temp 2 0.61 0.306 0.176 0.8391
Dens 2 5.67 2.835 1.635 0.2092
Temp:Dens 4 1538 3.845 2217 0.0866
Residuals 36 6244 1.734
Experimental run 3 Analysis of variance
Df SS MS F  p-value
Temp 2 2534 12,671 7.151 0.00243
Dens 2 2216 11.080 6.253 0.00467
Temp:Dens 4 5.04 1259 0.710 0.59016
Residuals 36 63.79 1772
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Table S2. P values for the pairwise comparisons for the biomass data

P= 25°C | 25°C | 25°C | 30°C | 30°C | 30°C | 35°C | 35°C | 35°C
D10 | D20 D40 D10 D20 D40 D10 D20 D40
25°C D10 <.0001 | <0001 | 0.0002 | <.0001 | <.0001 | 0.0004 | <.0001 | <.0001
25°C D20 <.0001 | <.0001 | 0.0098 | <.0001 | <.0001 | 0.0375 | <.0001
25°C D40 <.0001 | <0001 | 0.1112 | <0001 | <.0001 | 0.4317
30°C D10 <.0001 | <.0001 | 1.0000 | <.0001 | <.0001
30°C D20 <.0001 | <0001 | 1.0000 | <.0001
30°C D40 <.0001 | <.0001 | 0.9988
35°C D10 <.0001 | <.0001
35°C D20 <.0001

Table S3. Survival, harvested biomass and individual weight of house crickets reared at nine
combinations of temperatures and densities

%) Mean harvested  Mean female Mean male
* biomass (mg) weight (mg) weight (mg)
(£SE) (+SE) (£SE)

Survival (

Treatment (-SE)

25°CDI0 793 (x7) 2114467 (£5) 273 (£7.22) 246 (+6.23)
25°C D20 83.0 (£5) 4442.133 (£4.29) 294 (£6.57) 241 (24.42)
25°C D40 833 (+4) 8834267 (£2.85) 283 (14.12) 244 (+3.4)
30°CDI0  81.3(£7) 2832.400 (£7.59) 389 (£10.88) 315 (+8.69)
30°C D20 78.3 (£5) 5553.400 (£5.71) 400 (£7.44) 308 (£6.26)
30°C D40 77.0 (+4) 10491.133(£4.02) 391 (£6.44) 301 (£3.53)
35°C D10 84.7(+8) 2785.933 (£5.55) 339 (+8.02) 302 (£6.02)
35°C D20 82.7(£5) 5408.000 (£4.4.) 364 (£521) 279 (24.3)
35°C D40 79.0 (+4) 10065.467 (£3.56) 351 (£4.66) 270 (£3.45)
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Table S4. P values for pairwise comparisons for female individual body weight.

= 25°C[25°C | 25°C |30°C | 30°C | 30°C | 35°C  |35°C | 35°C
DIO |[D20 |D40 |DI0 |D20 |D40 |DI0 D20 | D4o
25°C D10 05244 | 0.9350 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
25°C D20 0.9548 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
25°C D40 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
30°C D10 09940 | 1.0000 | 0.2323 | 0.3979 | 0.0100
30°C D20 09644 | 0.0038 | 0.0025 | <0.0001
30°C D40 00329 | 0.0293 | <0.0001
35°C D10 09983 | 0.9999
35°C D20 0.7292
10 crickets / box 20 crickets / box 40 crickets / box

- 30°C - 30°C - 30°C -

- 30°C - 30°C - 30°C -

- 30°C - 30°C - 30°C -

- 30°C - 30°C - 30°C -

- 30°C - 30°C - 30°C -

Figure S1. Overview of a single experimental run
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Abstract

The house cricket Acheta domesticus is a promising candidate for food and feed purposes. Crickets are
usually reared in high densities to maximize cost effectiveness, but this may imply stressful conditions
affecting cricket fitness and it creates a highly favorable environment for disease outbreaks. In this study,
first, we compared the virulence of six isolates of Beauveria bassiana and of six isolates of Metarhizium
brunneum against house crickets. Second, we investigated the effect of simultaneous stressors on cricket
health, by exposing crickets to selected fungal pathogens (B. bassiana isolate KVL 97-44 or M. brunneum
KVL 20-01) under three different densities. We recorded the effect of co-stressing on cricket mortality,
individual cricket biomass and total cricket biomass. Both the exposure to fungal pathogens and the high
rearing density reduced cricket survival and had a negative impact on total biomass production. The average
individual biomass of females and males in case of B. bassiana exposure was negatively affected, but no
effect of M. brunneum was observed. The increased cricket densities had a minor negative impact on the
individual biomass. The combined effect of the two stressors created a trend towards a lower individual
biomass, but with only a minor effect in the case of B. bassiana exposure. Producers need to consider the
risk of a higher mortality with higher cricket densities, but the increased losses might be outweighed by the
higher total biomass output from the same surface area. Fungal pathogens are a major threat if they appear
in the rearing area, but only if high spore numbers are present, which are less likely to occur when
preventive measures and proper sanitation protocols are established. House cricket producers with good
hygiene and rearing setups can overcome the threats, but constant monitoring and, if necessary, intervention
is required.

Keywords: house cricket, entomopathogenic fungi, density, mass rearing, insects as food
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1. Introduction

In recent years alternative protein sources gained attention and insects, which are promising both for food
and feed purposes, also received increasing interest [12]. The interest is based on several attributes, in
particular the lower environmental impact during the insect production cycle and the lower amount of
resources required per unit of product, when compared to conventional livestock species such as pork, beef,
and poultry [108, 109]. Crickets are one of the promising candidates for mass-rearing as an alternative
protein source. The house cricket Acheta domesticus has a history of traditional small-scale production and
is already used as human food widely in Africa and Asia [17]. Targeting the human food market gives the
advantage of higher revenues, when compared to insect species that are mainly used as animal feed and
therefore have to compete with fishmeal and soymeal prices. House cricket production is already reaching
volumes of 7500 tonnes per year in Thailand alone [28] where some 20.000 farmers rear crickets [22]. The
reason why house crickets are so popular is partly due to their good nutritional qualities, with fatty acid and
amino acid profiles optimal for humans [18-21], and partly due to the relatively uncomplicated production
process [17]. Besides fried in whole, house crickets can also be processed and used as food ingredients [24,
25], allowing easy incorporation into the diet in particular in the western world. This use as food ingredient
allows crickets to be part of meals on a daily basis instead of being consumed as a delicacy.

Crickets have to face many stressors in the rearing [34]. Biotic stressors include microbial entomopathogens
such as viruses, bacteria, and fungi. Entomopathogenic fungi (EPF) enter cricket-rearing facilities from
outside, especially in open, semi-industrial facilities, where there are no dedicated heating ventilation and
air conditioning systems (HVAC) in place. The HVAC system, if equipped with high efficiency particulate
air filter (HEPA), can filter out fungal spores from air [110] and prevent infected or vector organisms from
entering the facilities. Infections can still be introduced into the facilities via contaminated equipment,
personnel or feedstock.

Up to 700 EPF species have been described belonging to 100 different orders [111]. Only a few of these
are described in detail and these are mostly species used for biological control of insects [56]. From these
selected species, more than 170 products are registered and sold as biopesticide [112] which currently
represent 19 % of the global biopesticide market [53]. The majority of the EPF products are based on species
of the genera Beauveria and Metarhizium, which together represent 70% of the products currently on the
market [53, 56, 112]. The success of EPFs to infect their insect hosts depends on various biotic and abiotic
parameters [113]. Environmental temperature is one key parameter, for instance most Beauveria and
Metarhizium isolates are effective between temperatures ranging from 20 to 30 °C [114-116]. Upon
successful infection of the hosts, the ambient temperatures can also affect the infection rates and the speed
of kill [115]. Another key parameter for successful EPF infection is high relative humidity [116], which is
a critical factor for fungal spore germination [115]. House cricket rearing facilities are often located in areas
with high environmental temperatures and high humidity and therefore provide suitable environments for
different EPFs to infect the crickets, which are present in high densities in the rearing units.

Beside microbial pathogens, rearing density as a biotic stressor also plays an important role in disease
dynamics in insect rearing systems [35]. Elevated rearing densities have negative effects on production
parameters, as shown for other mass-reared insect species such as the black soldier fly [117]. For other
species, such as the yellow mealworm (Tenebrio molitor L.), the best growth was achieved at a relatively
low density (0.5 larvae/cm®) [66]. Therefore, similarly assessing the possible effects of cricket rearing
density on the survival, individual biomass and total biomass produced is highly important to optimize the
production. Insect densities in rearing units are usually not reported as the number of individuals per unit
of surface area (cm?), but as number of individuals per unit volume of the rearing space. For cricket rearings,
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the fundamental issue with this latter density measure is that almost every cricket production unit is
equipped with surface-increasing structures [29], which can be egg trays or carton paper structures,
therefore the actual available area for crickets is more appropriately expressed in number of
individuals/cm®. Recent research on cricket rearing densities highlighted the importance of choosing
optimal ratios of individuals per surface area to limit mortality [68].

This study aimed to assess the virulence of different Beauveria bassiana and Metarhizium brunneum
isolates by measuring the mortality of house crickets exposed to those isolates. In addition, the study also
investigated the combined effect of fungal exposure and cricket density to test potential co-stressing effects.
We used the most virulent isolate of each of the fungal species and three cricket densities and measured
cricket survival, individual biomass and total biomass.

2. Materials and methods

Cricket rearing

House crickets were reared at Copenhagen University, Section Organismal Biology. The crickets were kept
in climate-controlled incubators in plastic containers (32 x 21 x 23 cm), with a 12:12 L:D cycle, at 30 °C
with a relative humidity (RH) ranging between 65-70 %. The crickets were fed with grinded chicken feed
(Gold 4 Gallico Pellet, Versele Laga, Brough United Kingdom), water gel and organic cucumber slices
sourced from local supermarkets. Crickets used for the entomopathogenic fungi exposure experiment were
30 days old at the start of the experiment and were followed for an additional eight days. Crickets used for
the co-stressing experiments were 20 days old at the start of the experiments and were followed for an
additional 20 days, when they reach the approximate harvest size in industrial conditions.

Spore collection

Entomopathogenic fungi from the culture collection at Section of Organismal Biology, Copenhagen
University were used in the experiments. In total, twelve isolates, six B. bassiana and six M. brunneum
(Table 1), were screened for their virulence against the house crickets.

The EPFs were cultured in 90-mm diameter Petri dishes on Sabouraud dextrose agar with yeast added
(SDA-Y) [118], at 25 °C in complete darkness for 30-40 days. Conidia were harvested by adding 10 mL
0.05 % Triton-X to a plate, then rubbing with a sterilised Drigalski spatula, avoiding stirring up the agar
[113]. Conidia concentrations were determined with a Neubauer haemocytometer (Hausser Scientific
Company, Horsham, USA) under phase contrast microscopy and conidia were subsequently diluted with
0.05 % Triton-X to a concentration of 1 x 10® conidia/ml.

EPF virulence

Crickets of 30 days old (counted from hatching) were anesthetized by CO, and then submerged into a
solution of 1 x 10® conidia/ml for a few seconds. Control treatments were similarly submerged in 0.05 %
Triton-X solution. Twenty crickets were used for each isolate and control treatments. Subsequently, the
crickets were placed individually in plastic containers (volume 350 ml, diameter: 89 mm, height: 85 mm)
in climate-controlled incubators as described above and were checked daily to record survivorship and to
provide water and feed. To provide optimal conditions for the spores to germinate and penetrate the cricket
cuticle, slices of cucumber were placed in the containers to increase the local RH.
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Table 1. EPF isolates used in the virulence screening. (KVL: EPF culture collection at Section of
Organismal Biology, University of Copenhagen and CECT: Spanish Culture Type collection)

| Nr. | Isolate number | Species | Origin \
1 KVL 97-44 B. bassiana Zimbabwe
2 KVL 03-90 B. bassiana Denmark
3 KVL 03-127 B. bassiana Denmark
4 KVL 03-144 B. bassiana Denmark
5 KVL 04-17 B. bassiana Nicaragua
6 KVL 12-20 B. bassiana Colombia
1 KVL 00-89 M. brunneum Denmark
2 KVL 12-18 M. brunneum Switzerland
3 KVL 12-30 M. brunneum Denmark
4 KVL 16-36 M. brunneum Sweden
5 KVL 19-39 M. brunneum Slovenia
6 KVL 20-01 (CECT M. brunneum Spain

20784)

Co-stressing using EPF and density

For the density and EPF co-stressing experiment, plastic containers of 10 x 14 x 6 cm with a mesh-covered
opening added to the lids to allow ventilation were used to house the crickets. Similar to the main rearing,
the plastic containers were placed in climate-controlled incubators with 12:12 L:D cycle, at 30 °C with the
RH ranging between 65-70 %. A single piece of cardboard egg tray (5 x 5 x 7 cm) was inserted in every
box to provide the crickets with hiding space. Grinded chicken feed, water gel and organic cucumber slices
were provided as feed and water sources. Crickets were kept in three densities: 10, 20 or 40 individuals in
a container. In containers with 40 individuals, two feed trays (3.5 x 0.2 cm) were provided instead of one
to prevent possible stress due to limited access to feed [67]. Feed and water were checked daily and were
replenished to ensure ad libitum availability.

Crickets of 20 days old (counted from hatching) were anesthetized by CO», and were then submerged into
a solution of 1 x 10® conidia/ml for a few seconds. The most virulent B. bassiana isolate (KVL 97-44) and
the most virulent M. brunneum isolate (KVL 20-01) were selected. For each of the three density groups, 10
containers were used, of which half was exposed to the EPF and half was only exposed to Triton-X as a
control treatment. To provide optimal conditions for the spores to germinate and penetrate the cuticle, slices
of cucumber were placed in the containers to increase the local RH.

The experiments were finished when the crickets reached the age of 40 days, by which time the majority of
crickets had reached adulthood. Surviving individuals were counted, sexed and their biomass was recorded.
The B. bassiana experiment consisted of three experimental runs, conducted between May and September
2021 and the M. brunneum experiment consisted of two experimental runs, conducted between October
and December 2021.

Data analyses

Data were analysed with R, version 4.2.2 (2022-10-31) [85] and R Studio (2020). In case of the EPF
virulence results, a Cox regression analysis was used [119] to calculate the hazard ratios for each isolate
using the survival package. Normality tests were conducted with the Shapiro—Wilk test of normality [86].
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When the datasets met the required assumptions, analysis of variance (ANOVA) or Linear mixed effect
models (LMER) were used to test the differences between treatments. This was the case for male individual
biomass in the B. bassiana and the M. brunneum experiments. When the assumptions were not met,
generalized mixed effect models (GLM) were used, with the Ime4 package of R [87]. This was the case for
the female individual biomass, cricket survival, total biomass, female individual biomass for both the B.
bassiana and the M. brunneum experiments. The GLM models were compared based on the second-order
Akaike information criterion (AIC), the best fitting models with the smallest AIC were selected [88]. A
GLM with binomial distribution was used to compare survival of the crickets for both isolates tested in the
co-stressing experiments. The best fitting model for the survival data was using temperature as a fixed
factor and the experimental run as a random factor. In case of the total biomass data, the model including
an interaction between temperature and density was the best model fitting the data, with experimental run
included as a random factor. In case the factors had a significant effect, pairwise comparisons were carried
out with the Package ‘emmeans’, version 1.8.4-1 from R [89] or with the Tukey’s honest significant
difference test (HSD) test. Data was visualized using the R package ggplot2 [90].
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3. Results

Screening EPF isolates for virulence

No significant differences in virulence were found between the different B. bassiana isolates and the control
treatment (Figure 1, Table S5). Although not significantly different from the control, strain KVL 97-44
resulted in the lowest survival probability of 46.5 % after § days.
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Figure 1. Average survival probability (%) of house crickets exposed to isolates of the entomopathogenic
fungus Beauveria bassiana, for different days post exposure, based on Kaplan-Meier estimates. Names of
the different isolates are listed above the figure, each corresponding to a different color. N.s.: no significant
differences in the time course of survival probability between isolates.
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Significant differences in virulence were found between the tested M. brunneum isolates (Figure 2 and
Table S6) and all the isolates except KVL 00-89 were significantly different from the control. KVL 20-01
was the most virulent isolate, with a survival probability of 10.0 % after 8 days.
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Figure 2. Average survival probability (%) of house crickets exposed to isolates of the entomopathogenic
fungus Metarhizium brunneum, for different days post exposure, based on Kaplan-Meier estimates. Names
of the different isolates are listed above the figure, each corresponding to a different color. If there are no
shared letters indicated with the curves at day 8, survival probability differed significantly between isolates.
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Combined effect of cricket density and Beauveria bassiana exposure
Survival

Cricket survival was significantly affected by cricket density and exposure to B. bassiana while there was
no interaction between the two factors (Figure 3) (p > 0.05). A higher density led to a lower survival, with
the survival at density 40 being significantly lower than the survival at both density 10 (p < 0.0001) and 20
(p <0.0001). The survival at density 20 was similar to the survival at density 10 (P = 0.2580). Exposure to
B. bassiana significantly reduced cricket survival compared to no exposure (p = 0.0004).
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Figure 3. Median cricket survival recorded (%) for three different cricket densities (a) and in response to
exposure to spores of Beauveria bassiana (EPF B.B.) or non-exposure (control) (b). In the boxplot, the
horizontal line depicts the median, the boxes indicate the lower and upper quartiles and the vertical lines
extend to minimum and maximum values. Boxplots that have no letters in common differ significantly.
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Female individual biomass

Female individual biomass was affected by an interaction between density and exposure to B. bassiana
(Figure 4). When exposed to B. bassiana, female mean biomass was significantly higher at density 10 than
at densities 20 and 40 (p = 0.0088 and 0.0024, respectively) or than density 20 non-exposed (control) (p =
0.0069), but was not significantly higher than the control treatments at density 10 and 40 (p = 0.2051 and
0.3039). There was no significant difference in female mean biomass between any of the non-exposed
(control) treatments at any density. There was no significant difference in female mean biomass between
exposed or non-exposed (control) treatments at density 20 (p = 1.0000 and 1.0000), or between the density
40 exposed or non-exposed (control) (p = 0.3077).

Density 10 Density 20 Density 40
0.6
AB A B AB
B B
o 04
[}
0
]
£
k)
a
(]
©
§
w 02
0.0
control EPF B.B. control EPF B.B. control EPF B.B.
Treatments

Figure 4. Female biomass (g) for each treatment group. Non-exposure (control) or exposure to Beauveria
bassiana (EPF B.B.) is indicated along the X-axis, per density tested, indicated in the top of the figure
panel. In the boxplot, the horizontal line depicts the median; the boxes indicate the lower and upper
quartiles and the vertical lines extend to minimum and maximum values. Boxplots that have no letters in
common differ significantly.
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Male individual biomass

Male biomass was affected by both B. bassiana exposure and by cricket density and there was an interaction
between the two factors (Figure 5). With increasing density male biomass seemed to decrease and this trend
was further affected by B. bassiana exposure, although not significantly. The individual male body biomass
at density 40 with exposure was significantly lower than that observed at density 10 (both exposure and
non-exposure (control)) and density 20 control (p = 0.0048, 0.0107 and 0.0170, respectively).
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Figure 5. Male biomass (g) for each treatment group. Non-exposure (control) or exposure to Beauveria
bassiana (EPF B.B.) is indicated along the X-axis, per density tested, indicated in the top of the figure
panel. In the boxplot, the horizontal line depicts the median; the boxes indicate the lower and upper
quartiles and the vertical lines extend to minimum and maximum values. Boxplots that have no letters in
common differ significantly.
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Total biomass

Total cricket biomass was significantly affected by an interaction between B. bassiana exposure and cricket
density (Figure 6). The lowest density resulted in the lowest biomass, which was significantly lower than
for all the other treatments. Exposure to B. bassiana did not cause significantly lower biomass than the
controls at density 10 (p = 1.0000) and density 20 (p = 0.0979). At density 20, a significantly lower total
biomass was collected than at density 40, and no significant difference was found between the non-exposed
(control) and B. bassiana-exposed group (p = 0.0979). In case of density 40, crickets that had been exposed
to B. bassiana had a significantly lower total biomass than non-exposed (control) crickets (p = 0.0173).
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Figure 6. Total harvested biomass (g) for each treatment group. Non-exposure (control) or exposure to
Beauveria bassiana (EPF B.B.) is indicated along the X-axis, per density tested, indicated in the top of the
figure panel. In the boxplot, the horizontal line depicts the median; the boxes indicate the lower and upper
quartiles and the vertical lines extend to minimum and maximum values. Different letters indicate
significant differences between the treatments. Boxplots that have no letters in common differ significantly.
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Combined effect of cricket density and Metarhizium brunneum exposure
Survival

Cricket survival was significantly affected by cricket density and the exposure to M. brunneum, while there
was no interaction between the two stressors (Figure 7). A higher density led to a lower survival, with the
survival at density 40, being significantly lower than at density 10 and 20 (p < 0.0001 and p = 0.0003
respectively). The survival at density 20 was significantly lower than at density 10 (p = 0.0187). Exposure
to M. brunneum had significantly reduced cricket survival compared to no exposure (control; p = 0.0003).
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Figure 7. Median cricket survival recorded (%) for three different cricket densities (a) and in response to
exposure to spores of the Metarhizium brunneum (EPF M.B.) or non-exposure (control) (b). In the boxplot,
the horizontal line depicts the median; the boxes indicate the lower and upper quartiles and the vertical
lines extend to minimum and maximum values. Different letters indicate significant differences between the
treatments. Boxplots that have no letters in common differ significantly.
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Individual female biomass

Individual biomass of female house crickets was not influenced by either density or exposure to M.
brunneum and there was no interaction between the two stressors (p > 0.05; Figure 8). All treatments
showed the same average female biomass.
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Figure 8. Individual female biomass (g) for each treatment group. Non-exposure (control) or exposure to
Metarhizium brunneum (EPF M.B.) is indicated along the X-axis, per density tested, indicated in the top of
the figure panel. In the boxplot, the horizontal line depicts the median, the boxes indicate the lower and
upper quartiles and the vertical lines extend to minimum and maximum values.
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Individual male biomass

Individual biomass of male house crickets (Figure 9) was not influenced by either density (p = 0.5698) or
exposure to M. brunneum (p = 0.2415) and there was no interaction between the two terms either (p =
0.0949; Figure 9). All treatments showed the same average male biomass.
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Figure 9. Male biomass (g) for each treatment group. Non-exposure (control) or exposure to Metarhizium
brunneum (EPF M.B.) is indicated along the X-axis, per density tested, indicated in the top of the figure
panel. In the boxplot, the horizontal line depicts the median; the boxes indicate the lower and upper
quartiles and the vertical lines extend to minimum and maximum values.
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Total biomass

Total cricket biomass was significantly affected by an interaction between M. brunneum exposure and
cricket density (Figure 10). Rearing crickets at a density of 10 resulted in the lowest biomasses observed,
significantly lower than all the other densities, but the exposure to M. brunneum did not cause a significant
difference in total biomass at density 10 (p =0.9950). Crickets reared at density 20 had a significantly lower
total biomass than crickets reared at density 40, but there was no significant difference between the control
and M. brunneum-exposed groups at density 20 (p = 0.1450). At the density of 40, the total biomass of the
control and M. brunneum-exposed groups differed significantly (p < 0.0010), with the M. brunneum-
exposed group having a lower biomass.
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Figure 10. Total harvested biomass (g) for each treatment group. Non-exposure (control) or exposure to
Metarhizium brunneum (EPF M.B.) is indicated along the X-axis, per density tested, indicated in the top of
the figure panel. In the boxplot, the horizontal line depicts the median; the boxes indicate the lower and
upper quartiles and the vertical lines extend to minimum and maximum values.
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4. Discussion

House crickets are a promising species to be mass-produced as human food, but various stressors can cause
losses in the rearing. These stressors can be temperature [69], rearing density [68] and various
entomopathogens such as viruses [36], bacteria [34] or entomopathogenic fungi [34]. In the rearing
environment, stressors will be present simultaneously and will interact with each other and the crickets
themselves, creating a complex system to examine. Here, we set out to test the effects of a combination of
stressors on cricket biomass. After a screening and selection process of strains belonging to the two most
commonly known entomopathogenic fungal species, M. brunneum and B. bassiana, one isolate of each was
chosen. The selected isolates were separately combined with three different rearing densities, creating six
treatments per isolate, of which half were exposed to the EPF, while density was applied as a single stressor
and was regarded as the control treatment.

Variation in host range and virulence has been described for both Beauveria and Metarhizium [120]. For
instance, insects belonging to the orders of Lepidoptera, Coleoptera and Diptera showed different responses
to isolates of B. bassiana and against each order of insects B. bassiana showed differences in virulence and
pathogenicity [121]. Several of the screened B. bassiana isolates did not induce a significantly different
mortality in the exposed crickets compared to the non-exposed control, even with the use of a high conidia
concentration (1 x 10% conidia/ml). Other exposure experiments with similar concentrations, resulted up to
70-90% mortality rates for Schistocerca gregaria, Bemisia tabaci and Trialeurodes vaporariorum [122,
123].

Based on the results of the screening we used the most virulent M. brunneum isolate, KVL 20-01, which
caused a significantly higher mortality compared to all other M. brunneum isolates. For B. bassiana isolates,
no significant differences were detected, but the isolate KVL 97-44 caused the highest mortality and was
selected for use in the co-stressing experiments. The choice of rearing density is a crucial decision for insect
rearing [66] and especially for cricket producers. The aim is to maximize the biomass produced in the
available rearing space, but at the same time to avoid unnecessary losses due to crowding in the facilities.
Establishing the rearing facilities is a major cost in insect mass-rearing [79], therefore the best possible
utilization of the area is necessary, finding a balance between a healthy population and biomass production.
Increased densities in the experiments resulted in reduced survival, in line with the findings of
Mahavidanage et al. [68]. Other parameters, such as appropriate feeding surface, also have to be considered
to avoid competition for feed and possible relevant consequences [67]. Producers also need to consider that
high-density cricket rearing environments are susceptible to viral disease outbreaks [26, 45] and crickets
are known to host a wide range of viruses [17, 36]. In case of biomass production, an interaction between
the rearing densities and exposure to EPFs was observed. At the highest rearing densities, the detrimental
effect of the EPFs on cricket survival was stronger, indicating the importance to assess the possible stressors
in combination. High rearing densities may also come with other challenges for cricket producers, such as
increased risk of disease transmission and cannibalism, which is known to occur in house cricket rearing
[100]. The occurrence of cannibalism in crickets can also in part explain the decreased survival at higher
densities. Although high rearing densities presented here seem favourable from the biomass production
perspective, the decreased survival rates show the need for further studies to optimize all aspects of house
cricket mass-rearing. Such studies need to examine the diet, temperature, entomopathogens and the
interactions between these factors before extrapolating the results presented to a mass-rearing scale.

Combined stresses also can trigger well-known viral pathogens such as 4. domesticus densovirus (AdDV)
and cricket producers need to pay special attention to this risk as well. Further studies should also examine
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the effect of exposure to entomopathogenic fungi on the levels of AdDV, to see if the combined effect has

a detrimental effect on cricket survival due to virus-induced mortality.
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Supplementary Tables and Figures

Table S1. Pairwise comparison p values for the female weight data, for B. bassiana.

D10 Control | D10 EPF D20 Control | D20 EPF D40 Control | D40 EPF
BB BB BB
D10 Control 0.205 0.990 0.986 0.952 0.986
D10 EPF 0.006 0.008 0.303 0.002
BB
D20 Control 1.000 0.274 1.000
D20 EPF 0.307 1.000
BB
D40 Control 0.132
Table S2. Pairwise comparison p values for the male weight data, for B. bassiana.
D10 Control | D10 EPF D20 Control | D20 EPF D40 Control | D40 EPF
BB BB BB
D10 Control 1.000 0.976 0.465 0.095 0.004
D10 EPF 0.979 0.525 0.140 0.010
BB
D20 Control 0.842 0.292 0.017
D20 EPF 0.971 0.380
BB
D40 Control 0.750
Table S3. Pairwise comparison p values for the biomass data, for B. bassiana.
D10 Control | D10 EPF D20 Control | D20 EPF D40 Control | D40 EPF
BB BB BB
D10 Control 1.000 <0.001 <0.001 <0.001 <0.001
D10 EPF <0.001 <0.001 <0.001 <0.001
BB
D20 Control 0.097 <0.001 <0.001
D20 EPF <0.001 <0.001
BB
D40 Control 0.017
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D10 Control | D10 EPF D20 Control | D20 EPF D40 Control | D40 EPF
M.B. M.B. M.B.

D10 Control 0.995 <0.001 <0.001 <0.001 <0.001
D10 EPF <0.001 <0.001 <0.001 <0.001
M.B.

D20 Control 0.145 <0.001 <0.001
D20 EPF <0.001 <0.001
M.B.

D40 Control <0.001

Table S4. Pairwise comparison p values for the biomass data, for M. brunneum

Table S5. Pairwise comparisons of the B. bassiana strains using Log-Rank test. p value adjustment method:
Benjamini-Hochberg (BH).

Isolates CONTROL [KVL 03- |KVL 03- |KVL 03- |KVL 04- |KVL 12-
127 144 90 17 20

KVL 03- | 0.87

127

KVL 03- [ 0.50 0.60

144

KVL_03-90 | 0.66 0.84 0.84

KVL 04-17 | 0.58 0.66 0.88 0.87

KVL 12-20 | 0.88 0.84 0.50 0.66 0.50

KVL 97-44 | 0.50 0.50 0.89 0.84 0.87 0.50

Table S6. Pairwise comparisons of the M. brunneum strains using Log-Rank test. p value adjustment
method: Benjamini-Hochberg (BH).

Isolates CONTROL | KVL 00-89 | KVL 12- |KVL 12- |KVL 16- |KVL_19-
18 30 36 39

KVL 00-89 | 0.651

KVL 12-18 | 0.726 0.354

KVL 12-30 | 0.001 0.004 0.000

KVL 16-36 | 0.844 0.485 0.809 0.000

KVL 19-39 | 0.077 0.027 0.205 <0.0001 0.148

KVL 20-01 | <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.008
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Abstract

The house cricket, Acheta domesticus, is a commonly reared insect for food and feed purposes. Acheta
domesticus is often infected with Acheta domesticus densovirus (AdDV), a single-stranded DNA virus that
can cause high mortality resulting in collapse of house cricket colonies. AdDV infection and disease
outbreaks in cricket mass-rearing can be prevented by either obtaining virus-free crickets or reducing virus
spread. To limit virus spread, a better understanding of how viral levels vary and how the virus is transmitted
during cricket development is needed. Viral levels were measured throughout the rearing cycle using
quantitative PCR on samples collected 1) simultaneously from different life stages present in the rearing
room at a given time and 2) weekly from a single rearing container that was monitored during the successive
stages of development. To study viral tissue tropism and to infer the route of virus transmission, viral levels
were measured in various tissues from mated and non-mated adult crickets. Ovaries of both unmated and
mated females and the spermatheca of mated females were collected, while testes and accessory glands
were collected from unmated and mated males. Guts were collected from both genders. Our results showed
that viral levels increased in the course of development of nymphs into adults. Interestingly, for both
genders, unmated individuals had significantly lower viral levels than mated individuals. Furthermore,
AdDV was present in every tested tissue, but at different levels. In both mated and unmated females, the
gut and ovaries showed higher viral levels than the spermatheca of mated females. The dissected male
tissues all had similar viral levels. The results presented suggest that AdDV is both horizontally and
vertically transmitted among house crickets and provide relevant information for future work on
establishing virus-free cricket lines.

Keywords: Acheta domesticus, Acheta domesticus densovirus, house cricket, insect production, insects as
food and feed, cricket viruses, entomopathogenic viruses, mass-rearing
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1. Introduction

The house cricket, Acheta domesticus L., has a long history of commercial production as pet and zoo feed
[45] as well as a food source, mainly in Asia [29] but also in other parts of the world [17]. House crickets
have a favorable nutritional profile [18, 20], making them a good candidate as a food ingredient [78]. In
2022, partially defatted house cricket powder was authorized by the European Food Safety Authority [23]
for use as food which is sold in the European Union from early 2023 onwards. This legalization can boost
production volumes as crickets and their derived products have already been tested to be used as ingredients
in food [24, 25]. The increasing interest in house cricket production also increases the importance of stable,
consistent and economically viable production of this species. However, house cricket production can be
jeopardized by the Acheta domesticus densovirus (AdDV), which is known to cause epidemics and colony
collapse in production facilities [26, 36, 43-45]. AdDV is a single-stranded DNA virus from the
Parvoviridae family [43, 124], belonging to the insect-specific subfamily Densovirinae. Viruses belonging
to this subfamily are usually highly virulent to their host [51]. Other cricket species, including the
commercially produced Gryllus bimaculatus and Gryllodes sigillatus [45], can also harbour AdDV, and
although AdDV does not cause mortality in these species, it is unknown whether (mild) adverse effects
occur [45]. In A. domesticus, AADV is often present in a covert state, not causing any visible symptoms.
Knowledge on which factors trigger an AdDV epidemic is currently limited [69], hampering the
possibilities of preventive or curative methods. A crucial aspect of virus infection dynamics is the
transmission route of the virus, since the mode of transmission influences the spread and prevalence of the
virus in the population [125]. The two main types of viral transmission are vertical and horizontal
transmission, and both forms can occur simultaneously [126]. Vertical transmission occurs when the
parental generation transmits the virus to the offspring, for instance via the eggs or via sperm [125].
Transmission via the eggs can happen either on the egg surface (transovum transmission), or within the
eggs (transovarial transmission) [127-130]. Horizontal transmission can take place in many forms: by
ingesting contaminated feed [36], via cannibalism [131], or also via the feces. During mating, both
horizontal and vertical transmission can take place simultaneously. Males and females can transmit the
virus to each other during mating (sexual transmission) [132, 133], which is considered as horizontal
transmission. At the same time, the virus can be paternally (via the sperm) or maternally (via the eggs)
transmitted to the offspring, which is considered as vertical transmission. House cricket rearing facilities
are an ideal environment for virus transmission with the temperature and humidity settings favoring growth
of crickets and, with a high cricket density, resulting in frequent contact between individuals, food and feces
[27, 34]. Current knowledge on AdDV transmission in crickets is very limited and a better understanding
of virus transmission will help to optimize rearing strategies to prevent or reduce transmission and to lower
the likelihood of viral outbreaks. For example, viral levels could be reduced by limiting horizontal
transmission using disinfection procedures. Alternatively, if transmission is mainly vertical, but the
efficiency of vertical transmission is < 100%, virus-free cricket-breeding stocks could be created by
selecting uninfected individuals. Virus-free house cricket breeding stocks could be also established by
identifying the optimal interference point in the vertical transmission of the virus. Additionally,
densoviruses are known to be capable of replicating in many of the insect host tissues including the fat
body, gut and ovaries [134, 135]. Measuring viral levels in different tissues can give clues about the mode
of transmission: with horizontal transmission, high viral levels are expected in the gut since this is the organ
through which the virus enters the body after oral infection, while in case of vertical transmission, high
viral levels are expected in the reproductive tissues. Therefore, we investigated viral levels in different
tissues of crickets, including mated and non-mated individuals. In addition, we measured viral levels during
nymphal development and in the adult stage.
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2. Materials and methods
House cricket colony

The A. domesticus colony has been kept at the Laboratory of Entomology, Wageningen University &
Research, since 2006. Crickets are housed in 40 L plastic containers in a climate chamber at ~28°C with
~50% relative humidity (RH) and are provided with chicken feed (Kuiken Opfokmeel, Kasper Fauna Food,
Woerden, the Netherlands), slices of carrot and water from bird water dispensers. At any given time, six
different age groups (Table 1) are present simultaneously in the rearing, ranging from the youngest instars
to fully developed adults with approximately one week of age difference between them.

Sampling approach

Two sampling approaches were used to investigate viral levels in the different age groups of the house
cricket colony, from pinheads to adults. Firstly, a “snapshot” sampling was done. This involved sampling
pinheads and nympbhs of different ages and adults present in the rearing chamber at a single time point. Five
different age groups, which differed a week in age were sampled in the snapshot sampling (Age groups 1,
2,3, 4 and 6; Table 1). When it was possible to determine the gender (for crickets older than four weeks),
equal numbers of males and females were taken. Secondly, a sequential sampling was also done. To this
end, rearing containers containing recently hatched pinheads were sampled for six consecutive weeks ( age
groups 1 to 6; Table 1). Due to the high number of crickets in a container (several hundreds), the removal
of 16 individuals per week was assumed not to have an influence on cricket density and virus transmission.
The crickets were subsequently stored at -20 °C until DNA extraction.

Table 1. Group numbers with the associated age ranges, average body weight and the samples sizes used
in the two types of sampling approaches.

Age Age of | Average weight (SD) Snapshot Sequential
group | crickets mg sampling sampling
(days) # individuals | # individuals
1 0-7* NA 8 8
NA 8 8
2 7-14 9.718 (2.019) 16 16
3 14-21 47.166 (16.656) 16 16
4 21-28 221.531 (76.119) 16 16
5 28-35%* 304.687 (80.465) - 16
6 35- 356.843 (75.983) 16 16
42***

*Only pinheads were sampled **Only the last nymphal stage before adulthood was sampled. ***Only
adults were sampled. SD: standard deviation. - No sample taken

Tissue dissections

Tissue dissections were performed on non-mated and mated individuals that were six weeks old. To obtain
non-mated adults, five-weeks-old nymphs were collected from the colony. These crickets were separated
by gender into different boxes and kept in incubators under similar conditions as in the main rearing until
sexual maturity was visible at the age of six weeks. To obtain tissues from mated individuals, six-weeks-
old crickets were collected from the main rearing colonies, when crickets are actively mating and depositing
eggs. Collected crickets were transferred to incubators but in this case, genders were kept mixed. Next, both
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mated and non-mated crickets were starved by removing the feed source and were provided with only a
water source 48 h prior to dissection.

Dissections were done under a stereomicroscope in sterile phosphate-buffered saline (PBS). For every
sample, tissues of three individual crickets were pooled to create a sample. For every organ, eight samples
were collected in total. For mated and non-mated females, the gut tracts, the ovaries with the eggs and the
spermatheca (only for mated females; only spermathecae with a spermatophore were collected, indicating
that females had mated. For mated and non-mated males, the gut tracts, the testes and the accessory glands
were collected. Samples were stored in PBS solution at -20°C until DNA extraction.

DNA extraction and qPCR analysis

After the samples were thawed, they were homogenized with a sterile pestle in a 1.5 ml Eppendorf® tube,
which was followed by centrifugation at 14,000 rpm for 10 min. Next, the supernatant was removed and
used for DNA extraction. The DNA extraction was done using the Qiagen DNeasy® Blood and Tissue kit
(Qiagen, Germany), following the ‘Total insect DNA extraction’ protocol, except for sample
homogenization, which was carried out as described above. Quality control of the DNA extraction was
carried out using Nanodrop® ND1000 Spectro-photometer (Thermo Fisher Scientific Inc., United States).

A quantitative PCR (qPCR) was performed to quantify the AdDV viral levels in the samples. To this aim,
a 96 base pair (bp) fragment of the AADV gene encoding the non-structural protein 2 (NS2) was amplified,
using primers reported by Duffield ez al. [27] (Table 1). As a host reference gene, 199 bp of the Acheta
domesticus elongation factor 1 alpha gene (EF1a; Genbank access nr. EU414685.2) was amplified, (Table
2). Reactions were performed with SYBR™ Select Master Mix (Thermo Fisher Scientific Inc., United
States), as described by Takacs et al. [69].

Table 2. Primers used in gPCR.

Primer sequence 5’ to 3’ Amplicon
Name Reference (forward / reverse) size (bp) Gene target
A. domesticus
EFI This study ~ GGAAATCAAGAAGGAAGTCAGC/ 199 elongation
GGCATCCAAAGCCTCAATAAG factor 1 alpha
gene
NS2  Duffield et al, GCGAGCAATCCCGACTACTA/ AdDV non-
2021 CGCGTTGTTGATGTCCTTCC 96 structural

protein 2
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qPCR data normalization

The normalized viral levels of AdDV in the different samples was calculated by the following formula
(after which the outcome of the formula was log;o transformed):

E-Ct(AdDV) ) p=Ct (EFla)

in which E represents the amplification efficiency, which equals two in case of 100% efficiency, and Ct
represents the threshold cycle value of the qPCR amplification either for the viral (AdDV) or the host (EF)
targets [136]. The amplification efficiency was calculated and incorporated for every plate and every primer
pair individually and were in the range of 95-105% for both the host and the viral primers, which was
confirmed with the use of dilution series to obtain a standard curve.

Data analyses and visualization

All data were analysed using R, version 4.2.2 (2022-10-31) [85], and R Studio. To test if the data were
normally distributed, a Shapiro-Wilk test of normality was conducted [86]. For datasets that met the
assumptions of normality and homogeneity of variance (Table S3), a two-way analysis of variance
(ANOVA) or linear mixed effect models were used to test the effect of the variables and their interaction.
If the data did not meet the assumptions of a two-way ANOVA (Table S3), generalized mixed effect models
(GLM) were built using the Ime4 package of R [87]. The GLM models were compared based on the second-
order Akaike information criterion (AIC) values and the best fitting models with the lowest AIC were
selected [88]. In case the factors or the interactions of the factors had a significant effect, pairwise
comparisons were carried out with the Rpackage ‘emmeans’, version 1.8.4-1 [89] or with the Tukey's HSD
(honestly significant difference) test. Data visualization was done using the R package ggplot2 [90].
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3. Results

Viral levels throughout nymphal development into the adult stage — snapshot sampling

The snapshot sampling was used to assess the normalized viral levels in five age groups (Table 1). We
observed higher viral levels for the older age groups 4 and 6 (Fig. 1, Table S1). The age groups 1 and 2 (p
=0.9316), 1 and 3 (p = 0.9316), and 2 and 3, (p = 0.3633) all had similar viral levels. Age groups 1,2 and
3 viral levels were significantly lower than those of age groups 4 and 6 (p < 0.0001 for all comparisons).
Viral levels were also significantly higher for the crickets in age group 6 compared to the age group 4 (p =
0.0131).
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Figure 1. Normalized viral (DNA) levels (relative to the host EFla gene) for each age groups of crickets
sampled from the rearing using snapshot sampling. The Y-axis represents the normalized viral levels, while
the X-axis represents the age groups of the crickets (see Table 1). The boxplots show the median (horizontal
line), the lower 25th, and the third 75th quartiles; vertical lines extend to the lowest and highest values.
Age groups that have no letters in common differ significantly.
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Viral levels throughout the cricket nymphal development into the adult stage — sequential sampling

For the sequential sampling method, the selected rearing containers were sampled weekly for six
consecutive weeks (representing 6 age groups, Table 1). The lowest viral levels found in the crickets
sampled in age group 1, which was significantly lower than found in all other groups (p < 0.0001 for all
comparisons). In age group 2, a large variation can be observed, which caused this group to have similar
viral levels to age group 4 and 5 (Table S2). The highest viral level was observed in crickets sampled from
age group 6, which was significantly higher than in crickets sampled for all of the other age groups (Table
S2). Overall, a consistent increase in viral levels was observed, similarly as it was found in the snapshot
sampling, but the viral levels did not reach similarly high levels like in case of the snapshot sampling.

c
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Figure 2. Normalized viral (DNA) levels (relative to the host EFla gene) for each age groups of crickets
sampled from the rearing using sequential sampling. The Y-axis represents the normalized viral levels, while
the X-axis represents the sampling age groups (see Table 1). The boxplots show the median (horizontal
line), the lower 25th, and the third 75th quartiles; vertical lines show extend to the lowest and highest
values. Age groups that have no letters in common differ significantly.
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Effect of mating and gender on the viral levels in individual crickets

Both mating status and gender had a significant effect on the viral levels in adult crickets of age group 6,
but the best fitting model did not include an interaction term between mating and gender (Fig. 3). A pairwise
comparison showed that male crickets had significantly higher viral levels than female crickets (p = 0.0027)
(Fig. 3A). The viral levels were significantly different between non-mated and mated individuals (p <
0.0001) (Fig. 3B).
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Figure 3. Normalized viral (DNA) levels (relative to the host EFla gene) levels of males and females (A)
and of non-mated and mated adult crickets (B). The Y-axis represents the normalized viral levels (see
comment with Fig. 1), while gender and mating status are indicated along the X-axis. The boxplots show
the median (horizontal line), the lower 25th, and the third 75th quartiles, vertical lines extend to the lowest
and highest values. Boxplots that have no letters in common differ significantly.
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Viral tissue tropism in the different genders - females

In female house crickets, the AADV was detected in all tested tissues. Both the mating status and the tissue
type had a significant effect on the viral levels (p < 0.0001 and p < 0.0001, respectively), but there was no
interaction between these factors (p = 0.8720) (Fig. 4). Among the tissues, the guts and the ovaries had
similar viral levels (p = 0.9143), which were significantly higher than found in the spermatheca (p < 0.0001
and p <0.0001, respectively) (Fig. 4A). The mated female crickets had significantly higher viral levels than
non-mated ones (p < 0.0001) (Fig. 4B).
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Figure 4. Normalized viral (DNA) levels (relative to the host EF1a gene) in tissues of female house crickets
(A) and between non-mated and mated females (B). The Y-axis represents the normalized viral levels, while
the X-axis represents the different tissues (A) (Spermat. refers to spermatheca) and the mating status (B).
The boxplots show the median (horizontal line), the lower 25th, and the third 75th quartiles; vertical lines
extend to the lowest and highest values. Boxplots that have no letters in common differ significantly between
the tissues (4) and between mated and non-mated females (B).
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Viral tissue tropism in the different genders - males

In male house crickets, all the tested tissues were positive for the presence of AADV. There was no effect
of the tissue type on the viral levels (p = 0.0951) (Fig. 5A), only the mating status had a significant effect
on the viral levels (p = 0.0001) and there was no interaction between the mating status and the tissue type

(p = 0.4545) (Fig. 5). Mated males had significantly higher viral levels than the non-mated ones. (p =
0.0001) (Fig. 5B).
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Figure 5. Normalized viral (DNA) levels (relative to the host EF1a gene) in tissues of male house crickets
(A) and between non-mated and mated males (B). The Y-axis represents the normalized viral levels, while
the X-axis represents the different tissues (4) (Acc. gland refers to accessory glands) and the mating status
(B). The boxplots show the median (horizontal line), the lower 25th, and the third 75th quartiles, vertical
lines extend to the lowest and highest values. Boxplots that have no letters in common differ significantly
between the tissues (4) and between mated and non-mated females (B).
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4. Discussion

In this study, we set out to investigate viral levels during the cricket nymphal development into the adult
stage, viral tissue tropism and possible viral transmission routes. We found that the level of AdDV increased
during nymphal development into the adult stage of the house crickets. Viral levels were higher in males
compared to females, and higher in mated adults compared to unmated adults. Furthermore, AdDV was
present in every tested tissue of the adult crickets and significant differences in viral levels were found
between the different tissues of females, with higher levels in the gut and ovaries compared to the
spermatheca. Detailed knowledge on these aspects will help to identify possible interference points with
the aim to develop colonies low in viral levels, or completely free of viruses.

Viral levels were found to increase during cricket nymphal development into the adult stage, with the
highest levels found in the adult stage. In addition, the virus was detected in both the reproductive tissues
and the gut of males and females, indicating that the virus is transmitted horizontally as well as vertically.
Since the body size of the nymphs in the rearing increases over time, and the surface area in the rearing
container remains the same, the frequency of physical interactions (e.g., direct contact, mating or
cannibalism) between individuals will increase, leading to increased probability of horizontal transmission
of AdDV. Furthermore, interaction of the crickets with contaminated surfaces, such as the rearing
containers, surface-enlarging structures therein, feed, feces and conspecifics exposes the insects to higher
quantities of virus. In addition, stress due to physical interactions can have a major impact on the cricket’s
immune defense, which might lead to increased viral levels in the crickets. An earlier publication on AdDV
mentioned that mortality due to AdDV is the most prevalent in the late instars of house crickets [26]. Our
findings are in line with this observation and showed an increase in viral levels during cricket development.
Szelei et al. (2011) found AdDV to be detectable in the air filters of their experimental facilities and
suggested that the virus can also spread via the air [26]. This allows for easy spread and contamination with
AdDV in the entire rearing facility. The above-mentioned scenarios suggest horizontal transmission of the
virus and highlight the difficulty of eradicating the virus once it is already present.

The presence of the virus in the adult reproductive tissues suggests that the virus is also vertically
transmitted. Further work should test the role of eggs or sperm in the vertical transmission, with special
attention to where and at which levels the virus could be found. In particular, it should be analyzed whether
the virus is present inside the eggs or only on the egg surface. If the virus is transmitted on the surface of
the eggs, decontamination treatments could be tested [128, 137]. One possible cost-effective surface
decontamination method could be for instance exposing the eggs to a controlled dosage of UV light.
Preventing vertical transmission from the parental generation to the offspring, or selecting virus-free
offspring if vertical transmission is less than 100%, would allow the establishment of virus-free breeding
stocks of house crickets.

The increase of AdDV levels happens simultaneously with sexual maturation and mating. We found that
mated house cricket exhibited a higher level of AdADV compared to non-mated individuals, and this was
seen for both males and females. The mating status is known to have a strong effect on the immune
investment of the individual. Tradeoffs are inevitable, with allocation of the available resources to mating,
reproduction and associated traits [138]. In most cases, mated females allocate fewer resources to immune
defense compared to non-mated counterparts [139-141]. Similar results were shown for female house
crickets, where a lower immune response was mounted by mated females upon receiving an immune
challenge, compared to non-mated females [142]. This might explain our results of mated females having
a significantly higher viral level compared to non-mated ones. Because egg production is a relatively costly
process for female insects [141] and since it has been shown to reduce the available sources for the immune
system [143], a shift in resource allocation may pave the way for pathogens to increase their levels in
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insects. The hormonal changes induced by mating in females can also have an important role. The
physiological changes associated with maturation, which are induced by mating, are often controlled by
juvenile hormones [141], which were shown to affect immunity [138, 144]. Similarly, re-allocation of
resources can be observed for males that need to invest in sperm production and in mating-related traits. It
is important to mention that in some cases, mating can also have a positive effect on the immune system.
For instance, mated females of Gryllus texensis crickets had a higher chance of survival upon a bacterial
infection compared to non-mated females [145].

Sperm of insects can be utilized by viruses to ‘hitch hike’ to females [146]. After mating, female insects
store the spermatophore from the males in an organ called the spermatheca. This organ is also responsible
for maintaining and releasing the sperm to fertilize the eggs [147]. In the non-mated females, the
spermatheca could not be collected (these were too small to be found), therefore, the changes in the viral
levels in these tissues induced by mating could not been quantified. However, spermathecae were collected
from all mated females (confirming their mated status) and the viral level in the spermatheca was lower
than in all the other female organs. Taking into account the high viral levels found in the testes and accessory
glands of male crickets, the low levels found in the spermatheca were unexpected. However, as sperm was
not collected and tested separately, we cannot conclude if the high viral levels are due to their presence in
the testes or in the sperm itself. The role of the male accessory glands is to facilitate transport and maturation
for the sperm cells and to provide them with nourishment which is essential for sperm viability [148].
Viruses could utilize the accessory glands for the earlier mentioned hitchhiking [146] with a higher
probability of transmission in mated than in non-mated males, which correlates with the high viral levels
also found in the crickets tested. Mating may serve as a signal for AdDV that its host is approaching the
end of its potential life span and vertical transmission via the sperm enhances transmission of the virus.
However, it might be that the virus is present in all tissues of the crickets, and thereby it is difficult to
conclude whether presence in the reproductive tissues results in vertical transmission.

Most house cricket colonies are likely to harbor an AdDV infection present in a covert state, which under
certain circumstances can be triggered to an overt, lethal infection. Outbreaks that wipe out complete mass-
rearings have been reported, resulting in severe financial consequences for the producers [26, 45],
endangering the economic viability of house cricket farming operations. To prevent disease outbreaks an
in-depth understanding of AdDV-cricket interactions, of AdADV transmission and of rearing conditions
triggering lethal outbreaks is needed [69]. Based on the acquired knowledge, effective monitoring methods
and preventive and/or curative methods can be developed and utilized [34, 149].

5. Conclusions

House cricket production can be jeopardized by AdDV and information on viral levels and virus
transmission during cricket development is currently lacking. This knowledge is indispensable for any
preventive treatment aiming to reduce or eradicate AADV in crickets. We found that viral levels steadily
increased over time in the rearing containers, reaching the highest values in adult crickets. This correlates
with observations made by the cricket mass-rearing industry and data from earlier publications showing
that AdDV-induced mortality is the highest for late instars. Mating was shown to increase AdDV levels for
both females and males, suggesting that changes in resource allocation during mating impact cricket
immunity and thereby AdDV levels. Additionally, our results suggest that the virus is transmitted both
horizontally and vertically. Future research should address in depth how the viral particles are vertically
transmitted from the parental generation to the offspring: via sperm, inside the eggs or on their surface. If
the viral particles are not inside the eggs, surface sterilization could be applied to the eggs to establish virus-
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free breeding stocks. Furthermore, to reduce their losses due to AdDV cricket producers could utilize
sanitation treatments that limit horizontal transmission.
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Insect Doctors program, the Insect Rearing Team of the Laboratory of Entomology for maintaining the
rearing and providing the crickets for the experiments.

Supplementary tables

Table S1. P values for pairwise comparisons of the snapshot sampling viral level data.

Week nr. w2 W3 W4 W5

W1 0.9316 0.0758 <0.0001 <0.0001
W2 0.3633 <0.0001 <0.0001
W3 <0.0001 <0.0001
W4 0.0131

Table S2. P values for pairwise comparisons of the sequential sampling viral level data.

Week nr. W2 W3 W4 W5 Wé

W1 <0.0001 0.0001 <.00001 <.00001 <.00001
W2 0.0061 0.2724 0.7691 0.0002
W3 0.6734 0.0001 <.00001
W4 0.0101 <.00001
W5 0.0144

Table S3. Data analysis methods used for the different datasets.

Section of the results

Data analysis method

3.1. Viral levels throughout the cricket

development — snapshot sampling

Generalized mixed effect model (GLM)

3.2. Viral levels throughout the cricket
development — sequential sampling

Linear mixed effect model (LMER) with line as a
random factor

3.3. Effect of mating and gender on the viral
levels in individual crickets

Generalized mixed effect model (GLM) with
interaction between the gender and mating status

3.4. Viral tissue tropism in females

Two way ANOVA

3.5. Viral tissue tropism in males

Two way ANOVA
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Abstract

The house cricket, Acheta domesticus, is a commonly reared insect for food and feed purposes. House
crickets are known to be infected by a range of both DNA and RNA viruses. Some of these viruses, such
as the Acheta domesticus densovirus (AdDV) can cause massive epizootics in production facilities, which
can endanger the economic viability of these enterprises. Various studies identified an array of viruses
present in house cricket colonies. However, the majority of these studies used a primer-based PCR approach
for detecting viral presence and were limited to the viruses already known to be pathogens of house crickets.
With the advancement of next generation sequencing technologies, virus detection and discovery can be
carried out via an unbiased approach. In this study, total DNA and RNA were sequenced from three
different colonies of house crickets, to screen for exogenous DNA and RNA viruses present. In the case of
RNA viruses, three putative new virus species so far not associated with house crickets were discovered.
In the case of DNA viruses, only AADV was detected and no other exogenous entomopathogenic DNA
viruses were found. Surprisingly, two out of the three-cricket colonies sampled proved to be free of AdDV.
Many of the known, earlier described cricket viruses were not present in either of the tested colonies. This
analysis shows that an unbiased approach of virus detection in cricket rearing is essential for revealing the
potential threats for cricket production systems.

Keywords: Acheta domesticus, house cricket, insect production, DNA viruses, RNA viruses, cricket
viruses, entomopathogenic viruses, mass rearing
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1. Introduction

Over the past decade, the interest in insects as food and feed has gained momentum, resulting in an
investment of more than 1 billion euros in the sector by 2021 and this is expected to reach up to 3 billion
by 2030 [14]. Insects and products derived from them, can be utilized for various purposes: for
pharmaceuticals [150], as animal feed ingredients [151, 152] and for waste valorisation [153]. The market
on which the highest profit margins can be reached with insect products is the human food market. Currently
in the European Union (EU), four insect species are authorized by the European Food Safety Authority
(EFSA) [23] to be used for food production; the grasshopper Locusta migratoria, the yellow mealworm
Tenebrio molitor, the lesser mealworm Alphitobius diaperinus and the house cricket Acheta domesticus.
For a long time, house crickets are traditionally reared and consumed in Asia [17, 22] and with the recent
authorization house cricket production is also expected to increase within the EU. House crickets have a
favorable nutritional profile and are amenable for mass-rearing [20, 21]. However, there are also major
drawbacks related to mass-rearing of crickets; the available research on the nutritional needs of house
crickets is limited, but mainly the numerous viruses that infect and can rapidly eradicate colonies are the
most concerning. The main viral pathogen of house crickets is the Acheta domesticus densovirus (AdDV),
which has a long history of causing losses in cricket production, with the first described case from Europe
dating back to 1977 [26] and already by the 1980s AdDV was also present in the United States [44]. Ever
since, AdDV has been frequently reported from Europe [26], North America [45] and Asia [49], showing
its worldwide status. AADV belongs to the insect-specific subfamily Densovirinae of the family
Parvoviridae. Viruses belonging to the Densovirinae are known to be insect pathogens and some are also
used in biological control of insects [51, 154]. Densoviruses are non-enveloped, paraspherical, autonomous
viruses, with a diameter ranging between 23 and 28 nm and a single-stranded, linear DNA genome of 4-6
kb [155, 156] and can cause infections in insects of six different insect orders (Blattodea, Diptera,
Hemiptera, Hymenoptera, Lepidoptera, and Orthoptera) [135, 155]. In the case of commercially produced
insects, besides the earlier mentioned house crickets, densoviruses are known to cause losses in silkworms
[157] and in yellow mealworms [156]. In crickets, not only AdDV, but also other viruses can cause disease-
related losses [158]. Cricket paralysis virus (CrPV; family Dicistroviridae) [159] can cause symptoms
similar to those of AdDV and is also considered as a serious pathogen for house cricket farms [36], as well
as cricket iridovirus (CrIV) (a strain of invertebrate iridescent virus type 6 (IIV-6); family Iridoviridae)
[160, 161]. Other viruses include A. domesticus mini ambidensovirus (AdJMADV), A. domesticus
volvovirus (AdVVV) [39, 40], A. domesticus iflavirus (AdIV) [161] and A. domesticus virus (AdV) [161].
Many studies aimed at monitoring house cricket colonies to detect viruses use PCR- or qPCR-based
detection methods [26, 27, 37, 46]. While these techniques are useful to detect and quantify known viruses,
they are unsuitable to detect any variants of known species that fail to amplify due to mutations in the
primer-annealing sites, or on any completely novel virus species. In contrast, next generation sequencing
(NGS) approaches provide an unbiased screening approach, revealing new and unknown viruses that are
present in house cricket colonies. The advancement over recent years in the sequencing technologies
allowed the costs to decrease, which created an unseen volume of new sequencing data. For insects in
general, NGS has revolutionized the field of virus discovery, with a range of metagenomics studies
revealing that insects are a major reserve for viruses, with a high virus abundance and diversity [41, 162].
For crickets, so far only two publications are available that used NGS to detect viruses of DNA and RNA
origin. Miranda et al. [37] sequenced DNA obtained from frass coming from commercially reared house
crickets. However, from the known house cricket viruses, only the invertebrate iridovirus 6 was found.
Although many other DNA and RNA viruses were present in the frass, most of those were viruses infecting
plants, bacteria and other insects. Furthermore, Cholleti et al. [42] sequenced crickets provided with four
different feed treatments but found none of the earlier listed cricket pathogens to be present in the samples
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or any new entomopathogenic ones. In our study, we aimed to analyze crickets originating from three
different colonies, to i) discover new exogenous viruses, which are currently not known to be associated
with house crickets. ii) reveal the difference in exogenous viral pathogens present between different cricket
colonies.

2. Materials and methods
Cricket colonies

Samples were taken from three different house cricket colonies. The samples labelled as “WUR” originated
from a colony kept at the Laboratory of Entomology, Wageningen University since 2006. Briefly, the house
crickets were reared in plastic containers (40 L) in a climate-controlled room, with 16:8 L:D cycle, at ~28
°C with a relative humidity (RH) around 50 % and provided with chicken feed (Kuiken Opfokmeel, Kasper
Fauna Food, Woerden, the Netherlands) and carrot slices as feed source and water from dispensers on a
daily basis. Samples labelled as “CPH” are originating from a colony kept at Copenhagen University,
Section Organismal Biology since 2019. Here, the crickets were kept in plastic containers (32 x 21 x 23
cm) in climate-controlled incubators, with a 12:12 L:D cycle, at 30 °C with a relative humidity (RH) ranging
between 65-70 %. The “CPH” crickets are fed with grinded chicken feed (Gold 4 Gallico Pellet, Versele
Laga, Brough, United Kingdom), water gel and organic cucumber slices retrieved from local supermarkets.
Samples labelled as “COMM” are of retail origin from a commercial local pet shop in the vicinity of
Wageningen, the Netherlands. The rearing conditions of this cricket colony were unknown.

DNA and RNA extraction

For each colony, three female and male adults were subjected to DNA extraction, and three female and
three male adults were subjected to RNA extraction. For the DNA extractions, samples were homogenized
with a sterile plastic pestle in 0.2 mL of sterilized phosphate-buffered saline (PBS) solution in 2 ml
Eppendorf tubes. After the homogenization, the samples were centrifuged for 15 min at 8000 rpm to
precipitate debris. The supernatant was removed and transferred to a clean tube for DNA extraction.
Subsequently, extraction of DNA was carried out using the Qiagen DNeasy® Blood and Tissue kit (Qiagen,
Germany), following the ‘Total insect DNA extraction supplementary protocol’ (except for the sample
homogenization stated earlier). For the RNA extractions, samples were homogenized as described before,
except that the PBS solution was replaced with TRIzol® (Thermo Fisher Scientific Inc., MA, United
States). The samples were split into two separate tubes, to allow the necessary volume of 800 pl TRIzol®
reagent and the cricket body mass in one tube, without spillage of the reagent. This step was also important
to avoid the clogging of the spin columns in the following steps. After the homogenization, total RNA
extraction was carried out using the Direct-zol™ RNA MiniPrep Kit (Zymo Research, CA, United States).
Quality control of the DNA and RNA samples was confirmed by a Nanodrop® ND1000 Spectrophotometer
(Thermo Fisher Scientific Inc., MA, United States). For each colony, an equal volume of the three male
and three female DNA or RNA extractions were pooled into one DNA or RNA sample, respectively, to be
submitted for [llumina sequencing. All samples were stored at -80°C until their shipment.

Virus discovery and detection

All samples were sequenced at Macrogen Europe (Amsterdam, The Netherlands). Both DNA and RNA
samples were sequenced with the use of the NovaSeq 6000 sequencing platform, with a difference in the
library preparation: for the DNA samples the TruSeq Nano DNA Kit was used while for RNA samples the
TruSeq Stranded Total RNA LT Sample Preparation Kit (Gold) was used. Before starting the pipeline to
detect and discover viruses, the quality of the sequencing reads from both DNA and RNA datasets were
checked with fastqc (v0.11.8) [163]. Subsequently, adapters and low-quality reads were trimmed and
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removed in all sequencing datasets by running fastp (v0.23.3) [164] with the deduplication mode on (--
dedup) and the hash buffer number and buffer size was respectively increased to improve the accuracy of
calculating duplication (--dup_calc_accuracy 6). Reads from the DNA and RNA datasets were then mapped
on the Acheta domesticus genome (GCA_014858955.1) with the programs bowtie2 (v2.2.5) [165] and
hisat2 (v2.2.1) [166] respectively, with default parameters. The unmapped reads from the DNA and RNA
datasets were extracted via samtools and assembled by running metaspades and rnaviralspades (Spades
v3.15.4) [167], respectively. Next, the assembled contigs of viral origin were selected to be viral using
VirSorter2 (v2.2.4) [168] with the parameter -includegroups
“dsDNAphage, NCLDV,RNA ,ssDNA,lavidaviridae”. The output of VirSorter2 containing putative viral
contigs was evaluated by running tBLASTn against the Refseq protein database of RNA viruses and DNA
viruses (downloaded 09/07/23) with the threshold e-value set at 1 x 10°. The output of the tBLASTn was
filtered manually to remove the putative viral contigs that were not at least 2000 and 1000 base pairs (bp)
in length for DNA and RNA viruses, respectively. Finally, in order to remove contigs that were falsely
considered as viral but instead were derived from bacteriophage, bacterial, fungal or 4. domesticus origin,
a BLASTx was performed against the complete non-redundant protein database from NCBI (accessed on
15/10/23) with a threshold e-value set at 1 x 107,

Annotation of the viral genomes and phylogenetic analyses

Potential open reading frames (ORFs) found in the new viral candidate segments were defined with the use
of the NCBI open reading frame finder (accessed on 01/11/23), with the settings as "ATG" and alternative
initiation codons and minimum ORF length as 150 bp. From the ORFs defined for each segment, the protein
sequences were individually transferred to Interpro, to identify the protein domains found within the ORFs
[169]. From the Interpro output, the defined domains (such as RNA-dependent RNA polymerase (RARP),
methyltransferase, glycoprotein, viral protein) for each ORF were visualized using the gggenes package
(0.5.1) [170] within the R software (4.2.2)[90]. For the newly discovered putative viruses, a phylogenetic
tree was constructed by selecting the protein sequence of the RARP gene. This gene was then used as a
query for a BLASTp search against the non-redundant database in NCBI (accessed on 02/11/23) to obtain
the closest viral ancestors for the putative viruses. The final set of RARP proteins were aligned using
MAFFT (v7.505) [171] with the iterative refinement method E-INS-I in combination with the Smith-
Waterman algorithm (--genafpair, --maxiterate 1000 and --localpair). Alignments were then trimmed using
Trimal (v1.4.1) [172] using the heurisitic selection method (-automated1). A maximum-likelihood tree
reconstruction was created by IQtree (v2.0.3) [173] using the ModelFinder method (-m MFP) [174] in
combination with the implementation of an ultrafast bootstrapping with 3000 replicates (-B 3000), the
nearest neighbor interchange (-bnni) and aminimum correlation coefficient of 0.99 (-bcor 0.99). The
phylogenetic trees were all midpoint-rooted and branches with a bootstrap support less than 50 were
deleted. Visualization and annotation of the phylogenetic trees were made using iTOL (v6) [175].In the
case of the newly discovered Acheta domesticus nodavirus and cypovirus, an additional BLASTx of the
assembled unfiltered contigs was done against the most closely related nodavius (Genbank:
GCA _031551785.1) and cypovirus (Genbank: GCA_000850245.1) to complement the viral genomes with
the missing segments that were falsely assigned as non-viral.

Viral abundance

For all the detected cricket viruses, viral abundance was calculated by mapping the trimmed reads
(described above) on the viral genomic sequences and on the host gene elongation factor la (EFla;
JX897494.1) using Bowtie2 (v2.5.2) [165] and samtools (v1.6) [176]. The number of reads mapped on the
different viral genomes were normalized with the number of reads mapped on the host gene. Viruses were
considered absent when the normalized counts were below 1x10™. Logio transformed normalized viral
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abundance was visualized by using the heatmap.2 function from the gplots (v3.1.3) package within the R
software (v4.2.2) [85].

3. Results

Three newly discovered RNA viruses in Acheta domesticus

Our study aimed to explore the RNA viruses present in three different house cricket colonies. After
completing the assembly and different BLAST steps, the complete and partial genomes of four different
RNA viruses were found in the three cricket colonies. The sequencing data revealed three new putative
RNA viruses of which two were single-stranded RNA (+ssRNA) viruses and were named as Acheta
domesticus virus 2 (AdV2) (Figure 1) and Acheta domesticus nodavirus 1 (AdNdV1) (Figure 2). The third
new virus was a double-stranded RNA (dsRNA) virus, named Acheta domesticus cypovirus 1 (AdCypl)
(Figure 3).

The first putative new virus, AdV2, showed high similarity with the Solenopsis invicta virus 17 (SiV17)
that was found in the fire ant, Solenopsis invicta [177]. The RARPs of AdV2 and SiV17 have 99.3% amino
acid sequence identity. AdV2 consists of one segment of 10 kb, in which three open reading frames were
found. The first and second smaller ORFs contain the domains encoding for glycoproteins, while the third
larger ORF encodes a polyprotein containing methyltransferase, helicase and RARP domains (Figure 1).
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Figure 1. Putative genome organization of Acheta domesticus virus 2 (AdV2). The white arrows represent
the open reading frames (ORFs), while the different colored regions represent the different domains found
within each of the ORFs.
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Figure 2. Maximum likelihood phylogeny of the RARP protein of AdV?2 (in red) and related viruses of the
order Martellivirales. Numbers below the branches indicate bootstrap values (3000 replicates). Only values
larger than 50 are indicated.

Phylogenetic analysis suggested a close relation with the abovementioned Solenopsis invicta virus 17,
Hubei virga-like viurs 8 and Tohsystermes virus infecting fire ants, myriapods and termites, respectively
(Figure 2). Those viruses are positioned within the order Martellivirales, between the negeviruses and
viruses of the families Kitaviridae and Virgaviridae and therefore could not be assigned to a known virus
family.
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The second new +ssRNA virus was AANdV 1, belonging to the family Nodaviridae (order Nodamuvirales).
Like other nodaviruses, AANdV1 has a segmented RNA genome consisting of two segments. The first,
shorter segment contains the two ORFs encoding for viral coat proteins, while the second and larger
segment contains the methyltransferase and RNA polymerase domains (Figure 3). The RdRP of AANdV1
is closely related to Ceratitis capitata nodavirus, CcaNdV1 (UOI84721) (Figure 4), with a 99.6% amino
acid identity score for the RARP. Viruses clustering with AANdV1 and CcaNdV1 infect hosts from the
insect orders Coleoptera and Diptera and AANdV1 is the first nodavirus found infecting a host species
belonging to the order Orthoptera.
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Figure 3. Putative genome organization of Acheta domesticus nodavirus 1 (AdNdV1). The white arrows
represent the open reading frames (ORFs), while the different colored regions represent the different
domains found within each of the ORFs.
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Figure 4. Maximum likelihood phylogeny of the RARp protein of AANdV'1 (in red) and other nodaviruses.
Numbers below the branches indicate bootstrap values (3000 replicates). Only values above 50 are
indicated.
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The third putative new virus was AdCypl, belonging to the family Spinareoviridae (order Reovirales). For
AdCypl, six genome segments were found, ranging in length from 770 to 4445 bp (Figure 5). The first and
fifth segment encodes for hypothetical proteins, of which the first segment is likely to contain the RdRp.
The second segment contains the methyltransferase domain, while the third segment encodes the capsid
protein. The fourth segment contains the viral protein 2 with unknown function and the sixth segment
contains the polyhedrin domain. Most likely, additional AdCYpl segments can be detected in the house
cricket, since members of the Reoviridae usually contain 10 to 12 genome segments [178]. AdCyp1 clusters
with other insect-infecting cypoviruses and dinovernaviruses, however, it does not show a close similarity
to any of those viruses (Figure 6).
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Figure 5. Putative genome organization of Acheta domesticus cypovirus 1 (AdCypl). The white arrows
represent the open reading frames (ORFs), while the different colored regions represent the different
domains found within each of the ORFs.
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Figure 6. Maximum likelihood phylogeny of the RdRp protein of AdCypl (in red) and other viruses of the
Reovirales order. Numbers below the branches indicate bootstrap values (3000 replicates). Only values

above 50 are indicated.

Screening of the RNA sequencing datasets also revealed the presence of Acheta domesticus iflavirus
(AdIV) belonging to the family Iflaviridae, which was already described and associated with house crickets
in previous studies [161]. However, this viral genome was only partially detected (1 kb segment), while
iflaviruses usually have a genome size of 9-11 kb [179].

The Acheta domesticus densovirus is only present in one of the cricket colonies

Only one exogenous DNA virus was detected that matched with sequences in the DNA databases, the
already known AdDV. This virus was only detected in the WUR colony. The other colonies, COMM and
CPH, did not harbor AdDV or any other exogenous DNA viruses.
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The prevalence and viral abundance varies between different cricket colonies

An assessment of the prevalence and viral abundance of the five different viruses detected was carried out
on the obtained DNA and RNA sequencing datasets (Figure 7). The WUR colony was infected with all five
viruses at the highest viral load found across the three colonies. The highest abundance was found for
AdV2, followed by AdCyp1. Both in the COMM and CPH colonies the AdDV, AdIV and AdV2 were not
detected. The COMM colony contained two viruses, AANdV1 and AdCyp], both at low abundance. The
CPH colony only contained AdCyp! at low abundance.
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Figure 7. Viral relative abundance in RNA and DNA sequencing datasets. Heatmap of the relative
abundance of the four RNA and the one DNA viruses in three cricket colonies. The colors represent the
log g of relative viral abundance calculated as the viral read count normalized by the insect hosts EFla
read count.
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4. Discussion

The newly emerging insect rearing industry for food and feed purposes can face various pathogen
challenges [14, 34], but unlike in the case of other farmed animals like cattle, poultry, honeybee etc., the
veterinarian knowledge to identify, treat and prevent the diseases is lacking. House cricket colonies can be
infected by numerous viral pathogens [36, 37], resulting in a challenging situation for diagnostics and
treatments to prevent or cure viral epidemics. In this study, we identified three putative new RNA viruses
found in different house cricket colonies. The new viral candidate genomes were annotated and the RdRp
proteins were used to infer their phylogenetic relationship to other viruses. The first new putative virus,
AdV2, showed similarities with negeviruses and viruses of the family Kitaviridae and Virgaviridae.
Knowledge about the infectivity, transmission and host range of negeviruses is currently limited [180], but
they are commonly found in mosquitoes [181]. The second putative new virus, AANdV1, is from the family
Nodaviridae, which is further divided into alphanodaviruses, infecting a wide range of insects and
betanodaviruses, infecting fish species and considered as serious pathogens in fisheries [182]. In laboratory
conditions, alphanodaviruses caused reduced growth, paralysis and high mortality rates in Galleria
mellonella [182]. The third putative new virus, AdCypl, is from the family Spinareoviridae. The dsSRNA
genome of viruses within the Spinareoviridae consists of 10-12 segments [178] . Cypoviruses are insect-
specific viruses that replicate in the cytoplasm of the infected host. Cypoviruses form polyhedra, which are
transmitted between insects [183, 184], and have been found infecting more than 250 insect species [178].
Cypoviruses are used in biological control of insects [185], although in many species they produce only
chronic disease without high larval mortality [178]. A fragment of an iflavirus was also found, however, as
it was only a small fragment of 1 kb of the 9-11 kb genome size of iflaviruses [186], therefore the presence
of the virus cannot be confirmed.

The screening of a limited number of colonies revealed three new viruses, which highlights that the current
knowledge on viral pathogens affecting house crickets is limited. Screening in publicly available databases
and from other accessible cricket colonies is likely to result in the detection of additional novel viruses in
crickets, as insects are considered as a major reserve of RNA viruses [41, 162]. The diversity in viruses
creates a challenging situation for cricket farming, as when new viruses are described, those are often not
further investigated regarding their infection cycle and the possible effects on their hosts. Therefore these
necessary information is not available for producers to possibly identify viral diseases that they might
encounter in their stocks. Yet, the knowledge of which viruses could be present in the production facilities
therefore requires attention [26, 45]. This allows producers to take measures to prevent disease outbreaks,
or to switch to a virus-free breeding stock. In case of described and annotated viruses, primers and non-
destructive sampling methods can be developed for screening purposes [46], which allows producers to
monitor numerous viruses simultaneously, so a comprehensive picture of all the possible viral pathogens
within their colonies can be obtained.

Monitoring and disease prevention or treatment in the facilities is a complex situation [149], which can
yield valuable insights for producers. A first step is to use the knowledge generated with NGS and the
relevant bioinformatic pipelines to know which viruses could potentially be present in their colonies. A
primer-based approach can only detect already known viruses, thus NGS can serve as a better starting point
in the discovery of viruses. As a second step, after identification of the viruses present, primer-based viral
level measurements can provide important data on the dynamics of the viral levels in the colonies. An
increase in mortality and decreases in cricket biomass and reproductive output may be used as warning
signals to examine the dynamics of viral levels, therefore monitoring these data is the third step. Creating
databases on those traits and cross-validating these with viral level data can point out which viruses are
causing the detrimental effects. Additionally, changes in the diet, environmental conditions or the
microbiome of the crickets can be evaluated. The gut microbiome of crickets can play an important role
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against viral infections, since most insect viruses are orally infectious [187]. Several protective barriers are
present in the insect gut against infection by viruses and other harmful microorganisms, such as the cell-
intrinsic antiviral immunity, the peritrophic matrix, the mucin layer [188] and the beneficial gut microbiome
[189, 190]. This complex system with many simultaneous interactions contributes to prevention of viral
infections. However, depending on the content of the gut microbiome, adverse effect can also occur, by
bacteria present in the gut facilitating the infection by a viral pathogen [191]. All three new putative viruses
detected have a high potential to cause negative effects or losses in house cricket production, highlighting
the importance of screening for and describing new insect viruses.

5. Conclusions
Techniques like NGS can serve as an important diagnostic tool to identify the viral pathogens present in
insect rearing. This identification is the first step to establish both preventive and curative measures in
avoiding production losses caused by these pathogens. However, presence of certain viruses in the colonies
does not necessarily mean active infections causing detrimental effects on the crickets. Therefore, further
studies should be carried out to determine the viral infection cycle, the mode of transmission and the
negative or positive effects on the crickets.
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1. Introduction

Governments throughout the world are shifting focus in their agendas towards sustainability of food
production and consumption. The food chain is a major contributor to CO, emissions, one third of global
anthropogenic GHG emissions [192] are associated with the supply chain of our food: production,
processing, warehousing and delivery to our tables. Therefore, food production is a major focal point to
reduce CO; emissions to have a lower carbon footprint associated with our diets. Humans need to eat, but
what we eat has a major impact on the associated carbon footprint, as meat and dairy products are the ones
that contribute the most to the carbon footprint [193]. There are several alternatives for meat and dairy
products, which can offer lower carbon footprints, such as soy, cultured meat, seaweed and insects. Edible
insects are known to need the lowest amount of water and smallest land surface per unit of product and
have a lower carbon footprint than either beef, pork or poultry [14, 194, 195]. However, what insects are
fed with has a crucial role in determining if there is actually a benefit with regard to environmental impact
[196]. One clear advantage of industrially farmed insect species is that all of them are poikilotherms, which
means they do not use metabolic energy to regulate their body temperature [156]. In addition, unlike the
earlier mentioned farmed animals, insects are mainly eaten completely, thus their production results in a
smaller proportion of by-products.

The house cricket, Acheta domesticus, is mainly eaten in its entirety or the whole crickets are processed
into food ingredients. House crickets are fast growing and have good nutritional values [20, 21]. Products
derived from house crickets received approval (after certified processing) for human consumption from the
European Food Safety Authority (EFSA) in 2022 [23]. This important milestone can boost the production
of house crickets in Europe and can motivate producers outside the continent to get their products approved
by EFSA to be allowed on the EU market. Consumer acceptance of insects, however, still needs to develop
in order to become part of daily diets. Consuming entire insects is more challenging especially for people
in the Western world, a possible solution to overcome this issue is to incorporate insect-derived products
as food additives or ingredients. There are numerous attributes of house crickets which makes them a great
food additive or ingredient, such as the high protein content of 60-70% (based on dry matter) [18] or their
favorable fatty acid profile [19, 21]. Because of their good nutritional profile and functional properties,
house cricket-derived products have been already incorporated into various food products successfully [24,
25]. High quality food products are important to shift house crickets from the delicacy category to become
an everyday food ingredient on a wider scale. An additional condition for transitioning from the delicacy
category is production on a sufficiently large scale, for which in which recent years important investments
were made. Currently the largest commercial-scale house cricket production for human consumption is
located in Asia and Africa [17, 22], but throughout the world there are commercial producers also for zoo
and pet food purposes [45] and for research use in laboratories [197]. Recently a large-scale industrial
cricket farm was opened in Canada, with 12,000 metric tons annual capacity [198].

Even though house crickets have various positive attributes, their susceptibility to viral and other microbial
diseases can compromise the success of cricket farming [17, 36]. The viral and microbial pathogens can
have various negative effects, such as reduced productivity, smaller size of individuals and in the worst
case entire colony collapses [34] resulting in major economical setbacks. As described in the General
introduction (Chapter 1) and in Chapters 2, 4, and 5, house cricket production faces a major threat in the
form of the Acheta domesticus densovirus (AdDV) and other viral pathogens. The objective of this thesis
was to assess the influence of a combination of possible stressors on AdDV levels and potential outbreaks
in crickets and to assess the effect on the major production parameters, including cricket survival and
biomass production. The following sections summarize and discuss the main findings presented in this
thesis. Furthermore, one additional key element of house cricket rearing, the feeding substrate, is discussed
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together with the immune system of insects and more specifically house crickets. The complex topic of
insect welfare is also briefly discussed, as mass rearing conditions of insects and possible disease issues in
the rearing systems are strongly connected to insect welfare.

2. Combined stress factors: temperature and density

Various abiotic and biotic stressors can play a role in AADV becoming activated, but the actual disease
mechanisms and the triggering stressors are currently unknown. In Chapter 2, the combined effects of two
stressors, rearing temperature and cricket density, on cricket survival, cricket biomass and the viral
abundance of AdDV were assessed. For optimal house cricket rearing, a high cricket survival and biomass
are desired, while the preferred virus levels are low. Efficient use of resources at the production facilities is
an aim of the producers for cost reasons. The costs associated with the heating, ventilation and air
conditioning (HVAC) systems of insect rearing facilities are major, both for the capital expenditures
(CapEx) and for the operating expenses (OpEx) [30, 79]. House crickets like most insect species are unable
to regulate their body temperature and therefore are exposed to the ambient environmental temperatures.
The optimal temperature range for cricket rearing is reported to be between 28-30 °C [61, 199]. Depending
on the region where facilities are located, either heating or cooling might be required to maintain this
optimal temperature range, which depending on the type of facilities and local energy costs can be a major
cost component in OpEx of the rearing facility. Therefore, three rearing temperatures were selected for
testing, including the optimal temperature, 30 °C, and two deviating 5 °C from that: 25°C and 35°C. Since
the HVAC-controlled rearing space for industrial scale comes at a high price [30], the best utilization of the
available rearing area is also required. Therefore, the highest possible individual/surface ratio is favorable
for the producers, as long as there are no negative effects. For crickets, the rearing density is often expressed
as volume per individual; however, this can be highly misleading and does not describe the actual rearing
environment adequately. Cricket rearing units usually contain some form of surface-increasing devices or
structures; these can be egg cartons/trays, paper corridors etc. For sanitation purposes, these structures either
need to be cheap and readily available to be replaced between each rearing cycle, or should be easily
cleanable in case of reusing them. When these surface-increasing devices are used, the rearing density
expressed as volume per individual becomes obsolete and the surface area per individual should be used
instead. Few studies examined the rearing densities of house crickets: the study of Tennis et al. [67]
highlighted the importance of the available feeding surface, which needs to be increased alongside the
rearing densities. A more recent study of Mahavindanage et al. [68] tested the effect of rearing density on
growth, survival, and starvation resistance of the crickets. In our experiments, we tested combinations of
rearing temperatures and densities, to assess their effect on survival, biomass, individual weight of males
and females and on the change in AdDV levels, relative to the start values.

Survival of the crickets was found to be only affected by temperature, no effect of density or interaction
between the two factors was found. Highest survival was observed at 25°C, while the 30°C resulted in the
lowest survival rates, significantly lower than 25°C . Since other studies found the optimal rearing
temperature for house crickets to be between 28-30 °C [61, 199] this result was unexpected. A possible
explanation for this phenomenon could be that similarly to crickets, AdDV also may have an optimal
temperature range for its replication. Temperatures outside the optimal range can negatively affect the virus,
which can result in increased cricket survival due to lower virus multiplication rates. This hypothesis is
supported by the results on relative viral abundance. The fold change in increase of viral abundance relative
to the starting levels was the lowest at 35°C, significantly lower compared to that found at 30°C in one case
and in a second experiment, the fold of change in viral abundance was also the lowest at 35°C, although in
this case not significantly. Further experiments could assess the possible use of elevated temperatures to
reduce AdDV levels in house crickets. House crickets (and other insects as well) are known to exhibit
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“behavioural fever” [64], choosing elevated temperatures upon bacterial infection. Similar studies could be
performed to determine if crickets exhibit the same behavior to reduce AdDV replication. A different aspect
of cricket rearing is the total cricket biomass obtained, which was found to be affected by an interaction
between rearing temperature and density. In case of low (10) and mid (20) densities, crickets reared at 30°C
and 35°C showed a significantly higher biomass than at 25°C; at the highest density (40) biomass was also
higher although not significantly so. Combined with the differences in developmental times until adulthood
(~two weeks at the highest temperature, ~three weeks at the mid temperature and 30-31 days at the lowest
temperature), from biomass production perspective the higher rearing temperatures clearly show benefits.
Among the tested rearing densities, the highest density of 40 crickets seemed most optimal with respect to
total biomass production, with no effect on cricket mortality. Increasing rearing density is favorable from
a production perspective, but this cannot be done without a limit. Mortality and starvation resistance are
negatively affected above 0.93 cricket/cm’ according to Mahavindanage [68]. In addition, in our
experimental run 3 the highest rearing density resulted in the highest fold change in viral abundance, but
this was only found for this experimental run, the other two runs did not lead to differences in viral
abundance between the densities. It is also important to mention the large variation between the three
experimental runs in viral abundance, for experimental run 1, a much higher fold change was observed
when compared to the two other experimental runs. This may have resulted from variation in viral
abundance between the rearing batches, however, the initial viral loads at the start of the experiments did
not differ significantly between the batches, thus the differences occurred during the rearing cycle.

3. Challenges represented by the co-stressing effect of other microbial pathogens and density

Entomopathogenic fungi (EPF) are commonly used in agricultural insect pest control in integrated pest
management (IPM) programs and in organic production systems. In particular, species from the genera
Beauveria and Metarhizium [56, 112] are the most commonly used. Species from these two genera are
mostly considered as generalist EPFs; one strain can infect hosts from many different orders. House crickets
are often reared in open or semi-open facilities [22], which can facilitate the entrance of EPF via infected
individuals or airborne spores. Since EPF are also applied as biopesticides and the spores can persist for a
long time, contaminated feed material can also vector EPF into cricket rearing facilities. In Chapter 4, a
screening of six B. bassiana and six M. brunneum isolates was performed. The results were not as expected,
since several isolates did not reduce survival of the exposed crickets compared to the control. These results
suggest that crickets are quite resistant to these fungal pathogens. In our study, crickets were exposed to a
high spore concentration (1 x 10° conidia/ml) [122, 123], arguably higher than concentrations crickets
would be exposed to in nature or under mass-rearing conditions during an infection. However, in nature
environmental parameters [113] such as temperature [114-116], humidity [116], lower densities and less
physical interaction between individuals do not facilitate the spread of infections. Large-scale industrial
setups mainly consist of semi- or fully closed spaces where high numbers of individuals, humidity and
temperature settings and frequent physical interaction between individuals all create an environment which
facilitates the spread of fungal or other entomopathogens [35, 149]. Therefore, even though the tested EPF
do not appear to be a major problem, producers should be aware of the threat these can pose. Especially if
a prior infection by entomopathogens burdens the immune system of the crickets, secondary infections can
be problematic. In addition, prior infections by other pathogens could pave the way for AADV infections.
Also important to take into account is that host range and virulence variation is known to occur for both B.
bassiana and M. brunneum isolates [120]. Virulence of B. bassiana for insects from different orders differs
significantly [121]. The selected strains to use in combination with different rearing densities were the ones
showing the highest negative effect on survival rates of the crickets in the initial screening experiments.
Infection by either of these strains decreased the survival of crickets, but there was no interaction with
rearing density. Interestingly, in case of the total biomasses obtained, the two stressors showed an
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interaction, but this only resulted in decreased biomass production in case of the highest density treatments
combined with the exposure to EPFs.

4. AdDYV transmission and replication: timing and tissue tropism

AdDV is known for over 50 years now, with the first report in crickets dating back to the 1970s. AdDV can
be present in a covert state, i.e. without visible symptoms, but it still can cause diminished feeding and
reduced growth of crickets. This can cause losses to cricket producers even without major viral outbreaks.
Currently the mechanism and time course of the infection by AdDV is poorly described, mainly limited to
observations of the symptoms arising from an overt (lethal) infection [26]. The mode of transmission is a
key element in viral infections, because it has a major impact on the spread and prevalence of the virus in
the given environment or population [125]. To prevent or limit viral transmission, first the transmission
mode has to be identified. The two main routes of viral transmission are vertical and horizontal
transmission, and both can occur simultaneously [126]. Vertical transmission occurs when the virus is
transmitted from the parental generation to the offspring. Vertical transmission can happen via sperm or via
the eggs: when the virus is present on the egg surface it is called transovum transmission, and when it is
transmitted within the egg it is called transovarial transmission [127-130]. Horizontal transmission can
happen via contaminated feed [36], via cannibalism [131], via feces or during mating (sexual transmission;
from female to male or male to female) [132, 133]. So far there was no information available on the
transmission and the tissue tropism of AdDV, which is necessary information for designing strategies to
limit virus transmission.

In Chapter 3, the first insights into the viral levels over time and into the localisation of AdDV are reported.
Tissues selected for testing were the reproductive organs of both genders and the gut tract, collected from
mated and unmated individuals. The presence and viral levels in the reproductive organs can help to
understand how the virus is vertically transmitted over generations, while the gut tract is where most viruses
enter the host, via oral infection with the feed [187] and where viruses can be shed into the feces. Upon
maturation, the priority in physiological processes shifts from development to reproduction. This shift also
means a change in resource allocation, the immune system might get a lower amount of resources
(compared to before maturation) because of re-allocation of resources to the reproductive organs [142].
Mating can also increase susceptibility to diseases as it was shown that both female and male insects allocate
a lower amount of resources to immune defenses than the non-mated males [139-142]. In the experiments
we found that both female and male house crickets had significantly lower viral levels if they were unmated,
when compared to the mated individuals, which is in line with the above-mentioned findings and is
suggestive of sexual transmission. Furthermore, AdDV was present in every tested tissue, but at different
levels, showing tissue tropism of the virus. In both mated and unmated females, the gut and ovaries showed
higher viral levels than the spermatheca of the mated females. The dissected male tissues all had similar
viral levels in all tested organs. The shift in resource allocation upon sexual maturation may pave the way
for pathogens to increase their abundance in insects; Szelei et al. [26, 157] described AdDV-induced
mortality to peak in the older instars. Hormonal changes in the course of development also influence the
defense capabilities of insects, since the titers of juvenile hormones decreased [141] and these have an effect
on immunity [138, 144]. The results presented in this chapter correlated with these findings, since the viral
levels found in the crickets steadily increased throughout cricket development.
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5. Widening the perspective: the role that other viruses can play in house cricket epizootics

Insects are considered as a major reserve for viruses [41, 162], which only started to be revealed over the
last decade, when the cost of new generation sequencing decreased thereby making this method widely
accessible. The ubiquitous occurrence of viruses in insects is supported by the results of the viral screening
presented in Chapter 5. Three putative new exogenous RNA viruses were found in the screened colonies,
Acheta domesticus virus 2 (AdV2), Acheta domesticus nodavirus 1 (AdNdV1) and Acheta domesticus
cypovirus 1 (AdCypl). However, as only three cricket colonies were screened, extending the search into
more colonies and publicly available data will likely lead to more new exogenous viruses. It is important
to realize that identification of viruses is only the first step in a long process in the context of disease
management in insect rearing facilities. After identification of new, possibly pathogenic, viruses, a next
step is to study those viruses in more detail, studying the infection cycle and possible detrimental (or
beneficial) effects on the host. One of our newly detected putative viruses, AdV2, is from the family
Iflaviridae, and viruses from this family have been associated with house crickets before [161]. Members
of the Iflaviridae often cause asymptomatic infections [200], similarly to AdDV. Asymptomatic viruses
pose a threat, since under certain circumstances a covert infection can switch to an overt (lethal) infection.
Often the house cricket producers are unaware of the presence of covert virus infections, and upon a viral
outbreak, epizootics can develop rapidly [45]. The other two putative new viruses found, AANdV1 from
the Nodaviridae family and AdCypl from the Reoviridae family were not previously associated with
crickets. Although viruses from both families are known to infect insects [136, 185], so far no cricket
pathogens were described from these families. AdCyp1 is the first cypovirus to infect insects from the order
Orthoptera. With the description and annotation of new viruses present in the house cricket, non-destructive
detection and screening methods can be developed [46]. The ability to detect viruses is a major step, since
this way producers can screen for virus-free crickets either from their own stock or from external sources
to establish a virus-free production stock. However, maintaining these stocks to be virus free with influx of
people, equipment, air and various feed sources, might prove to be challenging to sustain for longer periods
of time. With the knowledge of which viruses can be present in house crickets, experiments can be done to
assess how those affect the fitness and immune system of house crickets, for instance which antimicrobial
peptides (AMP) they trigger upon infection. Some viruses have been shown to downregulate the gene
expression of certain AMPs, and screening for deviations in AMP expression can serve as an early warning
signal for producers [201]. Studies also evaluated AMPs, which are often upregulated to combat viral
infections. In case an AMP is upregulated against viral infections, they are called antiviral peptides and
have been a focus point for antiviral drug research [202]. Monitoring the viral levels in the colonies and the
associated AMPs needs to be combined with various preventative measures also to ensure that house cricket
colonies are safe from viral outbreaks [35], since preventative treatments are more economically favorable
compared to curative treatments, of which few are available for mass-produced insects.

6. What other factors can play a (major) role in disease susceptibility of house crickets?

Optimal development and performance of crickets is highly dependent on various crucial environmental
factors as discussed earlier in Chapters 2 and 4. Another important aspect which was not included in the
experiments in this thesis, is the feed on which the crickets are reared. The amount and nutritional content
of the diet that insects are provided with also plays a vital role [203, 204] both in cricket development and
in their resistance against diseases. In nature, insects are exposed to a wide range of feed sources, which
carry a highly varying nutritional content, therefore, insects evolved the capability to cope with unbalanced
diets successfully. This is achieved by various behavioral and physiological attributes, which altogether
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ensure the intake of all the necessary nutrients and calories [33, 205, 206]. Even though these capabilities
can ensure survival and reproduction, they might result in longer development, lower body mass or other
consequences that are unfavorable from an industrial perspective. In large-scale industrial insect
production, producers aim to fulfill all the requirements of the insects produced to ensure good and
consistent production. However, for cricket farming the cost of feed can represent half of the OpEx costs
[207], thus producers aim to avoid wasting feed and provide only the necessary amount. Beside the right
amount, the right nutritional content also has to be delivered via the feed, creating a balanced diet. Unlike
for other mass-reared insect species, such as the black soldier fly Hermetia illucens (BSF) [65, 208-211] or
the yellow mealworm, Tenebrio molitor [70], the nutritional needs of the house cricket have not been
extensively investigated [32, 33, 61], especially not under mass-rearing conditions. Further research is
needed to create nutritious, cost- effective mass-rearing diets for house crickets.

Optimal diets are not just important from the perspective of biomass production, but also a requirement for
a healthy population. Access to optimal diets and the proper functioning of the immune system is clearly
correlated for insects. The role of the immune system is to prevent the entry, establishment and spread of
pathogens and parasites into the host, thereby increasing the likelihood to develop into a reproducing
individual [212, 213]. Insects have various immune responses: innate responses are generated by cellular
and humoral defense pathways, which together create a highly capable defense system. Upon the entry of
the (pathogenic) microbe, the cellular immune responses is activated, which is done either ingestion by
hemocytes or encapsulation and nodule formulation in case of larger microbes [214]. The humoral defense
starts with the recognition of the pathogen by pattern recognition receptors [214], which is followed by the
synthesis of various antimicrobial peptides (AMPs) [215]. When nutritional limitations occur, the immune
system can only combat viral infections with reduced efficiency. Infection by a nucleopolyhedrovirus
combined with food limitation significantly reduced larval survival, development rate, body mass, fecundity
and levels of hemolymph phenoloxidase of Malacosoma pluviale californicum, although the number of
circulating hemocytes was not affected [72]. Even a short-term deprivation or supplementation can make
differences in immune functioning: deprivation of nutrients resulted in down-regulation of the immune
system function in 7. molitor [216] and nutritional supplementation in the diet increased survival rates of
Drosophila melanogaster when parasitized by the parasitoid Leptopilina boulardi [217]. In the case of
Mormon crickets, Anabrus simplex, nutrient deficiencies were shown to result in lower spontaneous
phenoloxidase (PO) activity and also increased susceptibility to B. bassiana infections [218]. The immune
system of crickets is relatively well described, as they served as model organisms for several immunological
studies in the past [64, 213, 219, 220]. The interaction between the host immune system and the virus is a
complex process, as the actions by the immune system are counteracted by mechanisms of the virus to
escape those [221]. Further research should investigate what immune pathways are activated upon AdDV
infections in house crickets. Alternatively, the immune system of crickets could be immune-primed with
deactivated viruses to increase resistance to those in later stages, similarly as was done for dedes aegypti
mosquitoes [222].

7. Future recommendations
Combining efforts to prevent disease, to develop curative treatment and to select for disease resistance
should be the focal point of future research examining diseases of house crickets. The epizootic problems
associated with AdDV might be a result of a complex interaction of several factors, leading up to major
losses in production facilities. Unfortunately most producers only realize viral problems when visible
symptoms of the infection occur, often being too late to prevent an outbreak. To avoid this, the education
of insect “veterinarian” professionals is urgently needed. Trained professionals could give education to
house cricket producers and screening by reference labs could be made compulsory via regulatory measures
enforced by local authorities. However, the high costs associated with establishing mass-scale insect farms,
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or the opposite, the lack of monetary resources in case of the small-scale farmers, work against application
of such solutions. To protect both the industry and the consumers, governmental initiatives, coordination
and funding are necessary to establish the bridge between scientific knowledge and the production practice
and to create applied research institutes, similar to those that already exist for various other sectors of
agriculture.
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Summary

The house cricket, Acheta domesticus, is a commonly reared insect for food and feed purposes. In 1977,
a report described a colony collapse, which was caused by the single-stranded DNA virus, the Acheta
domesticus densovirus (AdDV) and ever since, disease outbreaks are a continuous threat to A. domesticus
mass-rearing. Currently the reasons leading to viral outbreaks are unknown, and in most cases house
crickets show no symptoms and only little mortality occurs in the populations. AdDV infection and disease
outbreaks in house cricket mass-rearing could be prevented by identifying triggers leading to viral
outbreaks and removing or preventing such triggers, by reducing virus spread or by obtaining virus-free
crickets. To limit virus spread, a better understanding of how viral levels vary and how the virus is
transmitted during the house cricket life cycle is required. The central objective of this thesis was to study
the effects of key stressors associated with house cricket rearing that could affect house cricket survival
and biomass and/or that could be triggers of AdDV outbreaks. These stressors include cricket density,
temperature and exposure to two fungal pathogens. House crickets are usually reared in high densities to
maximize cost effectiveness, but this may imply stressful conditions affecting house cricket fitness and
creating a highly favourable environment for disease outbreaks. A better understanding of the relation
between AdDV levels and these stressors can be used to implement changes in the rearing setups with
the aim to reduce the probability of AdDV outbreaks and losses related to this pathogen or other
suboptimal conditions. Combined stressors affecting house crickets simultaneously under rearing
conditions received little attention so far. In this thesis, several combined stressor experiments were
conducted to assess the effects on house cricket survival, biomass and AdDV levels in different tissues.

Correlations between house cricket rearing density or temperature and AdDV abundance have been
hypothesized, but experimental evidence is lacking. Optimised rearing conditions, including optimal
temperature and house cricket density, are key to cost-effective house cricket production, thus these two
key factors were selected (Chapter 2). House crickets were subjected to three different temperatures (25,
30, 35 °C) in combination with three different rearing densities (10, 20, 40 crickets per experimental unit).
The effects on cricket survival, on male and female individual biomass, on total biomass obtained and on
AdDV levels (relative to the starting levels) were recorded and statistically compared. Rearing
temperature had a minor effect on cricket survival, which ranged between 80 and 83%. Total cricket
biomass increased with higher temperatures and higher densities. Viral abundance in crickets at the end
of the rearing period was variable; however, a high rearing density tended to result in a higher AdDV
abundance. At 35 °C, a temperature considered suboptimal for house cricket production, viral abundance
tended to be lower than at 25 °C or 30 °C. This was the first study to examine the combined effect of these
two stressors.

In a next study two other stressors were combined, a microbial pathogen and rearing density (Chapter 3).
We first compared the virulence of six isolates of Beauveria bassiana and six isolates of Metarhizium
brunneum to house crickets. Subsequently, the most virulent isolate from each genus (B. bassiana isolate
KVL 97-44 and M. brunneum isolate KVL 20-01) were tested in combination with three different cricket
densities (10, 20, 40 crickets per experimental unit). The combined effect of these stressors on cricket
survival, individual female and male biomass and the total biomass obtained was evaluated. Both the
exposure to fungal pathogens and the high rearing density reduced cricket survival and had a negative
impact on the total biomass production. The average individual biomass of females and males in case of
B. bassiana exposure was negatively affected, but no effect of M. brunneum exposure was observed. The
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increased cricket densities had a minor negative impact on individual biomass. The combined effect of the
two stressors resulted in a trend towards a lower individual biomass, but with only a minor effect in the
case of B. bassiana exposure. Producers need to consider the risk of a higher mortality with higher cricket
densities, but the increased losses might be outweighed by the higher total biomass output from the same
surface area. Fungal pathogens are a major threat if they appear in the rearing facility, but only if relatively
high spore numbers are present, which are less likely to occur when preventive measures and proper
sanitation protocols are established. House cricket producers with good hygiene and rearing setups can
overcome the threats, but constant monitoring and, if necessary, intervention might be required.

Literature suggest that mortality due to AdDV peaks in the late instars of house crickets, but this has not
yet been experimentally examined. In Chapter 4, therefore, the changes in viral levels were measured
throughout the rearing cycle, using quantitative PCR. Samples were collected 1) simultaneously from
different life stages present in the rearing room at a given time and 2) weekly from a single rearing
container that was monitored during the successive stages of development. In addition, the tissue tropism
of AdDV was examined by determining its presence and levels in different tissues. Viral levels were
measured in various tissues from mated and non-mated adult crickets to infer the route of virus
transmission. Ovaries of both unmated and mated females and the spermatheca of mated females were
collected, while testes and accessory glands were collected from unmated and mated males. Guts were
collected from both genders. We found that viral levels are increasing during the life cycle of the house
crickets, with older crickets having higher viral levels. Interestingly, for both genders, unmated individuals
had significantly lower viral levels than mated individuals. Furthermore, AdDV was present in every tested
tissue, but at different levels. In both mated and unmated females, the gut and ovaries showed higher
viral levels than the spermatheca of mated females. The dissected male tissues all had similar viral levels.
The results presented suggest that AdDV is both horizontally and vertically transmitted among house
crickets and provide relevant information for future work on designing optimized preventive measures
and on establishing virus-free cricket lines.

Although AdDV is considered the most prevalent virus in house cricket rearing, we cannot ignore other
viruses to be potentially present in crickets, and the possible effects that those viruses could have on
cricket fitness and on disease outbreaks. Various studies identified viruses present in house cricket
colonies, but the majority used a primer-based approach for detecting viruses and were limited to viruses
already known to be pathogens of house crickets. With the advancement of next generation sequencing
(NGS) technologies, virus detection and discovery can be carried out using an unbiased approach. In
Chapter 5, DNA and RNA viruses present in house crickets were identified, by analyzing sequencing data
from house crickets originating from three different populations. This is the first study to use NGS on
pooled samples obtained from various cricket stocks to report both DNA and RNA viruses present. Three
putative new RNA viruses are described, which were not yet associated with house crickets before. Two
of the new viruses were positive single stranded RNA viruses (+ssRNA) and were identified as the Acheta
domesticus virus 2 (AdV2) from the Iflaviridae family and the Acheta domesticus nodavirus 1 (AdNdV1)
from the Nodaviridae family. These viruses were so far not associated with house crickets. The third new
virus was a double stranded RNA virus (dsRNA) from the Reoviridae family and was identified as Acheta
domesticus cypovirus 1 (AdCyp1). As for other DNA viruses, only AdDV was detected and none of the
earlier described cricket viruses (Cricket paralysis virus (CrPV) cricket iridovirus (CrlV), the A. domesticus
mini ambidensovirus (AdMADV), A. domesticus volvovirus (AdVVV), A. domesticus iflavirus (AdIV) and the
A. domesticus virus (AdV)) were present in either of the tested stocks. Unexpectedly, from the three



Summary | 103

tested colonies, only one was infected by AdDV, the other two proved to be free of AdDV. In Chapter 6,
the findings of the research chapters are integrated. | discuss how cricket rearing is affected by multiple
stressors that need to be examined in combination to design optimal cricket rearing strategies.
Furthermore, | elaborate on the need for complex diagnostic methods integrating modern technologies
and classical bioassays. At the end of the chapter, suggestions for future research are given.
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Resumé

Farekyllingen, Acheta domesticus, er et almindeligt opdraettet insekt til fadevare- og fode. Tilbage i 1977
blev den kolonikollaps beskrevet, og det var fordrsaget af den enkeltstrengede DNA-virus, Acheta
domesticus densovirus (AdDV), og lige siden har sygdomsudbrud veeret en konstant trussel mod
masseopdraet af A. domesticus. Arsagerne til virusudbruddene er ukendte, i de fleste tilfeelde viser
farekyllingerne ingen symptomer, og der er kun en lille dgdelighed i populationerne. AdDV-infektion og
sygdomsudbrud i masseopdraet af farekyllinger kan forhindres ved at identificere de faktorer, der fgrer til
virusudbrud, og fjerne eller forhindre sadanne udlgsende faktorer, ved at f.eks. at reducere
virusspredningen eller ved at skaffe virusfrie farekyllinger. For at begraense virusspredningen er det
ngdvendigt med en bedre forstaelse af, hvordan virusniveauerne varierer og hvordan virussen overfgres
i Ipbet af farekyllingens livscyklus. Det centrale formal med denne afhandling var at undersgge effekten
af stressfaktorer i forbindelse med opdraet af farekyllinger, som kunne pavirke farekyllingernes
overlevelse og biomasse og/eller veere udlgsende faktorer for udbrud af AdDV. Disse stressfaktorer
omfatter taethed af farekyllinger, temperatur og eksponering af to insektpatogene svampe. Farekyllinger
opdraettes normalt i hgje teetheder for at maksimere omkostningseffektiviteten, men det kan indebaere
stressende forhold, der pavirker farekyllingernes fitness og skaber et meget gunstigt miljg for
sygdomsudbrud. En bedre forstaelse af forholdet mellem AdDV-niveauer og disse stressfaktorer kan
bruges til at implementere andringer i opdraettene med det formal at reducere sandsynligheden for
AdDV-udbrud og relateret tab eller andre suboptimale forhold. Flere stressfaktorer kan pavirker
farekyllingerne samtidigt og det har hidtil ikke faet megen opmaerksomhed. | denne afhandling blev der
udfgrt flere eksperimenter med en kombination af stressfaktorer for at vurdere effekten pa
farekyllingernes overlevelse, biomasse og AdDV-niveauer i forskellige vaev.

Der er blevet fremsat hypoteser om sammenhange mellem taetheden af farekyllinger eller temperaturen
og forekomsten af AdDV, men der mangler eksperimentelle beviser. Optimerede opdrzetsforhold,
herunder optimal temperatur og teethed af farekyllinger, er ngglen til en omkostningseffektiv produktion
af farekyllinger, og derfor blev disse to ngglefaktorer valgt (kapitel 2). Farekyllingerne blev udsat for tre
forskellige temperaturer (25, 30, 35 °C) i kombination med tre forskellige opdreetstaetheder (10, 20, 40
farekyllinger pr. forsggsenhed). Virkningerne pa farekyllingernes overlevelse, pa hannernes og hunnernes
individuelle biomasse, pa den samlede biomasse og pa AdDV-niveauerne (i forhold til startniveauerne)
blev registreret og sammenlignet statistisk. Opdraetstemperaturen havde en mindre effekt pa
farekyllingernes overlevelse, som varierede mellem 80 og 83 %. Den samlede farekyllingebiomasse steg
med hgjere temperaturer og hgjere tetheder. Virusmaengden i farekyllinger ved slutningen af
opdrzetsperioden var variabel, men der var en tendens til at hgj opdraetstaethed resulterede i en hgjere
AdDV-maengde. Ved 35 °C, en temperatur, der anses for at vaere suboptimal til produktion af farekyllinger,
var virusmangden generelt lavere end ved 25 °C eller 30 °C. Dette var det fgrste studie, der undersggte
effekten af disse to stressfaktorer i kombination.

| den naeste undersggelse blev to andre stressfaktorer undersggt, et mikrobielt patogen og
opdraetstaetheden (kapitel 3). Vi sammenlignede f@rst virulensen af seks isolater af Beauveria bassiana og
seks isolater af Metarhizium brunneum pa farekyllinger. Derefter blev det mest virulente isolat fra hver
slegt (B. bassiana-isolat KVL 97-44 og M. brunneum-isolat KVL 20-01) testet i kombination med tre
forskellige teetheder af farekyllinger (10, 20, 40 farekyllinger pr. forsggsenhed). Effekt af disse
stressfaktorer pa farekyllingernes overlevelse, den individuelle hun- og hanbiomasse og den samlede
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biomasse blev evalueret. Bade eksponeringen for svampepatogener og den hgje opdreetstethed
reducerede farekyllingernes overlevelse og havde en negativ indvirkning pa den samlede
biomasseproduktion. Den gennemsnitlige individuelle biomasse af hunner og hanner i tilfelde af B.
bassiana eksponering blev pavirket negativt, men der blev ikke observeret nogen effekt af M. brunneum
eksponering. Den ggede taetheder af farekyllinger havde en mindre negativ indvirkning pa den individuelle
biomasse. Den kombinerede effekt af de to stressfaktorer resulterede i en tendens til en lavere individuel
biomasse, men med kun en mindre effekt i tilfaelde af B. bassiana eksponering. Producenterne er ngdt til
at overveje risikoen for en hgjere dgdelighed ved hgjere taetheder af farekyllinger, men de ggede tab kan
opvejes af det hgjere samlede biomasseudbytte fra det samme overfladeareal. Svampepatogener er en
stor trussel, hvis de forekommer i opdraettene, men kun hvis der er et relativt hgjt antal sporer til stede.
Dette er mindre sandsynligt, da der ofte er etableret forebyggende foranstaltninger og inklusiv
sanitetsprotokoller. Farekyllingeproducenter med god hygiejne kan minimere truslerne, men konstant
overvagning og om ngdvendigt indgriben kan veere pakraevet.

Litteraturen tyder p3, at dgdeligheden pa grund af AdDV topper i de sene stadier hos farekyllinger, men
det er endnu ikke blevet undersggt eksperimentelt. | kapitel 4 blev aendringerne i virusniveauerne derfor
malt gennem hele opdratscyklussen ved hjaelp af kvantitativ PCR. Prgverne blev indsamlet 1) samtidigt
fra forskellige livsstadier, der var til stede i opdraetsrummet pa et givet tidspunkt, og 2) ugentligt fra en
enkelt opdreatsbeholder, der blev overvaget i lsbende henover forskellige successive udviklingsstadier.
Derudover blev AdDV's vaevstropisme undersggt ved at bestemme dets tilstedevarelse og niveauer i
forskellige vav. Virusniveauer blev malt i forskellige vaev fra parrede og ikke-parrede voksne farekyllinger
for at belyse transmission af virusen. Z£ggestokke fra bade uparrede og parrede hunner og spermatheca
fra parrede hunner blev indsamlet, mens testikler og accessoriske kirtler blev indsamlet fra uparrede og
parrede hanner. Der blev indsamlet tarme fra begge kgn. Vi fandt, at virusniveauerne stiger i lgbet af
farekyllingernes livscyklus, og at aldre farekyllinger har hgjere virusniveauer. Det er interessant, at for
begge kgn havde uparrede individer signifikant lavere virusniveauer end parrede individer. Desuden var
AdDV til stede i alle testede vaev, men pa forskellige niveauer. Hos bade parrede og uparrede hunner viste
tarmen og ®ggestokkene hgjere virusniveauer end spermatheca hos parrede hunner. De dissekerede vaev
fra hannerne havde alle lignende virusniveauer. Resultaterne tyder pa, at AdDV overfgres bade horisontalt
og vertikalt blandt farekyllinger, hvilket giver relevant information til fremtidigt arbejde med at designe
optimerede forebyggende foranstaltninger og etablere virusfrie farekyllingelinjer.

Selvom AdDV anses for at vaere den mest udbredte virus i farekyllingeopdraet, kan vi ikke ignorere andre
vira, der potentielt kan vaere til stede i farekyllinger, og de mulige effekter, som disse vira kan have pa
farekyllingernes fitness og pa sygdomsudbrud. Forskellige studier har identificeret vira i
farekyllingekolonier, men de fleste har brugt en primer-baseret tilgang til at detektere vira og har veeret
begraenset til vira, der allerede er kendt som patogener hos farekyllinger. Med udviklingen af next
generation sequencing-teknologier (NGS) kan detektion og opdagelse af nye virus udfgres ved hjalp af en
objektiv tilgang. | kapitel 5 blev DNA- og RNA-virusser i farekyllinger identificeret ved at analysere
sekventeringsdata fra farekyllinger fra tre forskellige populationer. Dette er den fgrste undersggelse, der
bruger NGS til at undersgge bade DNA- og RNA-vira fra forskellige farekyllingebestande. Tre formodede
nye RNA-vira er beskrevet, som endnu ikke har veeret associeret med farekyllinger fgr. To af de nye
virusser var positive enkeltstrengede RNA-virusser (+ssRNA) og blev identificeret som Acheta domesticus
virus 2 (AdV2) fra Iflaviridae-familien og Acheta domesticus nodavirus 1 (AdNdV1) fra Nodaviridae-
familien. Disse vira har hidtil ikke vaeret forbundet med farekyllinger. Den tredje nye virus var en
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dobbeltstrenget RNA-virus (dsRNA) fra Reoviridae-familien og blev identificeret som Acheta domesticus
cypovirus 1 (AdCyp1). Hvad angar andre DNA-vira, blev kun AdDV pavist, og ingen af de tidligere beskrevne
farekyllingevira (Cricket paralysis virus (CrPV), cricket iridovirus (CrlV), A. domesticus mini ambidensovirus
(AdMADV), A. domesticus volvovirus (AdVVV), A. domesticus iflavirus (AdIV) og A. domesticus virus (AdV))
var til stede i nogen af de testede bestande. Uventet nok var kun én af de tre testede kolonier inficeret
med AdDV, mens de to andre viste sig at vaere fri for AdDV.

| kapitel 6 integreres resultaterne af forskningskapitlerne. Jeg diskuterer, hvordan opdreet af farekyllinger
pavirkes af flere stressfaktorer, som skal undersgges i kombination for at designe optimale strategier for
opdraet af farekyllinger. Desuden uddyber jeg behovet for komplekse diagnostiske metoder, der
integrerer moderne teknologier og klassiske bioassays. | slutningen af kapitlet gives der forslag til
fremtidig forskning.
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