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Insects generally have high reproductive rates leading to rapid population growth
and high local densities; ideal conditions for disease epidemics. The parasites and
diseases that naturally regulate wild insect populations can also impact when these
insects are produced commercially, on farms. While insects produced for human or
animal consumption are often reared under high density conditions, very little is known
about the microbes associated with these insects, particularly those with pathogenic
potential. In this study we used both target-free and targeted screening approaches
to explore the virome of two cricket species commonly reared for feed and food,
Acheta domesticus and Gryllus bimaculatus. The target-free screening of DNA and
RNA from a single A. domesticus frass sample revealed that only 1% of the nucleic
acid reads belonged to viruses, including known cricket, insect, bacterial and plant
pathogens, as well as a diverse selection of novel viruses. The targeted screening
revealed relatively high levels of Acheta domesticus densovirus, invertebrate iridovirus
6 and a novel iflavirus, as well as low levels of Acheta domesticus volvovirus, in insect
and frass samples from several retailers. Our findings highlight the value of multiple
screening approaches for a comprehensive and robust cricket disease monitoring and
management strategy. This will become particularly relevant as-and-when cricket rearing
facilities scale up and transform from producing insects for animal feed to producing
insects for human consumption.

Keywords: metagenome, virome, Acheta domesticus densovirus, invertebrate iridovirus 6, Acheta domesticus,
cricket rearing, frass, Acheta domesticus iflavirus

INTRODUCTION

Most insect species have very high reproductive rates, leading to boom-bust population dynamics
regulated by a combination of competition, predation and disease. Disease in particular can
have dramatic effects on insect reproduction, growth and survival, at both the individual and
population level (1). However, compared to other domestic livestock, very little is known about
the prevalence and impact of diseases in commercially reared insects, or about the potential for
disease management in high density insect cultivation (2). The notable exceptions are beneficial
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represent the host distribution at higher virus taxonomic categories.

FIGURE 2 | Virus read cladogram and hosts. Cladogram of the viral reads obtained through from the RNA sequencing. The primary hosts of the viruses are indicated
by the same colors as for Figure 1: bacteria (yellow), fungi (gray), plants (green), invertebrates (orange-red), and miscellaneous viruses (blue). The composite circles

toward pathogenic organisms. This affects both the proportion
of reads that can be identified and the type of identification
made. The target-free screening in our study identified both
specific virus and viruses that could be identified at higher
taxonomic levels but not at species level, i.e., novel viruses.
The fully identified insect-infecting viruses included IIV-6 (in

the DNA fraction) and SBPV (in the RNA fraction). The IIV-
6 reads matched the lizard strain of IIV-6, which infects both
Orthopteran and reptilian hosts (28), and thus represents a direct
potential health hazard for reptilian pets. The SBPV reads were
closely related, though not identical, to the SBPV type strain (36).
SBPV belongs to the Iflaviridae: an exclusively insect-infecting
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FIGURE 3 | Virus detection & quantification. Heat map of the levels of six viruses in cricket and frass samples from different retailers (A-F). Retailer C (gray font)

supplied Gryllus bimaculatus crickets. All other retailers (black font) supplied A. domesticus crickets. The viruses with a DNA genome: Acheta domesticus densovirus
(AdDV), Invertebrate iridovirus 6 (IIV-6), Acheta domesticus vovovirus (AdVVWV), Gryllus bimaculatus nudivirus (GbNV), and Acheta domesticus mini ambidensovirus
(ADMADV) are shown in blue font. The viruses with an RNA genome: Acheta domesticus iflavirus (AdIV), Cricket paralysis dicistrovirus (CrPV), Acheta domesticus virus
(AdV), and slow bee paralysis virus (SBPV) are shown in red font. The legend next to the heat map indicates which sample type (crickets or frass) was analyzed, the
developmental stage (adult, juvenile, nymph) the insect or frass sample came from and how many individuals were included in each insect sample (not applicable for
frass samples). The heat map is on logarithmic scale and refers to the number of estimated copies of virus detected in the (RT)-qgPCR reaction. White fields indicate

missing data.

virus family with a single-stranded RNA genome (50), and is so
far primarily found in bumblebees (36, 46). We also identified
several viruses of the cricket intestinal microbiome, such as
bacteriophages (DNA fraction) and Leviviruses (RNA fraction).
The novel viruses identified at higher taxonomic levels
included several moderately abundant viruses from insect-
specific virus families in the Picornavirales: a very diverse,
widespread and successful order of viruses with hosts throughout
the plant and animal kingdoms. These virus families include
many pathogenic viruses, which makes these new viruses
particularly interesting from a cricket health and disease
management perspective. However, there were also some
unexpected absences from the target-free exploration. The most

obvious of these is the absence of AdDV from the frass DNA
fraction, despite the high incidence and abundance of AdDV in
similar A. domesticus samples revealed by the targeted screening.
This discrepancy may have a technical origin. PacBio sequencing
requires double-stranded DNA. Iridoviruses and bacteriophages
have double-stranded DNA genomes and were therefore readily
identified by the PacBio screening. However, densoviruses
have single-stranded DNA genomes, with positive and negative
ssDNA genome copies packaged in separate particles. Even
though these ssDNA genomes can hybridize upon extraction and
purification (51), the GC-rich terminal palindromic sequences
may make these reconstructed dsDNA genomes inaccessible for
PacBio sequencing. Other anomalies, and insights, are revealed
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by comparing the viral composition of the DNA and RNA
fractions. Viruses with RNA genomes [i.e., the vast majority;
(18, 19)] will obviously only be recovered in the RNA fraction.
However, all viruses with DNA genomes need to transcribe their
genes into mRNA prior to translation. They could therefore in
theory also be identified in the RNA fraction, and thus provide
evidence of both their existence and their replication. This was
clearly the case for the bacteriophages, whose sequences were in
both the DNA and RNA fractions. Since bacteriophages infect
the bacteria of the gut microbiome, this is entirely logical and
expected. However, IIV-6 was only identified in the DNA fraction
of the frass sample, not in the corresponding RNA fraction. The
inference is therefore that only Iridovirus particles were present
in the frass, and not any RNA traces of their replication in insect
tissues, such as the gut epithelial cells. The same may well also
apply to the other DNA viruses detected in similar samples by
the targeted screening, such as AdDV, AdVVYV, and GbNV.

Comparing the results from the target-free exploration with
those of the targeted screening can also be informative. A good
example is provided by the target-free and targeted screening
results for SBPV and AdIV. In the case of AdIV, the results of the
target-free exploration were confirmed by the targeted screening
of similar additional samples, clearly establishing this virus as a
consistent and abundant part of the A. domesticus virome (37).
By contrast, SBPV was only identified by target-free sequencing
of a single frass sample, and not by the targeted screening of
the other insect and frass samples. There are multiple possible
explanations for this discrepancy. It is of course entirely possible
that the results are real, and that the discrepancy is simply a
stochastic consequence of the small sample sizes of the target-
free (n = 1) and targeted (n = 12) screening. Biologically it is
certainly not out of the question that an Iflavirus like SBPV could,
possibly, be infectious to crickets as well as to bees: this is a simple
question of host range and Iflaviruses are very common in all
insects that have been screened (18, 19, 50). However, it is also
possible that this result is an artifact of the target-free screening
workflow. The sheer number of SBPV reads recovered [480] and
their even distribution across the SBPV genome argue against
either technical or bioinformatic contamination during the
sequencing and analysis workflows (52, 53). Although laboratory
contamination during RNA extraction cannot be entirely ruled
out, it is difficult to envision where and how this could entered
the workflow in the amounts required to return the results from
the RNA sequencing. Finally, the absence of reads matching
other common bee viruses, or bees themselves, argue against
passive acquisition of SBPV through feeding commercially reared
crickets on contaminated material, e.g., dead bees, bee-collected
pollen (54) or plant material contaminated with bee feces (55).
In summary, the data presented here is too limited and uncertain
to make active determination on the possible status of SBPV as a
cricket-infecting virus, which must therefore remain “unproven”
until more convincing evidence is obtained.

These insights and logical deductions highlight the value
of complementary screening strategies and sample types for a
robust holistic assessment of viruses and their potential risks for
cricket rearing. The advantage of screening frass samples is that
this allows an assessment of the health of the cricket microbiome,

such as viral diseases of beneficial bacteria and fungi, as well
as the health of the cricket itself. Since the main functions of
the microbiome are in food metabolism and protection against
diseases (56), the health of the microbiome is directly relevant
to the health of the cricket, and thus also relevant to cricket
husbandry and health management. Targeted screening is very
precise and accurate but only detects what it is being asked to
detect. It is therefore useful for monitoring known threats but
not for explaining new diseases or identifying potential future
threats. A health strategy based exclusively on targeted screening
for known pathogenic agents therefore brings a risk of potential
misdiagnosis, and consequently an inappropriate management
strategy. These strengths and weaknesses are reversed for target-
free screening, which can identify all viruses present in a
particular sample but not distinguish between those that are
benign and those that are pathogenic. It is therefore very good
at identifying potential threats and new disease associations, but
is less accurate for monitoring actual threats. It is also still subject
to a number of workflow and bioinformatic errors, uncertainties
and biases, as we also discovered in this study. However, a
combination of the two screening approaches maximizes their
individual strengths, minimizes their respective weaknesses,
and reduces the risk of misinformation and mismanagement,
to form a solid basis for a robust disease monitoring and
management strategy.

Viruses are a natural part of life. The diversity of viruses
detected in these particular cricket samples is, in and
of itself, neither unusual nor alarming. The new viruses
identified add to the growing list of novel viruses identified
from insects and invertebrates, and likely represents only
a fraction of the complete cricket virome. It is impossible
to predict a priori which of these will develop into a
biohazard for the cricket industry: that depends on the
compatibility of the cricket rearing conditions with the
transmission characteristics of each virus and can only be
determined experimentally.

However, the frequent detection of high titres of several
known pathogenic cricket viruses in just a small selection of
commercially sourced orthopterans is alarming. It demonstrates
that these pathogenic viruses are probably widespread in the
local cricket rearing and retailing facilities. This is especially
concerning in the light of the minimal regulation or sanitary
control in the extensive trade and movement of Orthopertans
(1, 27). These viruses are known to significantly impact both
individual and population health, and represent a direct major
biological and economic risk for the cricket rearing industry
(8, 17, 27, 57). The retailers sampled in this study sold crickets
as feed for pets, such as reptiles, amphibians and spiders. The
cricket rearing criteria for this market are less stringent that those
for rearing crickets for human consumption, whose operations
may therefore be less affected. Both the silkworm and bumblebee
rearing industries have significantly reduced their overall disease
profile and risk for epidemic spread through high hygienic
standards, containment measures, regular monitoring and tight
control over external inputs into their operations. The current
practices for rearing, movement and sale of crickets for feed
and food are not yet up to these standards (58, 59), so our
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findings are likely of interest for a large part of the rearing
sector (60, 61).

In the meantime, the following recommendations can
help limit the spread and potential impact of viruses, and
other diseases:

(1) Only incorporate new individuals into a population after
testing for relevant pathogens

(2) Quarantine individuals before release into the population

(3) Monitor regularly the pathogen status of the population

(4) Quarantine with any change in mortality, reproduction or
behavior of animals

(5) Keep informed on new developments concerning the health
and pathology of the insect species reared.

DATA AVAILABILITY STATEMENT

The sequence data analyzed in this study have been deposited
in the GenBank small read archives, under accession numbers
SRR13582031 (DNA) and SRR13582032 (RNA), Study accession
SRP303879, Bioproject accession PRJNA697972 and Biosample
accession SAMN7703531.

AUTHOR CONTRIBUTIONS

AB, AJ, and JMd conceived and designed experiments. ES, PO,
and FG performed experiments. FG, ML, JdM, and ES analyzed

REFERENCES

1. Weissman DB, Gray DA, Pham HT, Tijssen P. Billions and billions
sold: pet-feeder crickets (Orthoptera: Gryllidae), commercial crickets
farms, an epizootic densovirus, and government regulations make for
a potential disaster. Zootaxa. (2012) 3504:67-88. doi: 10.11646/zootaxa.
3504.1.3

2. van Huis A. Edible insects and research needs. J Insect Food Feed. (2017)
3:3-5. doi: 10.3920/JIFF2017.x002

3. Genersch E. Honey bee pathology:
bees and beekeeping. Appl Microbiol
97. doi: 10.1007/500253-010-2573-8

4. LiuY, LiY, Li X, Qin L. The origin and dispersal of the domesticated Chinese
oak silkworm, Antheraea pernyi, in China: a reconstruction based on ancient
texts. J Insect Sci. (2010) 10:180. doi: 10.1673/031.010.14140

5. Kang GP, Guo XJ. Overview of silkworm pathology in China. Afr ] Biotechnol.
(2011) 10:18046-56. doi: 10.5897/AJB10.2633

6. Dobermann D. Insects as food and feed: can research and business
work together? ] Insect Food Feed. (2017) 3:155-60. doi: 10.3920/JIFF
2016.0040

7. Berggren A, Jansson A, Low M. Using current systems to inform rearing
facility design in the insect-as-food industry. J Insect Food Feed. (2018)
4:167-70. doi: 10.3920/JIFF2017.0076

8. Maciel-Vergara G, Ros VID. Viruses of insects reared for food and feed. J
Invertebr Pathol. (2017) 147:60-75. doi: 10.1016/j.jip.2017.01.013

9. van Huis A. Edible crickets, but which species? ] Insect Food Feed. (2020)
6:91-4. doi: 10.3920/JIFF2020.x001

10. Pippinato L, Gasco L, Di Vita G, Mancuso T. Current scenario in the European
edible-insect industry: a preliminary study. J Insect Food Feed. (2020) 6:371-
81. doi: 10.3920/JIFF2020.0008

11. van Huis A. Insects as food and feed, a new emerging agricultural sector: a
review. ] Insect Food Feed. (2020) 6:27-44. doi: 10.3920/JIFF2019.0017

threats to
(2010)

current
Biotechnol.

honey
87:87-

the data. AJ and AB contributed reagents, materials, and analysis
tools. JAM and AB wrote the initial manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by the Swedish Research Council (VR)
grant no. 2018-04772 and the Swedish Research Council for
Sustainable Development (FORMAS) grant no. 2018-01142, both
to AB.

ACKNOWLEDGMENTS

Many thanks to the cricket breeders for providing samples.
Many thanks to Mahesh Binzer-Panchal of the NBIS
(National  Bioinformatics  Infrastructure = Sweden) for
initial assistance with the bioinformatics analyses. The
computations were performed on resources provided
by SNIC through Uppsala Multidisciplinary Center for
Advanced Computational Science (UPPMAX) under Project
SNIC snic2018-8-35.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.642085/full#supplementary-material

12. van Huis A, Tomberlin JK. Future prospects. In: van Huis A, Tomberlin JK,
editors. Insects as Food Feed: From Production to Consumption. Wageningen:
Wageningen Academic Publishers (2017). p. 430-45.

13. Roossinck MJ. Move over, bacteria! Viruses make their mark as mutualistic
microbial symbionts. J Virol. (2015) 89:6532-5. doi: 10.1128/JV1.02974-14

14. Dolan PT, Whitfield Z], Andino R. Mechanisms and concepts in RNA
virus population dynamics and evolution. Annu Rev Virol. (2018) 5:69-
92. doi: 10.1146/annurev-virology-101416-041718

15. Domingo E, Sheldon ], Perales C. Viral quasispecies evolution.
Microbiol Mol Biol Rev. (2012) 76:159-216. doi: 10.1128/ MMBR.
05023-11

16. Yaiez O, Piot N, Dalmon A, de Miranda JR, Chantawannakul P, Panziera D,
et al. Bee viruses: routes of infection in hymenoptera. Front Microbiol. (2020)
11:€943. doi: 10.3389/fmicb.2020.00943

17. Eilenberg J, Vlak JM, Nielsen-LeRoux C, Cappellozza S, Jensen AB. Diseases
in insects produced for food and feed. J Insects Food Feed. (2015) 1:87-
102. doi: 10.3920/JIFF2014.0022

18. Shi M, Lin XD, Tian JH, Chen L, Chen X, Li C, et al
Redefining  the invertebrate RNA  virosphere.  Nature.  (2016)
540:539-43. doi: 10.1038/nature20167

19. Roberts JMK, Anderson DL, Durr PA. Metagenomic analysis of
Varroa-free Australian honey bees (Apis mellifera) shows a diverse
Picornavirales virome. | Gen Virol. (2018) 99:818-26. doi: 10.1099/jgv.0.
001073

20. Tokarz R, Sameroff S, Tagliafierro T, Jain K, Williams SH, Cucura
DM, et al. Identification of novel viruses in Amblyomma americanum,
Dermacentor variabilis, and Ixodes scapularis ticks. mSphere. (2018)
3:¢00614-7. doi: 10.1128/mSphere.00614-17

21. Manley R, Temperton B, Boots M, Wilfert L. Contrasting impacts of
a novel specialist vector on multihost viral pathogen epidemiology in
wild and managed bees. Mol Ecol. (2020) 29:380-93. doi: 10.1111/mec.
15333

Frontiers in Veterinary Science | www.frontiersin.org

May 2021 | Volume 8 | Article 642085


https://www.frontiersin.org/articles/10.3389/fvets.2021.642085/full#supplementary-material
https://doi.org/10.11646/zootaxa.3504.1.3
https://doi.org/10.3920/JIFF2017.x002
https://doi.org/10.1007/s00253-010-2573-8
https://doi.org/10.1673/031.010.14140
https://doi.org/10.5897/AJB10.2633
https://doi.org/10.3920/JIFF2016.0040
https://doi.org/10.3920/JIFF2017.0076
https://doi.org/10.1016/j.jip.2017.01.013
https://doi.org/10.3920/JIFF2020.x001
https://doi.org/10.3920/JIFF2020.0008
https://doi.org/10.3920/JIFF2019.0017
https://doi.org/10.1128/JVI.02974-14
https://doi.org/10.1146/annurev-virology-101416-041718
https://doi.org/10.1128/MMBR.05023-11
https://doi.org/10.3389/fmicb.2020.00943
https://doi.org/10.3920/JIFF2014.0022
https://doi.org/10.1038/nature20167
https://doi.org/10.1099/jgv.0.001073
https://doi.org/10.1128/mSphere.00614-17
https://doi.org/10.1111/mec.15333
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

de Miranda et al.

Commercial Cricket Virome Analysis

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Schoonvaere K, De Smet L, Smagghe G, Vierstraete A, Braeckman BP, de
Graaf DC. Unbiased RNA shotgun metagenomics in social and solitary wild
bees detects associations with eukaryote parasites and new viruses. PLoS ONE.
(2016) 11:e0168456. doi: 10.1371/journal.pone.0168456

Schoonvaere K, Smagghe G, Francis F de Graaf DC. Study of the
metatranscriptome of eight solitary wild bee species
reveals novel viruses and bee Front Microbiol. (2018)
9:e177. doi: 10.3389/fmicb.2018.00177

Webster CL, Waldron FM, Robertson S, Crowson D, Ferrari G,
Quintana JE et al. The discovery, distribution, and evolution of
viruses associated with drosophila melanogaster. PLoS Biol. (2015)
13:€1002210. doi: 10.1371/journal.pbio.1002210

Webster CL, Longdon B, Lewis SH, Obbard DJ. Twenty-five new viruses
associated with the drosophilidae (diptera). Evol Bioinform Online. (2016)
12:13-25. doi: 10.4137/EBO.S39454

Wille M, Harvey E, Shi M, Gonzalez-Acuina D, Holmes EC, Hurt AC.
Sustained RNA virome diversity in Antarctic penguins and their ticks. ISME
J. (2020) 14:1768-82. doi: 10.1038/s41396-020-0643-1

Szelei ], Woodring J, Goettel MS, Duke G, Jousset, F-X., et al. Susceptibility
of North-American and European crickets to Acheta domesticus densovirus
(AdDNV) and associated epizootics. ] Inv Pathol. (2011) 106:394—
9. doi: 10.1016/j.jip.2010.12.009

Papp T, Marschang RE. Detection and characterization of invertebrate
iridoviruses found in reptiles and prey insects i Europe over the past two
decades. Viruses. (2019) 11:e600. doi: 10.3390/v11070600

Jakob NJ, Kleespies RG, Tidona CA, Miiller K, Gelderblom HR, Darai G.
Comparative analysis of the genome and host range characteristics of two
insect iridoviruses: Chilo iridescent virus and a cricket iridovirus isolate. ] Gen
Virol. (2002) 83:463-70. doi: 10.1099/0022-1317-83-2-463

Wang Y, Kleespies RG, Huger AM, Jehle JA. The genome of Gryllus
bimaculatus nudivirus indicates an ancient diversification of baculovirus-
related nonoccluded nudiviruses of insects. J Virol (2007) 81:5395-
406. doi: 10.1128/JV1.02781-06

Pham HT, Bergoin M, Tijssen P. Acheta domesticus volvovirus, a novel
single-stranded circular DNA virus of the house cricket. Genome Ann. (2013)
1:€00079-13. doi: 10.1128/genomeA.00079-13

Pham HT, Iwao H, Bergoin M, Tijssen P. New volvovirus isolates from Acheta
domesticus (Japan) and Gryllus assimilis (United States). Genome Ann. (2013)
1:¢00328-13. doi: 10.1128/genomeA.00328-13

Pham HT, Yu Q, Bergoin M, Tijssen P. A novel ambisense densovirus,
Acheta domesticus mini ambidensovirus, from crickets. Genome Ann. (2013)
1:e00914-3. doi: 10.1128/genomeA.00914-13

Valles SM, Chen Y. Serendipitous discovery of an RNA virus from the cricket
Acheta domesticus. Florida Entomol. (2006) 89:282-3. doi: 10.1653/0015-4040
Kerr CH, Dalwadi U, Scott NE, Yip CK, Foster L], Jan E. Transmission of
cricket paralysis virus via exosome-like vesicles during infection of drosophila
cells. Sci Rep. (2018) 8:17353. doi: 10.1038/s41598-018-35717-5

de Miranda JR, Dainat B, Locke B, Cordoni G, Berthoud H, Gauthier L,
et al. Genetic characterization of slow bee paralysis virus of the honeybee
(Apis mellifera L.). ] Gen Virol. (2010) 91:2524-30. doi: 10.1099/vir.0.
022434-0

de Miranda JR, Granberg E Onorati P, Jansson A, Berggren A. Virus
prospecting in crickets - Discovery and strain divergence of a novel
(2021)

social and

parasites.

Iflavirus in wild and cultivated Acheta domesticus. Viruses.
13:e364. doi: 10.3390/v13030364

Semberg E, de Miranda JR, Low M, Jansson A, Forsgren E, Berggren
A. Diagnostic protocols for the detection of Acheta domesticus
densovirus (AdDV) in cricket frass. J Virol Methods. (2019)
264:61-4. doi: 10.1016/j.jviromet.2018.12.003

Picard Toolkit. Broad Institute, GitHub Repository. (2019). Available online at:
http://broadinstitute.github.io/picard/ (accessed May 04, 2021).

Andrews S. FastQC: A Quality Control Tool for High Throughput Sequence
Data. Babraham Bioinformatics Group (2010). Available online at: http://
www.bioinformatics.babraham.ac.uk/projects/fastqc (accessed May 04, 2021).
Gordon A, Hannon GJ. Fastx-Toolkit: FASTQ/a Short-Reads Pre-processing
Tools. (2010). Available online at: http://hannonlab.cshl.edu/fastx_toolkit/
(accessed May 04, 2021).

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment
using DIAMOND. Nat Methods. (2015) 12:59-60. doi: 10.1038/
nmeth.3176

Ondov BD, Bergman NH, Phillippy AM. Interactive metagenomic
visualization in a Web browser. BMC  Bioinform. (2011)
12:e385. doi: 10.1186/1471-2105-12-385

Bustin SA, Benes V, Garson JA, Hellemans ], Huggett ], Kubista M,
et al. The MIQE Guidelines: minimum information for publication of
quantitative Real-Time PCR experiments. Clin Chem. (2009) 55:611-
22. doi: 10.1373/clinchem.2008.112797

Evans JD, Schwarz RS, Chen Y-P, Budge G, Cornman RS, De La Rua P, et al.
(2013). Standard methods for molecular research in Apis mellifera. J Apicult
Res. 52, 1-54. doi: 10.3896/IBRA.1.52.4.11

McMahon DP, Fiirst MA, Caspar J, Theodorou P, Brown MJFE, Paxton
RJ. A sting in the spit: widespread cross-infection of multiple RNA
viruses across wild and managed bees. J Anim Ecol. (2015) 84:615-
24. doi: 10.1111/1365-2656.12345

Runckel C, Flenniken ML, Engel JC, Ruby JG, Ganem D, Andino R, et al.
Temporal analysis of the honey bee microbiome reveals four novel viruses
and seasonal prevalence of known viruses, Nosema, and Crithidia. PLoS ONE.
(2011) 6:€20656. doi: 10.1371/journal.pone.0020656

Mizrahi Y, Luria N, Lachman O, Dombrovsky A. Identification and
Characterization of the New Cripavirus in Aphis gossypii. (2018). Available
online at: https://www.ncbi.nlm.nih.gov/nuccore/MH476204.1 (accessed May
04, 2021).

Adams M]J, Adkins S, Bragard C, Gilmer D, Li D, MacFarlane SA, et al.
ICTV virus taxonomy profile: virgaviridae. ] Gen Virol. (2017) 98:1999-
2000. doi: 10.1099/jgv.0.000884

Valles SM, Chen Y, Firth AE, Guérin DMA, Hashimoto Y, Herrero S,
et al. ICTV virus taxonomy profile: iflaviridae. J Gen Virol. (2017) 98:527-
8. doi: 10.1099/jgv.0.000757

Liu K, Li Y, Jousset, F-X., Zadori Z, Szelei |, et al. The Acheta domesticus
densovirus, isolated from the European house cricket, has evolved an
expression strategy unique among parvoviruses. J Virol. (2011) 85:10069-
78. doi: 10.1128/JV1.00625-11

Kebschull JM, Zador AM. Sources
high-throughput sequencing data sets.
43:e143. doi: 10.1093/nar/gkv717

Abnizova I, te Boekhorst R, Orlov Y. Computational errors and biases in
short read next generation sequencing. J Proteomics Bioinform. (2017) 10:1-
17. doi: 10.4172/jpb.1000420

Singh R, Levitt AL, Rajotte EG, Holmes EC, Ostiguy N, van Engelsdorp D,
et al. RNA viruses in hymenopteran pollinators: evidence of inter-taxa virus
transmission via pollen and potential impact on non-Apis hymenopteran
PLoS ONE. (2010) 5:e14357. doi: 10.1371/journal.pone.

of PCR-induced distortions in
Nucleic  Acids Res. (2015)

species.
0014357
Adler LS, Michaud KM, Ellner SP, McArt SH, Stevenson PC, Irwin
RE. Disease where you dine: plant species and floral traits associated
with pathogen transmission in bumble bees. Ecology. (2018) 99:2535-
45. doi: 10.1002/ecy.2503

Engel P, Kwong WK, McFrederick Q, Anderson KE, Barribeau SM, Chandler
JA, et al. The bee microbiome: impact on bee health and model for
evolution and ecology of host-microbe interactions. mBio. (2016) 7:¢02164-
15. doi: 10.1128/mBi0.02164-15

Styer EL, Hamm JJ. Report of a densovirus in a commercial cricket
operation in the southeastern United States. J Invert Pathol. (1991) 58:283-
5. doi: 10.1016/0022-2011(91)90076-3

Eilenberg J, van Oers MM, Jensen AB, Lecocq A, Maciel-Vergara G,
Santacoloma LPA, et al. Towards a coordination of European activities to
diagnose and manage insect diseases in production facilities. J Insect Food
Feed. (2018) 4:157-66. doi: 10.3920/JIFF2018.0002

Mott G. Cricket rearing. In: van Huis A, Tomberlin JK, editors. Insects as Food
Feed: From Production to Consumption. Wageningen: Wageningen Academic
Publishers (2017). p. 100-11.

Berggren A, Jansson A, Low M. Approaching ecological sustainability in
the emerging insects-as-food industry. Trends Ecol Evol. (2019) 34:132-38.
doi: 10.1016/j.tree.2018.11.005

Frontiers in Veterinary Science | www.frontiersin.org

May 2021 | Volume 8 | Article 642085


https://doi.org/10.1371/journal.pone.0168456
https://doi.org/10.3389/fmicb.2018.00177
https://doi.org/10.1371/journal.pbio.1002210
https://doi.org/10.4137/EBO.S39454
https://doi.org/10.1038/s41396-020-0643-1
https://doi.org/10.1016/j.jip.2010.12.009
https://doi.org/10.3390/v11070600
https://doi.org/10.1099/0022-1317-83-2-463
https://doi.org/10.1128/JVI.02781-06
https://doi.org/10.1128/genomeA.00079-13
https://doi.org/10.1128/genomeA.00328-13
https://doi.org/10.1128/genomeA.00914-13
https://doi.org/10.1653/0015-4040
https://doi.org/10.1038/s41598-018-35717-5
https://doi.org/10.1099/vir.0.022434-0
https://doi.org/10.3390/v13030364
https://doi.org/10.1016/j.jviromet.2018.12.003
http://broadinstitute.github.io/picard/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://hannonlab.cshl.edu/fastx_toolkit/
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1186/1471-2105-12-385
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.3896/IBRA.1.52.4.11
https://doi.org/10.1111/1365-2656.12345
https://doi.org/10.1371/journal.pone.0020656
https://www.ncbi.nlm.nih.gov/nuccore/MH476204.1
https://doi.org/10.1099/jgv.0.000884
https://doi.org/10.1099/jgv.0.000757
https://doi.org/10.1128/JVI.00625-11
https://doi.org/10.1093/nar/gkv717
https://doi.org/10.4172/jpb.1000420
https://doi.org/10.1371/journal.pone.0014357
https://doi.org/10.1002/ecy.2503
https://doi.org/10.1128/mBio.02164-15
https://doi.org/10.1016/0022-2011(91)90076-3
https://doi.org/10.3920/JIFF2018.0002
https://doi.org/10.1016/j.tree.2018.11.005
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

de Miranda et al.

Commercial Cricket Virome Analysis

61. Eilenberg J, Gasque SN, Ros VID. Natural enemies in insect production
systems. In: van Huis A, Tomberlin JK, editors. Insects as Food Feed: From
Production to Consumption. Wageningen: Wageningen Academic Publishers
(2017). p. 201-23.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 de Miranda, Granberg, Low, Onorati, Semberg, Jansson
and Berggren. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Veterinary Science | www.frontiersin.org

10

May 2021 | Volume 8 | Article 642085


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

