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Fleas are important vectors of zoonotic disease. However, little is known about the natural diversity and

Fleas abundance of flea viruses, particularly in the absence of disease associations, nor the evolutionary relationships
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among those viruses found in different parasitic vector species. Herein, we present the first virome scale study of
fleas, based on the meta-transcriptomic analysis of 52 fleas collected along the eastern coast of Australia. Our
analysis revealed 18 novel RNA viruses belonging to nine viral families with diverse genome organizations,
although the majority (72%) possessed single-stranded positive-sense genomes. Notably, a number of the viruses
identified belonged to the same phylogenetic groups as those observed in ticks sampled at the same locations,
although none were likely associated with mammalian infection. Overall, we identified high levels of genomic

diversity and abundance of viruses in the flea species studied, and established that fleas harbor viruses similar to

those seen to other vectors.

1. Introduction

Fleas (Order Siphonaptera) are one of the most common obligate
parasites of warm-blooded animals and are important vectors of zoo-
notic disease (Van der Mescht and Matthee, 2017). While fleas are
known to carry a variety of bacterial pathogens including species of
Rickettsia and Bartonella (Kaewmongkol et al., 2011; Lawrence et al.,
2015; Schloderer et al., 2006), they are perhaps best known as the
primary vector of Yersinia pestis, the causative bacterial agent of human
plague (Raoult et al., 2013). Pathogens may be carried in the flea
midgut and transmitted through regurgitation from the digestive tract
when feeding, or contained within flea excrement and transmitted
when feces contaminate open wounds (Bitam et al., 2010; Oshima et al.,
2016). Although fleas are implicated in the transmission of a number of
viral pathogens, including canine distemper virus (CDV) (Trebbien
et al., 2014), feline leukemia virus (FeLV) (Vobis et al., 2003), feline
calicivirus (Mencke et al., 2009), tick-borne encephalitis virus
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(Rehacek, 1961) and myxoma virus (MYXV) (Kerr et al., 2015), far less
is known about the viruses of fleas than those of other parasitic ar-
thropod vectors, particularly mosquitoes and ticks (Brinkmann et al.,
2016, 2018; Pettersson et al., 2017; Shi et al., 2017; Tokarz et al.,
2014). Similarly, it is unclear whether most flea viruses are pathogens
or commensals.

There are currently some 2574 documented species of flea, be-
longing to 238 genera and 16 families, although the majority of these
do not live in close association with humans (Bitam et al., 2010). In
Australia, there are some 88 flea species, 89% of which are endemic (in
some cases including neighboring Indonesia and Papua New Guinea)
and parasitize native wildlife including marsupials and native rodents
(Dunnet and Nardon, 1974). While fleas feed on a wide range of
mammal and bird species, ~74% of characterized species are associated
with rodents. Fleas are capable of easily moving between host animals,
aided by their ability to jump up to 150 times their body length (Bitam
et al., 2010). Importantly, due to climate change, the frequency and
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length of drought periods in grassland areas is rising globally, which in
turn is likely to increase the prevalence of fleas and flea-associated
infectious disease (Eads and Hoogland, 2017).

Meta-transcriptomics (i.e. bulk shotgun RNA sequencing) has been
proven a powerful tool in virus discovery, particularly those with RNA
genomes and in the context of arthropod hosts (Shi et al., 2016). In-
deed, large-scale meta-transcriptomic studies of invertebrate viruses
have greatly changed our understanding of the complexity and struc-
ture of the virosphere (Zhang et al., 2018). We have previously used
this technique to investigate the virome of ticks sampled in New South
Wales, Australia, identifying 19 novel RNA viruses all of which were
divergent from previously identified tick associated viruses. Of these
novel viruses, three were phylogenetically similar to RNA viruses
sampled from mammals suggesting that they may be able to infect
mammals. While a number of studies have investigated the virome of
ticks in a range of locations globally (Brinkmann et al., 2018; Pettersson
et al.,, 2017; Tokarz et al., 2014), it is unknown if fleas carry similar
types and abundance of viruses as other blood feeding parasitic in-
vertebrates.

Herein, we used a meta-transcriptomic approach in the first study of
the flea virome. As with our previous study of ticks, fleas were collected
from the North shore area of Sydney and Timbillica national park in
New South Wales on the central east coast of Australia. All fleas were
collected while feeding on native bush rats, black rats or native mar-
supials. Our study aimed to (i) characterize the total diversity and
abundance of viruses carried in a range of native Australian flea species,
(ii) determine whether these virus species are similar to those found in
Australian ticks collected in the same regions from the same hosts, and
(ii) use phylogenetic analysis to help determine if any of these viruses
are likely to replicate in mammalian hosts.

2. Materials and methods
2.1. Sample collection and flea identification

Fleas were collected live, placed into a liquid nitrogen dewer for
transportation, and frozen at —80°C during bandicoot population
studies on the North shore area of Sydney (33.8224° S, 151.2994° E)
and Timbillica State Forest (37.3712° S, 149.7211° E), New South
Wales, Australia. Fleas were collected from long-nosed bandicoots
(Perameles nasuta), long-nosed potoroos (Potorous tridactylus), southern
brown bandicoots (Isoodon obesulus), as well as from invasive black rats
(Rattus rattus) and native bush rats (Rattus fuscipes) unintentionally
caught in bandicoot traps. All animals trapped in Timbillica State Forest
were handled in accordance with procedures approved by the
Australian National University Animal Ethics Committee (A2015/26),
while those trapped in Sydney were handled in accordance with
methods approved by the New South Wales Office of Environment and
Heritage Animal Ethics Committee (000214/05), each in compliance
with the Australian Code of Practice for the Use of Animals for Scientific
Purposes. Samples were collected under a scientific license provided by
the NSW Office of Environment and Heritage (number SL100104).

Fleas were morphologically identified to the species level using keys
and descriptions (Dunnet and Nardon, 1974). Identification was per-
formed using a stereomicroscope and a cold table to retain RNA in-
tegrity. For some specimens, identification to species level required
slide-mounting of flea specimens which was not possible due to sub-
sequent RNA extraction. These fleas were identified to the genus level
only.

2.2. Extraction of RNA, pooling and sequencing

Fleas were washed in DPBS solution and homogenized in 800 pl
lysis buffer using a TissueRuptor (Qiagen). Total RNA was extracted
using a RNeasy plus mini kit (Qiagen) according to manufacturer's in-
structions. RNA quality was assessed using an Agilent 2100 bioanalyzer
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(Agilent Technologies). Samples were pooled for sequencing based on
the genus of flea and that of the flea's host (marsupial, bush rat, black
rat). Libraries were constructed using a TruSeq total RNA library pre-
paration kit (Illumina) and host rRNA was depleted using a Ribo-Zero-
Gold (Human, Mouse, Rat) kit (Illumina). Paired-end sequencing was
performed on the Hiseq2500 platform (Illumina) at the Australian
Genomic Research Facility (AGRF).

2.3. Assembly and analysis

Sequencing reads were trimmed for quality using trimmomatic and
de novo assembled using Trinity (2.2.1) (Grabherr et al., 2011). The
assembled contigs were blasted against the NCBI nr protein database
using diamond blastx (v.0.9.10) (Buchfink et al., 2015) and contigs
with significant sequence similarity to viral proteins were selected. The
selected contigs were then screened through NCBI BlastX for sequence
similarity to non-viral sequences and the remaining sequences were
searched for predicted ORFs using ExPASy translate tool (https://web.
expasy.org/translate/). The predicted ORF structure of the contig was
then compared to the genome of the closest blast hit to determine if the
contig was potentially an endogenous viral artefact.

2.4. Phylogenetic analysis

To determine the evolutionary history of each virus, the RNA-de-
pendent RNA polymerase (RdRp) or polyprotein of each virus was
compared to previously described proteins from the relevant virus fa-
mily. The RdRp and polyprotein sequences for the background data set
of viruses from each virus family group were retrieved from the NCBI
RefSeq database (https://www.ncbi.nlm.nih.gov/Taxonomy/Browser).
Multiple sequence alignment was performed with Mafft (v.7.300)
(Katoh and Standley, 2013) using the L-INS-I algorithm, and all am-
biguously aligned were removed using TrimAL (v.1.4.1) (Capella-
Gutierrez et al.,, 2009) with a maximum gap threshold of 0.8 and
minimum similarity threshold of 0.005. IQ-TREE (v.1.6.1) (Nguyen
et al., 2015) was used to determine the best-fit model of amino acid
substitution for each sequence alignment (Table 2). Maximum like-
lihood phylogenetic trees based on the amino acid alignments were
then estimated with the PhyML program (Guindon et al., 2010) em-
ploying the best-fit model suggested by IQ-TREE, with 1000 bootstrap
replications (although severe computational constraints meant that the
expansive phylogeny of the picorna-like viruses could only be run with
100 bootstrap replications).

2.5. Characterization of flea 18S ribosomal (r) RNA sequences and co-
infecting bacteria and microbial eukaryotes

The assembled contigs were compared to the NCBI nt database using
Blastn and filtered for > 90% sequence similarity over > 200 nt with
an e-value of < le-25 as an arbitrary cut-off. This subset of blast results
was then filtered to identify the bacterial composition using the 16S
rRNA gene, while 18S rRNA sequences were used to confirm the species
identity of the flea host in each library. Contigs showing sequence si-
milarity to the 18S rRNA gene of flea species were extracted. The se-
lected nucleotide sequences were checked for open reading frames, and
the resulting amino acid sequences were used in an NCBI web blast,
with the top blast results used to infer phylogenetic trees. The nucleo-
tide sequences of flea species related to those detected were extracted
from NCBI and aligned to the contigs extracted from our data using the
Mafft alignment tool. The resulting alignment was then used to infer a
nucleotide sequence maximum likelihood tree using the procedure
described above. Specifically, the ModelFinder function of IQ-TREE was
used to determine the appropriate nucleotide substitution model, which
was found to be K80 for the flea 18S rRNA alignment. The PhyML
package was then used to estimate phylogenetic history, with 1000
bootstrap replications. Co-infecting microbial eukaryotes, including
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fungi, were identified in the assembled contigs by taxonomic ranking
using CCMetagen (v. 0.1) (Marcelino et al., 2019), which relies on the
sequence alignments produced by the mapping tool KMA (Clausen
et al., 2018). The CCMetagen output was then filtered to identify all hits
classified within the Eukayota, although those to the phyla Arthropoda
and Chordata were removed, as were any to uncharacterized organisms
or to cloning vectors.

ica, North head, Sydney
illica, North head, Sydney

illica
illica
ca

Sampling location, NSW
North head, Sydney

2.6. Abundance measurements

T
T
Ti
T
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rRNAs were excluded from the total read count by identifying rRNA
contigs in the assembled data using Blastn against the NCBI nt database.
All hits to rRNAs with a sequence similarity of over 90% across more
than 200 nt and with an e-value of less than 1e-25 were extracted.
Bowtie2 (Langmead and Salzberg, 2012) was used to align the fastq
reads back to the contigs using end-to-end alignment with no errors
allowed. The total number of ribosomal reads was then subtracted from
the total read count. Bowtie2 was used to align fastq reads to each novel
virus genome or contig. This was then repeated for the host COX1 gene.
Bacterial abundance was measured by identifying 16S rRNA from the
results of a Blastn search of all assembled contigs against the GenBank
nt database. The abundance of contigs showing > 90% nucleotide se-
quence similarity to a 16S rRNA sequence was then measured using
Bowtie2, and the number of reads per kilobase million (RPKM) was
calculated for each contig. Similarly, the eukaryotic microbial hits
identified using CCMetagen were extracted from the Trinity assembly,
and Bowtie2 was used to map the raw reads back to these contigs. The
RPKM was then calculated as described above.
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Number of reads
38,338,622
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15
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2.7. Accession numbers

The virus consensus sequences obtained here have been submitted
to GenBank and assigned accession numbers MN167477-MN167503.
The raw read data have been submitted to the NCBI Sequence Read
Archive (SRA) database and assigned BioProject ID PRINA542968.

3. Results
3.1. Flea species assignment

A total of 52 fleas were collected during bandicoot population stu-
dies in two locations on the east coast of Australia during 2016 and
2017 (Table 1). Fleas were identified as belonging to three genera -
Stephanocircus, Pygiopsylla and Macropsylla - and four species - Stepha-
nocirus harrisoni, Stephanocirus pectinipes, Pygiopsylla rainbowii and
Macropsylla hercules. A fifth group of fleas were identified as belonging
to Pygiopsylla Group A. Identification to species level was not possible in
all cases as fleas often require slide mounting for species determination,
which cannot be performed while maintaining temperatures low en-
ough to preserve RNA quality (Dunnet and Nardon, 1974). The RNA
from these 52 fleas were pooled by flea genus and the host from which
the flea was collected, producing six libraries for RNA sequencing
(Table 1). The resulting RNA sequencing produced between 35,639,160
and 38,613,790 paired end reads per library which were de novo as-
sembled into between 85,994 and 153,532 contigs per library (Table 1).

Flea 18S rRNA sequences were identified from the assembled con-
tigs and a phylogenetic analysis was used to confirm the species iden-
tification. As no reference 18S rRNA sequences exist in the NCBI RefSeq
database for the species in this study, the most closely related COX1
sequences were included in the analysis. Sequences from libraries 2, 3
and 6, representing fleas belonging to the genus Pygiopsylla, grouped
together loosely with other Pygiopsylla reference sequences as expected
based on morphological classification (Fig. 1, Table 1). In contrast, the
sequences from libraries 1 and 5, collected from fleas belonging to the
genus Stephanocircus, grouped together with the reference Stephano-
circus sequences, again expected based on the morphological

Long nose bandicoot, Southern brown bandicoot, Potoroo

Long nose bandicoot, Southern brown bandicoot, Potoroo
Native rat

Native rat

Host type
Native rat
Black rat

Stephanocircus pectinipes, Stephanocircus harrisoni

Pygiopsylla Group A, Pygiopsylla rainbowi
Pygiopsylla rainbowi

Stephanocircus harrisoni
Macropsylla hercules

Flea species or group
Pygiopsylla Group A

Library

— AN M T N O

Composition of RNA pools for sequencing and the number of sequencing reads produced for each library.

Table 1
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Table 2
Description of the novel viruses identified in this study.

Virology 535 (2019) 189-199

Virus name Closest virus family Length (nt) Number of reads Library Segments Coding complete segments (Y/N)
Sherlock virus Narnaviridae 2913 2822 1 1 Y
Mycroft virus Sobemoviridae 2717 7658 1 1 Y
Lestrade virus Orthomyxoviridae 10910 79913 2 5 Y
Watson virus Picornaviridae 10080 3617 2 1 Y
Baskerville virus Picornaviridae 8713 2087 2 1 Y
Mortimer virus Sobemoviridae 4924 10757 2 2 Y
Barrymore virus Totiviridae 2012 133 2 1 Y
Stapleton virus Sobemoviridae 4332 6436 3 2 Y
Stamford virus Picornaviridae 7447 38948 3 1 Y
Gregson virus Picornaviridae 5290 35399 3 1 Y
Hudson virus Reoviridae 7071 976 3 2 Y
Moriarty virus Narnaviridae 2227 158 3 1 N
Brunton virus Narnaviridae 2503 177 3 1 N
Carfax virus Picornaviridae 9136 4802 4 1 Y
Culverton virus Chuviridae 15278 33835 4 1 Y
Cushing virus Tombusviridae 2209 26161 5 1 Y
Browner virus Phenuiviridae 8743 5622 5 2 Y
Moran virus Picornaviridae 10634 16273 6 1 Y

classification of the fleas included in these libraries (Fig. 1, Table 1).
The 18S rRNA sequence identified in library 4 appears in an divergent
group with a single related reference sequence, Macropsylla novae-
hollandiae, again as expected based on the morphological identification
(Fig. 1, Table 1).

3.2. RNA virus diversity

A total of 18 novel RNA viruses were identified, comprising 14
complete coding sequences and four partially assembled genomes. No
previously described viruses were identified, nor viruses with DNA
genomes. The 18 novel RNA viruses showed phylogenetic relationships
to nine viral families: Narnaviridae, Sobemoviridae, Picornaviridae,
Totiviridae, Chuviridae, Reoviridae, Orthomyxoviridae, Tombusviridae and
Phenuiviridae. All major types of RNA virus genome structure were re-
presented within the data, with those possessing positive-sense single
stranded genomes the most common, accounting for 72% of species

100

identified and 56% of the total number of viral reads within the total
data set. We also predict that these sequences are not endogenous viral
elements as they show no relationship to previously described flea
genomic sequences and contain ORFs unbroken by premature stop co-
dons. Finally, the abundance and diversity of viruses does not appear to
be associated with the number of fleas contained within the library
pool. In particular, libraries 1 and 2 contained the same number of
individual fleas, while library 3 contained only 20% of that number, yet
libraries 2 and 3 harbored the greatest viral diversity while library 1
possessed just two distinct virus species (Table 1, Table 2).

Host gene expression was measured using the abundance of the
COX1 housekeeping gene. Accordingly, the level of expression varied
from 0.6 to 1.6% of reads with rRNA sequences excluded (Fig. 2). Si-
milarly, the total abundance of viral reads was assessed for each library
as a percentage of the total non-rRNA sequences. This revealed that
libraries 2 and 3 exhibited a substantially higher abundance of viral
reads (0.28% and 0.26% respectively; Fig. 2). These two libraries also

| Macropsylla novaehollandiae

100

| Library 4 Macropsylla

Hoplopsyllus anomalus
L‘__ Conorhinopsylla stanfordi
Megarthroglossus divisus

Carteretta clavata
Meringis dipodomys
Meringis hubbardi

96 | Parapsyllus longicornis

Ectinorus chilensis

—

0.004

Cleopsylla townsendi

s Sphinctopsylla ares
Plocopsylla achilles
\_l:'— Craneopsylla minerva wolffheuglia
Tiarapsylla titschacki

Tunga monositus
Tunga libis
Tunga penetrans

Ctenoparia topali

Library 1 Stephanocircus
Library 5 Stephanocircus
Stephanocircus dasyuri
Library 3 Pygiopsylla

[ Pygiopsylla hoplia
Lycopsylla nova

Library 2 Pygiopsylla
Library 6 Pygiopsylla
Bibikovana sp.

Acanthopsylla rothschildi

Papuapsylla corrugis
_E'——Metastiva/ius mordax
Parastivalius novaeguinae

Fig. 1. Maximum likelihood phylogeny of the 18S rRNA sequences of the flea taxa present within each library and reference 18S rRNA sequences of related flea
species. Reference sequences are shown in black while sequences generated in this study are shown in red. Bootstrap values of > 70% are shown.
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Fig. 2. Abundance of COX1, viral reads and virus families. The abundance of
the COX1 housekeeping gene and total viral sequences are shown as a per-
centage of the total number of non-rRNA sequences. Columns are colored by the
flea genera in each library with Stephanocircus shown in red, Pygiopsylla in green
and Macropsylla in blue. The breakdown of virus family abundance is re-
presented, with the total number of reads of each virus family shown as a
percentage of the total number of viral reads in each library.

contained the greatest diversity of RNA virus species (Table 2) and the
two most highly abundant viruses within the data set - the orthomyxo-
like Lestrade virus and the picorna-like Stamford virus. Interestingly,
the three most abundant viruses within the data set were from different
families - the Orthomyxoviridae, Picornaviridae and Chuviridae - although
picorna-like viruses were the most abundant family in all three Py-
giopsylla libraries (Tables 1 and 2, Fig. 2). We now describe each group
of viruses in turn.

3.3. Single-stranded, positive-sense RNA viruses

Of the 13 single-stranded (ss), positive sense (+) RNA viruses
identified here, six belonged to the Picornaviridae and were found in
four of the six libraries. Picorna-like viruses were absent from
Stephanocircus libraries (Table 2, Fig. 3), although whether this merely
reflects chance sampling is unclear. Despite clustering within the same
family and with other invertebrate associated viruses, the six viruses
from the Picornaviridae were not closely related to each other. Indeed,
the most closely related species were Watson virus and Carfax virus that
exhibited only 40% amino acid sequence similarity in the RdRp.

The abundance of the picorna-like viruses varied dramatically be-
tween species, with the most abundant, Stamford virus, comprising
0.12% of the total non-rRNA reads within library 3 and the least
abundant, Baskerville virus, constituting 0.006% of the total non-rRNA
reads in library 2 (Fig. 2). The two most highly abundant picorna-like
viruses clustered with the same group within the picorna-like virus tree,
unofficially referred to as “noraviruses”, although they exhibit little
amino acid sequence similarity (Figs. 2 and 3). These viruses are all
arthropod-associated and many viruses within this cluster were
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identified within Drosophila (Fig. 3). Unlike all other picorna-like
viruses identified in this data set that contained a single ORF, Stamford
virus comprised two ORFs. This genome structure is also seen in viruses
related to Stamford virus, such as a Drosophila-associated Nora virus.
The assembled complete coding genomes of the picorna-like viruses
identified here varied from 5320 nt to 10,633 nt (Fig. 3).

The remaining seven + ssRNA viruses fell into three other family
groups: three within the Sobemoviridae, three within the Narnaviridae,
and a single virus in the Tombusviridae. These viruses were generally of
lower abundance than the picorna-like viruses described above, with
the most abundant being Mortimer virus which represented 0.03% of
reads in library 2, and the lowest being Moriarty virus with 0.0005% of
the reads in library 3. Most of the previously identified viruses within
the three trees are associated with invertebrates, although a number of
viruses within the Narnaviridae tree are found in fungi, plants and
protists (Fig. 4). Of the three narna-like viruses identified in this data
set, a complete coding genome could only be assembled for Sherlock
virus, likely because the remaining two viruses (Moriarty virus and
Brunton virus) were are at low abundance (Figs. 2 and 4). Phylogenetic
analysis of the narna-like viruses revealed that although Moriarty virus
and Sherlock virus only show ~23% amino acid sequence similarity
they fell into the same phylogenetic group (Fig. 4). This is notable as
both Brunton and Moriarty viruses were identified in Pygiopsylla fleas
collected from native rats, while Sherlock virus was sampled from
Stephanocircus fleas feeding on marsupials (Table 2). Similarly, Mycroft
virus and Stapleton virus group together (48% amino acid sequence
similarity) within the sobemo-like tree despite being associated with
different flea species. A single species of tombus-like virus, denoted
Cushing virus, was also identified.

3.4. Single-stranded, negative-sense RNA viruses

Three novel negative (—) sense ssRNA viruses were identified here,
each belonging to a different family: the Chuviridae, Phenuiviridae and
Orthomyxoviridae. All three viruses clustered phylogenetically with
other invertebrate associated viruses (Fig. 5). Notably, the two most
highly abundant virus species identified exhibited this form of genome
organization - the orthomyxo-like virus, Lestrade virus (0.23% of non-
rRNA reads in library 2), and the Chu-like virus, Culverton virus (0.1%
of non-rRNA reads in library 4) (Fig. 2). Five orthomyxo-like segments
were identified within library 2, all belonging to Lestrade virus. Two
segments of the Phenui-like virus, Browner virus, were also identified,
consistent with the other viruses within this group.

3.5. Double-stranded RNA viruses

Double-stranded (ds) RNA viruses were the least represented within
the data set with just two virus species of this type - Barrymore virus
that fell within the Totiviridae and Hudson virus that clustered with the
Reoviridae (Fig. 6). These viruses were also of relatively low abundance,
with Barrymore virus accounting for just 0.0004% of reads in library 2,
and Hudson virus accounting for 0.003% of the reads in library 3 (al-
though these two libraries contain the most virus reads and the greatest
abundance of virus species). The majority of the reference sequences
within both dsRNA trees are invertebrate associated, although a
number of the viruses within the Totiviridae tree are associated with
fungi, protists or plants. Notably, the two virus species most closely
related to Barrymore virus are found in fungi, suggesting that this virus
may in fact be associated with flea-infecting fungi rather with than the
flea itself, although this cannot be determined conclusively from the
phylogenetic data alone.

3.6. Co-infecting bacteria, fungi and protozoa

Other microbial species are commonly sampled with viruses within
individual invertebrates (Harvey et al., 2019). To address this issue we
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Picornaviridae

Gregson virus %
Hubei odonate virus 7

Wenzhou picorna-like virus 47

Changjiang picorna-like virus 17

Stamford virus

Hubei odonate virus 6

Drosophila immigrans Nora virus

Drosophila subobscura Nora virus

Nora virus

Spodoptera exigua virus

Hubei picorna-like virus 66

Caledonia beadlet anemone Nora virus-like virus 1
Beihai picorna-like virus 112

Beihai picorna-like virus 113

Chequa iflavirus

Hubei myriapoda virus 1
Baskerville virus 4%
Dinocampus coccin€llae paralysis virus
Wuhan insect virus 13
Bee iflavirus 1
Nasonia vitripennis virus
Wuhan coneheads virus 1
Venturia canescens picorna-like virus
Hubei picorna-like virus 30

100 Hubei tick virus 1
%2 Bole hyalomma asiaticum virus 1
Hubei tick virus 3
Hubei tick virus 2

83 Nilaparvata lugens honeydew virus 2
100 Laodelphax striatella honeydew virus 1
Sogatella furcifera honeydew virus
Hubei picorna-like virus 29

Brevicoryne brassicae virus

Slow bee paralysis virus
Bat iflavirus
Vespa velutina Moku virus
Moku virus
Hubei odonate virus 4
Moran virus
Hubei picorna-like virus 2
Hubei tetragnatha maxillosa virus 2
Graminella nigrifrons virus 1
Euscelidius variegatus virus 1
Hubei odonate virus 2
Hubei odonate virus 3
Hubei picorna-like virus 27
Hubei coleoptera virus 1
Tribolium castaneum iflavirus
Hubei picorna-like virus 26
Heliconius erato iflavirus
Thaumetopoea pityocampa iflavirus 1
Antheraea pernyi iflavirus
Nilaparvata lugens honeydew virus 3
Formica exsecta virus 2
Darwin bee virus 3
Deformed wing virus
Bundaberg bee virus 6
Wuhan spider virus 2
Hubei picorna-like virus 31
Watson virus
Shuangao insect virus 12
Carfax virus
i Wuhan fly virus 4
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Fig. 3. Phylogenetic relationships and genomic structures of the novel picorna-like viruses described here. Phylogenies are based on amino acid sequences of the
RdRp region of the polyprotein. A phylogeny of all the picorna-like viruses used in the analysis is shown in the upper-left panel. The novel flea viruses identified here
fall into two clades - marked in red in the main tree - that are then analyzed in more detail in the phylogenies on the right. All trees are scaled to the number of amino
acid substitutions per site and midpoint rooted for clarity. Bootstrap values of more than 70% are shown. Viruses shown in blue are associated with the genus
Macropsylla, while those shown in green and red are associated with Pygiopsylla and Stephanocircus genera, respectively. Branch tips are colored according to virus
hosts, with fungi and plant viruses indicated by an orange branch, vertebrate viruses with a purple branch, and invertebrate viruses with a black branch. Genome
diagrams provide information on the number of genome segments identified, the length in nucleotides of each segment, the number of predicted ORFs, and any
predicted conserved protein structures.
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Fig. 4. Phylogenetic relationships of the RARp region and genomic structures of the novel ssRNA + viruses identified here (excluding picorna-like viruses; see Fig. 3).
All trees are scaled to the number of amino acid substitutions per site and midpoint rooted for clarity. Bootstrap values of more than 70% are shown. Viruses shown in
blue are associated with the genus Macropsylla, while those shown in green and red are associated with Pygiopsylla and Stephanocircus genera, respectively. Branch
tips are colored according to virus hosts, with fungi and plant viruses indicated by an orange branch, vertebrate viruses with a purple branch, and invertebrate viruses
with a black branch. Genome diagrams provide information on the number of genome segments identified, the length in nucleotides of each segment, the number of

predicted ORFs, and any predicted conserved protein structures.

assessed the microbial composition of each library via the abundance of
the 16S/18S rRNA hits in the blastn results for bacteria (Table 3) and
using the KMA and CCMetagen tools for eukaryotic microbes (Clausen
et al., 2018; Marcelino et al., 2019).

Bacterial hits were grouped by genus, although for a number of the
16S rRNA hits no genus or species were listed in the RefSeq description
such that they were grouped as ‘uncultured bacteria’. The greatest di-
versity of bacterial genera was seen in both Stephanocircus libraries
(libraries 1 and 5), with six and seven genera identified, respectively.
The genus Bacillus was identified in all libraries other than library 4

(Macropsylla). Bacteria of the genus Bartonella were identified in li-
braries 4 and 5 (Macropsylla and Stephanocircus). Although Bartonella
have previously been identified in fleas (Oshima et al., 2016), the 16S
rRNA contigs exhibited the highest sequence similarity to two rodent
associated species, Bartonella japonica and Bartonella rattaustraliani.
The greatest abundance of protozoa and fungi were seen in libraries
1, 3 and 5, while libraries 1 and 5 had the greatest diversity in terms of
the number of genera identified (Table 4). The three genera with the
highest abundance in a given library were Trypanosoma, Blechomonas
and Leptomonas, all of which are all members of the order



E. Harvey, et al.

Chuviridae

%6 Hubei chuvirus-like virus 4

Hubei myriapoda virus 8

Mono-Chu Wenzhou crab virus 3
Beihai hermit crab virus 3

Culverton virus

Scaldis River bee‘Virus

Mogami virus

Shayang Fly Virus 1

Shuangao Lacewing Virus
Shuangao Insect Virus 5

100

Hubei coleoptera virus 3

0.2

Culverton virus

—{ Glyco H Nucleo H RdRp

Methyltrans 15278nt

Phenuiviridae

Shuangao Insect Virus 3
Zhee mosquito virus
uncultured virus
Xinzhou Mosquito Virus
Hubei bunya-like virus 13
Hubei insect virus 1
Browner virus %
Ostrinia furnacalis
Pararge aegeria
Wuhan insect virus 16
Hubei bunya-like virus 2
Hubei bunya-like virus 3

0.06

Browner virus

Segment L | L protein RdRp I— 7096nt
Segment § 16450t

Virology 535 (2019) 189-199

Orthomyxoviridae

Beihai orthomyxo-like virus 1

Jiujie Fly Virus
Shayang Spider Virus 3
Wellfleet Bay virus
Johnston Atoll virus
Quaranfil virus

100

Hubei orthomyxo-like virus 2

Wuhan Mosquito Virus 7

Wuhan mosquito virus 4
Wuhan Mosquito Virus 6

Wuhan Mosquito Virus 5

Wuhan Mosquito Virus 3

Sanxia Water Strider Virus 3

o Shuangao Insect Virus 4

Jingshan Fly Virus 1

Wuhan Louse Fly Virus 3

Wuhan Louse Fly Virus 4

Lestrade virus

Photinus pyralis orthomyxo-like virus 2

Hubei orthomyxo-like virus 1

Hubei earwig virus 1

Photinus pyralis orthomyxo-like virus 1

Old quarry swamp virus

Wuhan Mothfly Virus

100 Influenza C virus
100 Influenza D virus
100 Influenza A virus
100 Influenza B virus

a Hubei orthoptera virus 6
Hubei orthomyxo-like virus 4
Dhori virus
Jos virus
Thogoto virus

0.2

Lestrade virus

2as0nt

2uont

asint
gt
-

Virus host:
Red = Stephanocircus

Green = Pygiopsylla

Blue = Macropsylla
Flea host:

Black rat (Rattus rattus)

Marsupial (LNB, SBB, potoroo) 4@
Native rat (Rattus fuscipes) é

Fig. 5. Phylogenetic relationships and genomic structures of the novel ssRNA-viruses. All trees are scaled to the number of amino acid substitutions per site and
midpoint rooted for clarity. Bootstrap values of more than 70% are shown. Viruses shown in blue are associated with the genus Macropsylla, while those shown in
green and red are associated with Pygiopsylla and Stephanocircus genera, respectively. Branch tips are colored according to virus hosts, with fungi and plant viruses
indicated by an orange branch, vertebrate viruses with a purple branch, and invertebrate viruses with a black branch. Genome diagrams provide information on the
number of genome segments identified, the length in nucleotides of each segment, the number of predicted ORFs, and any predicted conserved protein structures.

Trypanosomatida (Table 4). The next most abundant eukaryotic taxon,
and the most abundant fungi in the data set, was Malassezia seen in
library 3 and at lower abundance in library 5 (Table 4). As this genus of
fungi is found on the skin of animals it is not surprising that it was
present in these data, as all the fleas studied were collected while
feeding on mammalian wildlife.

4. Discussion

We used a meta-transcriptomic approach in an initial attempt to
characterize the virome of fleas (Siphonaptera). Accordingly, RNA-se-
quencing data were generated for fleas of three genera, Pygiopsylia,
Macropsylla and Stephanocircus, collected across two locations along the
east coast of Australia (including metropolitan Sydney) from trapped
native marsupials, native bush rats, and introduced black rats. Despite
their ability to transmit a number of important human pathogens such

as Yersinia pestis, Bartonella henselae, Rickettsia typhus and tick-borne
encephalitis virus, to date there has been no study of the flea virome
(Azad et al., 1997; Chouikha and Hinnebusch, 2012; Rehacek, 1961).
Hence, this study provides a first insight into the diversity of flea viruses
as well as their association with Australian wildlife. This is of increasing
importance as urban development will increase interactions among
native wildlife, humans and domestic animals, facilitating cross-species
virus transmission.

Despite the relatively small number of fleas sampled, we identified
18 novel RNA virus species belonging to nine families: Picornaviridae,
Sobemoviridae, Tombusviridae, Reoviridae, Narnaviridae, Phenuiviridae,
Chuviridae, Totiviridae and Orthomyxoviridae. No previously described
virus species were identified within the data set. All 18 viruses were
divergent from those viruses described previously, with Mortimer virus
showing the highest level of sequence similarity to its most closely re-
lated virus at just 55% amino acid sequence similarity in the RdRp that
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number of genome segments identified, the length in nucleotides of each segment, the number of predicted ORFs, and any predicted conserved protein structures.

Table 3

The abundance of bacterial genera present in each library as measured by the abundance of 16S rRNA sequences. Abundance is measured using RPKM.
Genus Library 1 Library 2 Library 3 Library 4 Library 5 Library 6
Bacillus 57.812 84.200 50.307 - 13.930 101.468
Planococcus 5.491 - - - - -
Shigella 34.419 - - - - -
Uncultured bacterium 7.419 30.223 82.700 70.189 1.0131 -
Cardinium - 102.345 - - - -
Micrococcus - - 4.723 - - -
Streptomyces 23.430 - 2.669 - - -
Bartonella - - - 42.772 1.261 -
Escherichia - - - 40.341 - 71.353
Pseudomonas 13.027 - - - 2.706 -
Rhodopseudomonas - - - - 4.753 -
Serratia - - - - 48.564 -
Staphylococcus - - - - 48.967 -

is the most conserved protein among RNA viruses. Notably, all the
viruses described here clustered with other invertebrate associated
viruses, with a large majority of these being arthropod associated.
Despite an apparent lack of association with vertebrate viruses, this
does not necessarily imply that all viruses described here are strictly
arthropod-specific, as a small number of viruses within particular fa-
milies, such as the Orthomyxoviridae, Picornaviridae and Reoviridae, have
previously been shown to infect vertebrates (Docherty and Slota, 1988;
Williams et al., 2018; Yinda et al., 2016) and because the sample size
was relatively small. The two most closely related reference sequences
to the Phenui-like virus described here, Browner virus, are described as
uncharacterized genes of the insect species Ostrinia furnacalis and
Pararge aegeria. However, based on the phylogenetic relationship of the

predicted amino acid sequences and the length and structure of the
gene it is highly likely that these sequences are in fact derived from a
virus infecting the insect used to generate the host transcriptomes.

A number of segmented viruses were identified within our study,
with multiple segments identified for five of the 18 novel viruses.
Identifying all the segments from an individual virus using meta-tran-
scriptomic data can be challenging, and in some cases likely impossible
when viruses are extremely divergent and/or at very low abundance
within the sample. Although the number of segments in a viral genome
can be predicted to some extent by the number seen in closely related
viruses, this is difficult with highly divergent viruses in which segment
numbers can vary greatly, even within the same family (Shi et al.,
2016). Our data suggests that newly identified Orthomyxo-like virus
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Table 4

The abundance of eukaryotic microbial organisms (protozoa and fungi) identified using CCMetagen. Abundance is measured using RPKM.
Genus Library 1 Library 2 Library 3 Library 4 Library 5 Library 6
Albugo - - 0.671 - - -
Aspergillus - 1.888 - - - -
Blechomonas 32.621 - - - 74.657 -
Cladosporium 1.146 - 15.588 - - -
Dictyostelium - - - 0.881 - -
Glomeromycota 1.355 - - - - -
Hepatozoon - - - - 1.724 -
Heteroconium - - 2.173 - - -
Ichthyosporea - - 2.879 - - -
Leptomonas 68.041 - - - - -
Malassezia - - 25.683 - 0.583 -
Oidiodendron - - - - - 1.130
Penicillium - 3.533 - - - -
Phoma - - 0.706 - - -
Trypanosoma - 1.428 219.022 - - 1.149

Lestrade virus has five segments, as does its closest sampled relative,
Photinus pyralis orthomyxo-like virus 2 (Fallon et al., 2018), although
viruses in the Orthomyxoviridae family are known to have up to 8 seg-
ments (McDonald et al., 2016). Similarly, viruses in the Reoviridae fa-
mily are known to vary in their number of segments, usually between 8
and 12, although only two segments of Hudson virus could be identified
here (McDonald et al., 2016). This is likely due to the highly divergent
nature of Hudson virus, exhibiting only 28% amino acid sequence si-
milarity to the most closely related RdRp sequence, as well as its low
abundance in the library.

Libraries containing fleas of the genus Pygiopsylla exhibited the
highest diversity and abundance of virus species, including the most
abundant viruses observed here (a orthomyxo-like virus and a picorna-
like virus). However, library 6, comprising Pygiopsylla fleas collected
while feeding on invasive Black rats, did not contain the abundance or
diversity seen in libraries 2 and 3, also from Pygiopsylla but collected
from native mammals. This is consistent with a study that found that
Australian fleas feeding on domestic animals exhibited significantly
lower microbiome diversity than those feeding on native wildlife
(Lawrence et al., 2015). Stephanocircus fleas showed the least diversity
and abundance of virus species.

As noted above, Pygiopsylla libraries 2 and 3 contained the two most
abundant viruses as a percentage of total reads - the orthomyxo-like
virus, Lestrade virus and the picorna-like Stamford virus. Lestrade virus
was the most abundant within our data set as a whole, constituting
0.2% of the reads in library 2. This is not uncharacteristic of ortho-
myxo-like viruses, including those seen in other invertebrates (Harvey
et al., 2019; Shi et al., 2017). The two least abundant viruses identified
within the data set as a whole - the toti-like Barrymore virus and the
narna-like Moriarty virus - were also found in libraries 2 and 3. Both
virus families have been observed at low abundance in other in-
vertebrate viromes (Shi et al., 2017). This low abundance, combined
with its phylogenetic relationship to viruses found in diverse hosts,
suggest that the narna-like and toti-like viruses identified here are in
fact likely infecting fungal or unicellular eukaryotes associated with
fleas.

A number of the viruses described here group phylogenetically with
viruses identified in our previous study of Australian ticks (Harvey
et al., 2019) collected during the same population studies as the fleas
included here. It should be noted, however, that although both types of
parasite were collected at the same time and from the same mammalian
species, none of the fleas included in this study were collected from the
same individual hosts as the ticks analyzed previously. Interestingly,
+5ssRNA viruses were more abundant in fleas while -ssRNA viruses
were more common in ticks (Harvey et al., 2019). In particular, we
observed a high abundance of picorna-like species in fleas, although
these are commonplace in invertebrates (Shi et al., 2016). Within the
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Orthomyxoviridae phylogeny, Lestrade virus sits close to a cluster of
viruses containing Old Quarry Swamp virus from Ixodes holocyclus ticks
collected from the same region as the fleas in this study, and both were
sampled from trapped marsupials. Similarly, within the Narnaviridae,
Brunton virus grouped more closely with Yambulla virus found in L
holocyclus fed on southern brown bandicoots than with the other narna-
like viruses found in fleas. Nadgee virus, which was also found in L
holocyclus ticks fed on southern brown bandicoots, falls within a sister
group to Sherlock and Moriarty viruses. Notably, all those Australian
tick viruses that were related to the flea viruses identified here were
found in I holocyclus ticks collected from bandicoots. At face value
these data suggest that the mammalian hosts of these ectoparasites may
in part determine the diversity of virus species observed in parasitic
invertebrates, although more data is needed to confirm this. Finally,
within the tick virome, three mammalian associated viruses were
identified, inferred through their phylogeny and, in the case of the two
flaviviruses, also their abundance. Notably, no such mammalian asso-
ciated viruses were identified within our flea transcriptomes. Despite
the smaller sample size, it is tempting to speculate that the difference
between ticks and fleas is the smaller volume of host blood held within
the latter at the time of RNA extraction. Indeed, I. holocyclus ticks are
capable of carrying large quantities of blood comparative to their body
size.

An earlier study of the microbiome of the native Australian flea
species Echidnophaga a. ambulans found that they carried far less bac-
terial diversity than the common cat flea (Ctenocephalides f. felis)
(Lawrence et al., 2015). This is consistent with the bacterial diversity
seen in native flea species analyzed here, which was highest in fleas of
the genus Stephanocircus; although, interestingly, they also harbored the
least diversity and abundance of viruses. Also similar to prior work was
that we identified a number of soil associated bacteria such as Bacillus
in a variety of flea species (five of the six libraries) but not in the
Macropsylla library. Interestingly, the flea associated bacterial genus,
Bartonella, was identified in libraries from Macropsylla and Stephano-
circus fleas. These 16S rRNA hits exhibited their closest sequence si-
milarity to Bartonella japonica and Bartonella rattaustraliani, respec-
tively. Interestingly, B. japonica is a rodent associated bacterium
identified in Japanese field mice (Inoue et al., 2010), while B. rattaus-
traliani was first identified in native Australian rats (Gundi et al., 2009).

We also identified a number of eukaryotic microbial organisms in
our data, with the most abundant being from the genera Trypanosoma,
Blechomonas and Leptomonas (order Trypanosomatida), all of which are
associated with fleas (de Avelar et al.,, 2011; Votypka et al., 2013).
Interestingly, the libraries in which the Trypanosomatida were highly
abundant (libraries 1, 3 and 5) were the same libraries containing the
narnaviruses and tombusviruses identified here. These viruses have
previously been shown to infect trypanosomatids, with a recent study
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finding that members of the Narnaviridae were associated with Blecho-
monas spp. (Akopyants et al., 2016; Grybchuk et al., 2018). Although a
majority of the viruses that cluster with Sherlock virus, Moriarty virus
and Cushing virus are listed as infecting the arthropod host in whose
transcriptome they were identified, such as barnacles, crabs, shrimp,
ticks and cockroaches, the increasing number of narnaviruses asso-
ciated with the trypanosomatid parasites of these insects suggests that
these viruses, and those identified here, may also in fact infect trypa-
nosomatids.

In sum, by implementing a meta-transcriptomic approach we pre-
sent the first virome-scale study of fleas, demonstrating that these an-
imals are capable of carrying a wide diversity of RNA viruses and other
microorganisms. Although four of the 18 novel viruses identified here
clustered phylogenetically within the same groups as viruses identified
in L holocyclus ticks, no likely mammalian-associated viruses were
identified. It therefore remains to be determined whether these para-
sitic vectors can transmit medically important viruses.
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