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We investigated the virome of agaonid fig wasps (Ceratosolen spp.) inside syconia (“fruits™) of various Ficus trees
fed upon by frugivores such as pteropodid bats in Sub-Saharan Africa. This virome includes representatives of
viral families spanning four realms and includes near-complete genome sequences of three novel viruses and
fragments of five additional potentially novel viruses evolutionarily associated with insects, fungi, plants, and
vertebrates. Our study provides evidence that frugivorous animals are exposed to a plethora of viruses by
coincidental consumption of fig wasps, which are obligate pollinators of figs worldwide.

1. Introduction

Fig wasps (Hymenoptera: Chalcidoidea) form a polyphyletic group
that is divided into non-pollinators (several families) and obligate pol-
linators (family Agaonidae) of fruiting fig trees (Moraceae: Ficus spp.).
Agaonid wasps of a number of species are highly adapted to fig trees of
distinct species, which typically possess both male and female flowers.
The co-evolved mutualism of each fig wasp and its fig is in part due to
the structure of the fig “fruit,” or syconium. Female syconia consist of
“inverted flowers”, each with an apex that forms a tight ostiole enclo-
sure, providing an exclusive habitat for pollinating wasps. Once the
flowers are ready for pollination, the ostiole loosens to enable female
wasps to enter, a process during which the wasps lose their wings. After
pollinating the flowers, the female wasps die. Male fig wasps are
wingless and spend their entire lives within a syconia, where they mate
with females and then produce openings through which newly hatched
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females can escape (Ahmed et al., 2009; Cook et al., 2004; Cook and
West, 2005; Weiblen, 2002). Many frugivorous mammals, including
pteropodid bats, rely on figs as a food source and therefore ingest fig
wasps while feeding (Kunz et al., 1995, 2011). However, with the
exception of a tombusvirid in fig wasps (Bennett et al., 2019), the virome
of fig wasps and the potential infection of fig-consuming mammals with
fig wasp viruses has not yet been examined systematically.

Here, we investigate the viruses of agaonid fig wasps (Ceratosolen
spp.) sampled in Uganda. Ceratosolen fig wasps, which are under taxo-
nomic reassessment, are highly adapted to figs (Jiang et al., 2006),
including those that serve as a food source for mammals in Sub-Saharan
Africa. Using a metagenomics approach, we provide a glimpse into the
fig-wasp-associated virome, which even in this limited investigation
reveals viruses spanning four realms. Our results indicate that
fig-consuming animals are dietarily exposed to a plethora of
thus-far-unknown viruses and that arthropods associated with frugivore
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diets may be components of the ecology of mammal-associated viruses.
2. Methods
2.1. Sample collection and homogenizing

Ripe and intact syconia (“fruits”) were collected from fig trees of
eight species in Kibale National Park (0°13'-0°41"N, 30°19-30°3"E) and
Semliki National Park (0°50'18.5'N and 30°10'22.1'E) Uganda, in
January 2016 (Table 1). The fruits were opened using sterile in-
struments to reveal adult and larval fig wasps inside. Adult fig wasps,
both male and female, were collected by tree in pools of 20 (or fewer
when less were found). In addition, galls (structures containing larval fig
wasps) were collected by tree in pools of 20 (or fewer when less were
found). Wasps and larvae were placed into sterile tubes containing 500
pL of DNA/RNA shield buffer (Zymo Research Corporation, Irvine, CA,
USA) at a 10:1 buffer:sample ratio. Eleven sample tubes of fig wasps
were collected (numbers of insects per tube described in Table 1); one
tube (Sample 16) contained only larvae. All samples were exported to
the United States with permission of the Uganda Wildlife Authority and
the Uganda National Council for Science and Technology and shipped in
accordance with International Air Transport Association (IATA)
regulations.

2.2. Nucleic acid extraction and sequencing

Nucleic acids were extracted from homogenates using the Qiagen
QiAmp MinElute Virus Spin Kit (Qiagen, Germantown, MD, USA)
following the manufacturer’s protocol. Nucleic acid concentrations were
measured using Qubit Broad Range DNA Kit and Qubit High Sensitivity
RNA Kit (Thermo Fisher Scientific, Frederick, MD, USA). RNA was
converted to double-stranded complementary DNA (cDNA) as previ-
ously described (Goldberg et al., 2017). Total cDNA concentration and
quantity were assessed using the Qubit Broad Range DNA Kit.
Sequencing libraries were prepared with a Nextera XT Kit (Illumina, San
Diego, CA, USA) using 1 ng of total DNA as input. Library fragment
length and quality were evaluated with a Bioanalyzer 2100 using the
High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA).
Libraries were normalized and pooled by following manufacturer’s
protocol and sequenced on the MiSeq platform using MiSeq Reagent Kit
v3 (2 x 300 cycles) (Illumina). Selected samples were also processed for

Table 1
Summary statistics of metagenomic sequence data from eleven fig wasp samples.
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additional sequencing with the NEB Next Ultra Directional RNA library
kit (New England Biolabs, Ipswich, MA, USA) using the human ribo-
somal RNA (rRNA) subtraction module following a previously published
protocol (Manso et al., 2017). Library fragment length and quality were
evaluated as described above and libraries were pooled at 2 nM and
sequenced as before, using a spiked-in 1% PhiX control (Illumina, San
Diego, CA, USA).

2.3. Virome profiling

Raw reads from all samples were processed using VirusSeeker (Zhao
et al., 2017), and resulting data were parsed as previously described
(Paskey et al., 2020). In brief, classification of all reads and contigs was
performed via the VirusSeeker pipeline using BLASTn, Megablast, and
tBLASTx. In-house Python scripts were used to create taxonomic
assignment reports for bacteria, fungi, and all other categories that were
not generated by VirusSeeker and to calculate the exact read counts
corresponding to each contig (VirusSeeker 2.0, manuscript in prepara-
tion). The relationship among the number of insects per sample, the total
number of reads, and the number of classifiable sequences was investi-
gated by calculating Pearson’s correlation coefficient among these var-
iables. R package ggplot2 (Wickham, 2016) was used to create pie charts
and heatmaps, and the built-in statistical package R v4.0.3 was used for
correlation coefficient analysis (R Core Team, 2018). Raw reads were
also submitted to an in-house pipeline called MetaDetector (manuscript
in preparation) for initial quality assessment using FASTQC (Andrews,
2014), quality trimming (Q20) using BBDuk (Bushnell, 2014), and as-
sembly by metaSPAdes v3.11.1 (Nurk et al., 2017). Cleaned reads were
BLAST-searched using DIAMOND (Buchfink et al., 2015) for taxonomic
assignment. MEGAN (Huson et al., 2007) was used to construct rare-
faction curves using the read clusters grouped by similarity to estimate
species richness at various taxonomic ranks.

2.4. Bioinformatics curation

After classification by VirusSeeker, reads and contigs were binned by
established virus families and output as fasta-formatted files. Manual
curation of read and/or contig classifications was performed by align-
ment against the National Center for Biotechnology Information (NCBI)
nt or nr database and visual inspection of the results. Misassigned reads
and/or contigs were discarded, whereas verified ones were further

Sample  Number of Ceratosolen Presumed species of sampled fig ~ Sampling Total Total base Number of reads Number of unclassified
spp. fig wasps per sample  tree location sequencing pairs classified as viral reads (% of viral reads)
reads

3 20 Ficus brachylepis (Welw. ex Kibale 288,562 74,095,627 111 28 (25)
Hiern) National Park

6 20 Ficus spongii (?) 574,320 148,825,652 91 43 (47)

7 5 Ficus brachylepis (Welw. ex 504,982 130,825,014 36 22 (61)
Hiern)

8 10 forest sandpiper figs (Ficus 1,731,323 395,113,797 307 113 (37)
(Urostigma) exasperata Vahl.)

11 20 Natal figs (Ficus (Urostigma) 439,014 117,112,523 289 55 (19)
natalensis Hochst.)

12 7 false Cape fig (Ficus (Sycomorus) Semuliki 3,345,203 711,056,399 1760 1250 (71)
vallis-choudae Delile.) National Park

13 6 Cape figs (Ficus (Sycomorus) sur 854,697 182,074,908 2898 1265 (44)
Forssk.)

14 20 forest sycomore figs (Ficus 672,774 172,891,043 309 105 (34)
(Sycomorus) mucuso Welw. ex
Ficalho)

15 10 Cape figs (Ficus (Sycomorus) sur 2,002,278 474,619,662 450 122 (27)
Forssk.)

16 7 forest sandpiper figs (Ficus 2,727,241 637,423,699 145 107 (74)
(Urostigma) exasperata Vahl.)

17 40 Cape figs (Ficus (Sycomorus) sur 2,541,267 588,467,711 109 42 (39)

Forssk.)
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examined for the presence of conserved viral protein domains.
Furthermore, read sets were inspected to ascertain the presence or
absence of multiple viral genes and linear breadth of the genome
covered by the read set. The purpose of this manual analysis was to
ensure that misassigned or false-positive reads and/or contigs be dis-
carded whilst also reporting novel viruses that have no immediate
reference and therefore must be compared to their nearest sequenced
neighbors. Furthermore, to counter the effect of background contami-
nation that presents a challenge in the analysis of metagenomic
sequence data, viral reads detected by VirusSeeker were normalized as
Viral Reads Per Million (VRPM) (Toohey-Kurth et al., 2017; Wagner
et al., 2012):

Number of reads for one viral taxa in the sample
vRPM =

1,000, 000
Total number of QC reads in the sample ihats

2.5. Viral contig characterization

Contigs and reads that were identified as viral were analyzed using
CLC Genomics Workbench v 20.0 (Qiagen, Hilden, Germany). Depth of
coverage of each contig was ascertained by stringent read mapping
(match score = 1, mismatch cost = 2, similarity fraction = 0.8, length of
fraction = 0.8) to the consensus sequence resulting from the assembly
(Frey et al., 2014). Protein domain searches were conducted using the
Pfam module and database (v32) in CLC Workbench and/or HHpred
(Zimmermann et al., 2018). Nucleotide and amino-acid comparisons to
the closest sequenced relative were also performed in CLC Workbench.
Viruses were assigned to possible host (insect, bacteria, fungus,
mammal, plant, or protist) of the most similar virus with a known host
where relevant (see “Presumed hosts” column, Supplemental Table 1).
Unless specified otherwise, criteria for classification of a virus required
that contig(s) shared >90% identity at the amino-acid level and >95%
identity at the nucleotide level as compared to the closest relative via the
BLAST algorithm. Candidate virus genome sequences that did not share
adequate identity with their closest sequenced neighbors were named
and numbered “wugcerasp [family name]-like virus [number]. This
name is derived from the geography and the host associated with the
new viruses, taking “wug” for Western Uganda and “cerasp” for Cera-
tosolen spp. wasp. Each novel contig received a separate sequential
number, even when the contig shared the same nearest sequenced
neighbor because we cannot assume that each contig belongs to the
same novel virus in absence of knowing the complete genome sequence.
In case future studies reveal that these multiple contigs represent the
same virus, numbers can be condensed into one to avoid the possibility
of double naming/numbering in the future.

2.6. Phylogeny reconstruction

Open reading frames (ORFs) that encode viral RNA-dependent RNA
polymerase (RdRp) genes were used for phylogenetic analyses. The large
(L) protein genes of the large (L) genomic segments, which encode RARp
domains, were used for bunyavirals (phasmavirids and phenuivirids).
Nucleotide sequences representing the ORFs of viral contigs and near-
neighbors were aligned using CLC Workbench v23 (QIAGEN) and
maximum-likelihood trees were generated using IQ-TREE2 (Minh et al.,
2020), ModelFinder (Kalyaanamoorthy et al., 2017), tree reconstruc-
tion, and ultrafast bootstrap (1000 replicates) (Hoang et al., 2018).
Trees were visualized using FigTree (Rambaut, 2009) and each rooted at
the midpoint. Models selected via ModelFinder were used for
maximum-likelihood trees are as follows: TIM3+F + G4 for tombus-like
viruses (log likelihood —38,263, Fig. 3A); GTR + F + R3 for fig wasp
orthophasmavirus (log likelihood —102,368, Fig. 3B) and fig wasp
iflaviruses 1 and 2 (log likelihood —197,966, Fig. 3D); GTR + F + R4 for
fig wasp goukovirus (log likelihood —139,772, Fig. 3C) and fig wasp
partiti-like virus (log likelihood —41,404, Fig. 3E); and TVMe + G4 for
fig wasp narna-like virus and fig wasp Humaitd-Tubiacanga virus (log
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likelihood —22,142, Fig. 3F).
3. Results
3.1. Preliminary metagenomic analyses

Pooled, homogenized fig wasps were processed for sequencing, and
libraries were prepared such that both DNA extract and cDNA generated
from the RNA extract were included as input. All but sample 16 con-
tained adult wasps. The average number of reads per sample was ~1.5
million (Table 1). As might be expected, due to normalization of li-
braries prior to sequencing, there was no correlation between the
number of insects per sample and the subsequent number of generated
sequence reads (r = —0.05 and p < 0.001). Similarly, there was no
correlation between the number of sequence reads and the number of
classifiable sequences (r = 0.166 and p < 0.01). Furthermore, we found
no correlation between the number of fig wasps per pool and the number
of classifiable sequences (r = —0.041 and p < 0.01). Reads were pre-
dominantly binned by VirusSeeker as “other” (not classified) or bacteria.
Samples 12 and 13 had the greatest proportion of viral reads (Fig. 1).
The virome content of most samples consisted primarily of “insect or
fungus associated viruses” followed by “unclassified RNA/DNA/envi-
ronmental viruses” as determined using VirusSeeker.

To perform an initial assessment of the overall genetic richness
contained within the samples, we constructed rarefaction plots using
read clusters grouped by similarity. Despite the differences in the
number of fig wasps in the samples, the rarefaction curves reached their
asymptotes or started to plateau for all taxa ranks in nearly all samples,
indicating that read depth was most likely sufficient for all samples
(Fig. S1). The asymptotes were lowest for samples 6 and 8, indicating the
lowest level of genetic richness. The asymptotes for samples 3, 11, 12,
13, 14, and 15 indicated an intermediate level of genetic richness. The
asymptotes were comparatively higher for samples 7, 16, and 17, in
which genetic richness was highest. These rarefaction asymptotes imply
that further sequencing would likely not have resulted in identification
of additional viral contigs in most fig wasp samples.

3.2. Virome profile

Taxonomic profiling of the fig wasp (Ceratosolen spp.) virome
resulted in the identification of viruses belonging to 28 families of four
realms (Duplodnavirida, Monodnaviria, Riboviria, and Varidnaviria)
(Koonin et al., 2020) and one viriform (Kuhn and Koonin, 2023) from
diverse hosts. Supplemental Table 1 documents the relative abundance
of each detected viral family. Compared to other families, a higher
proportion of unclassified reads matched ribovirian families Peri-
bunyaviridae, Orthomyxoviridae, and Rhabdoviridae, all of which include
insect viruses. As expected, based on sample type (i.e., fig wasps), the
majority of detected virus and viriform nucleic acids are related to
known insect-related viruses; but profiling also identified reads classi-
fied as viruses associated with fungi, mammals, plants, and protists. In
addition to the overall taxonomic diversity among the samples, there
was noticeable diversity among sequences from individual viruses,
suggesting distinct virus variants infecting individual fig wasps within a
given sample. Samples consisting of >10 fig wasps contained higher
numbers of viruses (>4) than samples containing <10 fig wasps. More
than a third of the contigs that could be assigned were related to known
viruses with positive-sense RNA genomes, followed by contigs matching
double-stranded DNA virus genomes. Contigs related to negative-sense
RdRp-encoding RNA viruses (ribovirian phylum Negarnaviricota),
which were mostly insect-related, matched orders Bunyavirales (families
Nyamiviridae, Peribunyaviridae, and Rhabdoviridae) and Articulavirales
(family Orthomyxoviridae sensu lato). Notably, unclassified bunyavirals
were substantially represented in the samples, comprising over 25% of
the hits in fig wasp samples 12, 13, and 17. Additionally, unclassified
rhabdovirids (order Mononegavirales) made up five contigs and over 10%
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Fig. 1. Microbial profiling of fig wasp (Ceratosolen spp.) samples. Pie charts show the proportion of metagenomic reads assigned to different taxonomic categories in

samples. Taxonomic assignment is based on classification by VirusSeeker.

of all viral reads in sample 6. The metagenome assembly derived from
sample 12 also contained five contigs corresponding to unclassified
rhabdovirids, as well as four reads corresponding to an unclassified
quaranjavirus (Orthomyxoviridae). With the exception of samples that
resulted in overall few sequencing reads and relatively fewer unclassi-
fied viruses, other virus families of interest represented low normalized
abundance (Fig. 2).

3.3. Characterization of novel viruses

Overall, a large portion of the virus-derived reads (up to 74%) ob-
tained from the fig wasp samples could not be matched to classified
viruses, suggesting that these reads were derived from novel viruses.
Based on overall deduced amino-acid sequence identity and genome
structure and organization, these assembled reads could, however, be

Fig wasp virome diversity spanning four realms
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Fig. 2. Fig wasp (Ceratosolen spp.) virome diversity spanning four realms. The heat map indicates log-normalized abundance of metagenomic reads assigned to
established virus families. Virus families are grouped along the x-axis by virus realm (Duplodnavirida, Monodnaviria, Riboviria, Varidnaviria, and undetermined).
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Fig. 3. Phylogenetic analysis of partial genomes of putatively novel viruses identified in fig wasps (Ceratosolen spp.). Phylogenetic analysis performed using
alignment of known and newly identified RNA-dependent RNA polymerase (RdRp) nucleotide sequences using the maximum-likelihood method. Branch lengths and
bootstrap values are included for each tree (1000 replicates). Novel viruses are underlined in red and genome structures representing the new virus fragments are
shown as part of each subfigure (legend top left: red for L segments, green for M segments, gold for S segments, and blue for RdRp fragments).

assigned to established families (Fig. 2). Datasets derived from samples
12 and 13 included the largest proportions (71 and 44%, respectively) of
novel virus sequences (Fig. 2). Datasets derived from samples 6, 14, 15,
and 16 also contained an appreciable number of unclassified virus se-
quences. Using the sequence reads from these datasets, we were able to
determine near-complete genome sequences of three novel viruses and
fragments of five additional novel virus genomes.

3.4. Wugcerasp tombus-like virus 1 and 2 are novel tombusvirids
(Tolivirales)

From samples 6 and 12, we assembled 1.3-kb and 0.8-kb contigs,
both corresponding to the RARp ORF of a novel tombusvirid (ribovirian
order Kitrinoviricota, order Tolivirales). The proteins encoded by these
contigs share 53.9 and 62.1% similarity at the amino-acid level with
RdRp of Norway luteo-like virus 1, an unclassified tombusvirid discov-
ered in castor bean ticks (Ixodes ricinus (Linnaeus, 1758)) (Pettersson
etal., 2017) (Table 2). Phylogenetic analysis revealed that these two fig
wasp viruses fall within different subclades (Fig. 3A). To our knowledge,
this is the first report of tombusivirids in fig wasps. We named the novel
viruses wugcerasp tombus-like virus 1 (WUCTV-1) and wugcerasp
tombus-like virus 2 (WUCTV-2). Based on the current demarcation
criteria considering the number of genome segments and size of the
genome, as well as polymerase characterization as described by the In-
ternational Committee on the Taxonomy of Viruses (ICTV) Tombusvir-
idae Study Group (King et al., 2011), it remains unclear whether these
two new viruses belong to an established genus.

Other contigs that may indicate the presence of novel tombusvirids:
Another RdRp sequence is 53.1% similar to the RARp of Wihan house
centipede virus 5 and we have called it wugcerasp tombus-like virus 3
(WUCTV-3). Phylogenetically, this virus clusters with Hibéi sobemo-
like virus 48 and related viruses. Another RdRp sequence is

moderately similar (58.7%) to the RdRp of Castleton Burn virus (CBV)
sequenced from bumblebees (apid Bombus sp.) (Pascall et al., 2021)
(Fig. 3A) and only 46% similar to the RdRp of Hiibéi tombus-like virus
28 discovered in long-jawed orb-weavers (tetragnathid Tetragnatha
keyserlingi Simon, 1890; Shi et al., 2016). Phylogenetic analysis places
the fig-wasp-associated sequence, called wugcerasp tombus-like virus 4
(WUCTV-4), near CBV.

3.5. Wugcerasp narna-like virus 1 and 2 are novel wolframviruses
(Orthornavirae: Lenarviricota)

We used RdRp sequence comparisons to identify additional poten-
tially novel viruses in the fig wasp samples (Fig. 3). The polypeptide
encoded by one of the contigs (2.7 kb) was moderately similar (57.1%)
to the RdRp of Humaita-Tubiacanga virus and Culex mosquito virus 6
previously found in yellow fever mosquitoes (culicid Aedes aegypti
(Linnaeus in Hasselquist, 1762)) (Aguiar et al., 2015; Parry and Asgari,
2018; Shi et al., 2019) and other arthropods (Webster et al., 2016).
Phylogenetic analysis of the fig-wasp-associated sequence, called wug-
cerasp narna-like virus 1 (WUCNV-1), suggests the existence of a fig
wasp virus distantly related to narnavirids (ribovirian Lenarviricota,
order Wolframavirales) and possibly representing a new wolframviral
family (Fig. 3B).

The last RARp sequence is wugcerasp narna-like virus 2 (WUCNV-2),
which shares relatively highly similar (72.7%) to the RdRp of Hubéi
narna-like virus 20 discovered in dipteran insects (Shi et al., 2016) and
clusters with this sequence as shown in Fig. 3B.

3.6. Wugcerasp phasma-like virus 1, 2, and 3 contigs comprise segments
of a novel orthophasmavirus (Bunyavirales: Phasmaviridae)

We obtained a near-complete genome sequence of a potentially novel
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Table 2
Viral sequences that may represent novel viruses.
Virus name NCBI Genome type Length of BlastX result GenBank Amino-acid Query Deduced
accession putative viral accession number  similarity (%)  coverage family
contig (nt) (%)

Riboviria: Orthornavirae: Kitrinoviricota

wugcerasp OR187552 Unsegmented 1283 Norway luteo-like virus 1 ASY03252 53.86 99 Tombusviridae
tombus-like positive-sense RNA RdRp
virus 1

wugcerasp OR187553 Unsegmented 807 Norway luteo-like virus 1 ASY03252 62.13 99 Tombusviridae
tombus-like positive-sense RNA RdRp
virus 2

wugcerasp OR187554 positive-sense RNA 1452 Wiuhan house centipede YP_009342464 53.16 97 Tombusviridae
tombus-like virus 5 RdRp
virus 3

wugcerasp OR187555 positive-sense RNA 1141 Castleton BurnvirusRdRp ~ QAY29244 58.68 99 Tombusviridae
tombus-like
virus 4

Riboviria: Orthornavirae: Lenarviricota

wugcerasp OR187557 positive-sense RNA 2689 Humaita-Tubiacanga QEM39312 57.11 54 Narnaviridae
narna-like virus RARp
virus 1

wugcerasp OR187556 unsegmented 677 Hubeéi narna-like virus 20 APG77159 72.65 99 Narnaviridae
narna-like positive-sense RNA RdRp
virus 2

Riboviria: Orthornavirae: Negarnaviricota

wugcerasp OR187542 trisegmented 6491 Ganda bee virus RdRp YP_009666981 55.6 94 Phasmaviridae
phasma-like negative-sense RNA gene (L segment)
virus 1

wugcerasp OR187544 2398 Ganda bee virus YP_009666982 41.28 69 Phasmaviridae
phasma-like glycoprotein precursor (M
virus 2 segment)

wugcerasp OR187543 1753 Ganda bee virus YP_009666983 47.23 52 Phasmaviridae
phasma-like nucleoprotein (S
virus 3 segment)

wugcerasp OR187546 trisegmented 6365 Cumuto virus RdRp (L YP_009664615 50.98 95 Phenuiviridae
phenui-like negative-sense RNA segment)
virus 1

wugcerasp OR187547 6267 Cumuto virus RdRp (L YP_009664615 46.72 97 Phenuiviridae
phenui-like segment)
virus 2

wugcerasp OR187545 940 Cumuto virus YP_009664617 42.91 82 Phenuiviridae
phenui-like nucleocapsid (S segment)
virus 3

Riboviria: Orthornavirae: Pisuviricota

wugcerasp ifla- OR187551 unsegmented 2094 Aulacophora lewisii QOW95919 42.54 82 Iflaviridae
like virus 1 positive-sense RNA iflavirus 1 polyprotein

wugcerasp ifla- OR187550 1918 ACT flea iflavirus QILJ70026 40.82 91 Iflaviridae
like virus 2 polyprotein

wugcerasp ifla- - 1864 Aulacophora lewisii QOW95919 42.83 84 Iflaviridae
like virus 3 iflavirus 1 polyprotein

wugcerasp OR187548 bipartite (RdRp and 4208 Hubeéi partiti-like virus 27 ~ APG78241 82.37 76 Partitiviridae
partiti-like CP) double-stranded RdRp
virus 1 RNA

wugcerasp OR187549 1,818 Hubéi partiti-like virus 27 ~ APG78241 78.72 91 Partitiviridae
partiti-like RdRp
virus 2

wugcerasp OR187541 unsegmented 817 Neohydatothrip QNM37826 32.72 98 Solemoviridae
solemo-like positive-sense RNA associated sobemo-like
virus virus 1 putative CP

CP, capsid protein; RARp, RNA-directed RNA polymerase.

orthophasmavirus. Orthophasmaviruses have trisegmented negative-
sense RNA genomes consisting of L, medium (M), and small (S) seg-
ments. We identified a 6.5-kb contig with 67.4% nucleotide similarity to
the L-segment sequence of a Ganda bee virus (GBEEV; species Ortho-
phasmavirus gandaense), a virus known to infect western honey bees
(apid Apis mellifera Linnaeus, 1758) (Schoonvaere et al., 2016) (Table 2).
The encoded L protein amino-acid sequence, including the RdRp
domain, is 55.6% similar to that of GBEEV and also included a conserved
region from the general bunyaviral RdRp. The M and S segment-encoded
protein sequences of the new virus are 41.3 and 47.2% similar to the
GBEEV glycoprotein precursor and nucleoprotein (N) sequences,
respectively. The glycoprotein sequence was found to contain a
conserved glycoprotein domain typical for phasmavirids. Samples 7 and

13 contained 3072-8541 (141-277x coverage) reads mapped to the
three contigs of the novel virus (Fig. S2). Phylogenetic reconstruction
using the putative RdRp sequence and phasmavirid RefSeq genomes
indicates clustering of the novel virus with GBEEV (Fig. 3C). The new
virus represents a new orthophasmavirus species according to the cur-
rent species demarcation criteria defined by the ICTV Phasmaviridae
Study Group. (Species demarcation criteria for the family Phasmaviridae
are <95% identity in the amino-acid sequence of the entire RdRp.) We
named the novel fig wasp orthophasmavirus contigs wugcerasp
phasma-like virus 1 (WUCPhaV-1), wugcerasp phasma-like virus 2
(WUCPhaV-2), and wugcerasp phasma-like virus 3 (WUCPhaV-3).
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3.7. Wugcerasp phenui-like virus 1, 2, 3 contigs represent novel
goukoviruses (Bunyavirales: Phenuiviridae)

From fig wasp samples 3 and 12, we determined a near-complete
genome sequence of a potentially new goukovirus. Goukoviruses typi-
cally have trisegmented negative-sense RNA genomes consisting of L, M,
and S segments encoding an L protein, a glycoprotein precursor, and N
protein, respectively. We identified 6.3-kb and 6.4-kb contigs encoding
proteins with 46.7 and 51% amino-acid sequence similarities to the L
protein of Cumuto virus (CUMV; species Goukovirus cumutoense), a virus
known to infect mosquitoes (culicid Culex declarator Dyar and Knab,
1906) (Auguste et al., 2014) (Table 2). Both contigs also encode a
conserved region from the general bunyaviral RdRp. In addition, we
found a nearly 1-kb contig encoding a protein with 42.9% sequence
similarity to CUMV N, as well as a conserved phlebovirus/tenuivirus N
domain. Further mapping of the reads to novel viral segments showed
10,736 and 1265 reads mapped to the corresponding L and S segments
with median coverage of 361 x and 270 x, respectively (Fig. S3). Contigs
corresponding to M segment/glycoprotein sequences were not detected.
Given the relatively deep coverage associated with the L and S segments
(361x and 270x, respectively), we hypothesize that this apparent lack
of an M segment was not due to insufficient sampling, but indeed is not
needed by this novel virus. Phylogenetic reconstruction using the pu-
tative RARp sequence and phenuivirid RefSeq genomes indicates clus-
tering of the novel virus with CUMV (Fig. 3D). The new virus represents
a new goukovirus species according to the current species demarcation
criteria defined by the ICTV Phenuiviridae Study Group by applying the
established demarcation criterion of <95% amino-acid identity among
RdRp domains. We named the novel virus fig wasp goukovirus (Phe-
nuiviridae) contigs wugcerasp phenui-like virus 1 (WUCPheV-1), wug-
cerasp phenui-like virus 2 (WUCPheV-2), and wugcerasp phenui-like
virus 3 (WUCPheV-3).

3.8. Wugcerasp ifla-like virus 1, 2, and 3 are novel iflavirids
(Picornavirales)

In samples 6, 12, and 13, we identified three novel contigs (2.1, 1.9,
and 19 kb, respectively) that are highly similar to genomes of iflavirids.
Specifically, these contigs matched iflavirus polyprotein regions of ACT
flea iflavirus of rabbit fleas (pulicid Spilopsyllus cuniculi (Dale, 1878))
and Aulacophora lewisii iflavirus 1 of pumpkin beetles (chrysomelid
Aulacophora lewisii Baly, 1886; Ye et al., 2021) (Table 2). The longest
contig encodes the polyprotein gene, including two conserved picorna-
viral capsid protein domains. The second contig encodes a conserved
region of the picornaviral RdRp, whereas the third contig encodes a
picornaviral capsid protein domain. The deduced amino-acid sequence
similarities of these contigs to were low enough (below 43%) to ACT flea
iflavirus Aulacophora lewisii iflavirus 1 to suggest that they represent
several new viruses. Phylogenetic analysis of the fig wasp-associated
RdRp sequences resulted in clustering of fig wasp iflavirus 1 with
Hubéi picorna-like virus 79 and Wenzhou picorna-like virus 47. The
contigs representing fig wasp iflaviruses 1 and 2 fall within the same
clade, although they are distinct viruses (Fig. 3E). Based on the current
species demarcation criteria established by the ICTV Iflaviridae Study
Group (<90% amino-acid sequence similarity of capsid protein) (Valles
et al., 2017), they were called wugcerasp ifla-like virus 1 (WUCIV-1),
wugcerasp ifla-like virus 2 (WUCIV-2), and wugcerasp ifla-like virus 3
(WUCIV-3).

3.9. Wugcerasp partiti-like virus 1 and 2 represent a novel
alphapartitivirus (Durnavirales: Partitiviridae)

A near-complete genome sequence of a potentially new alphaparti-
tivirus was assembled from samples 7 and 13. Alphapartitiviruses have
bipartite double-stranded RNA genomes. We identified two contigs of
4.2 and 1.8 kb encoding proteins with 82.4 and 78.7% sequence
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similarity to the RARp encoded by Segment 1 of Huibéi partiti-like virus
27, a virus that was previously identified via sequencing from odonatan
insects (Shi et al., 2016) (Table 2). Further mapping of the reads to novel
viral segments demonstrated that 43,320 and 43,324 reads mapped to
the corresponding Segment 1 with median coverage of 2,432 and 4,
671 x, respectively (Fig. S4). Phylogenetic analysis resulted in clustering
of the new virus sequence with a monophyletic clade, including Hibéi
partiti-like viruses 26 and 27, and showed that partitivirids associated
with fungi and plants form distinct clades (Fig. 3F). Based on the species
demarcation threshold in the Alphapartitivirus genus proposed by the
ICTV (<90% amino-acid sequence similarity in the RdRp and <80%
amino-acid sequence similarity in the capsid protein encoded by genome
Segment 2 (Vainio et al., 2018)), the fig wasp virus may represent a new
alphapartitivirus species and is likely the first reported partitivirid from
fig wasps.

4. Discussion

Arthropods harbor a range of viruses that are often divergent from
taxonomic relatives infecting vertebrates (Edgar et al., 2022; Kafer et al.,
2019; Li et al., 2015; Neri et al., 2022; Paraskevopoulou et al., 2021; Shi
et al., 2016). Over the past decade, advances in high-throughput
sequencing and metagenomics have greatly expanded our knowledge
of the plethora of viruses in nature (Callanan et al., 2020; Edgar et al.,
2022; Gregory et al., 2019; Hou et al., 2023; Kafer et al., 2019; Lee et al.,
2023; Li et al., 2015; Neri et al., 2022; Olendraite et al., 2023; Para-
skevopoulou et al., 2021; Shi et al., 2018; Shi et al., 2016; Tisza et al.,
2020; Zayed et al., 2022), including arthropod-borne viruses associated
with diseases of vertebrates (Bolling et al., 2015; Vasilakis and Tesh,
2015). We have hypothesized that viruses hosted by invertebrates that
are intimately associated with mammals in nature, such as biting ar-
thropods (e.g., bat flies) or arthropods inhabiting food items that, for
instance, bats consume, could be of epidemiological relevance (Bennett
etal., 2019, 2020; Blomstrom et al., 2020; Goldberg et al., 2017; Jansen
van Vuren et al., 2017; Kamani et al., 2022; Kuang et al., 2023; Ortiz--
Baez et al., 2023; Peng et al., 2022; Ramirez-Martinez et al., 2021; Xu
et al., 2022). Frequent exposure of mammals to such viruses could lead
to occasional and/or transient mammal infections, perhaps in some
cases leading to the evolution of novel mammal-borne viruses. Such
interactions could also explain the detection of fragments or tangential
evidence of non-mammal viruses in mammals using surveillance tools
such as PCR or serology. We note that it is possible that the fig wasp
viruses identified in this study could originate from the fig wasp diet or
from fig wasp parasites.

Fig wasps are obligate endosymbionts of figs, a major food source for
pteropodid bats in sub-Saharan Africa (Fleming and Kress, 2011). Many
frugivorous mammals, including bats, rely on figs as a food source and
therefore ingest fig wasps while consuming figs (Kunz et al., 1995,
2011). Our results revealed a remarkable diversity of viruses with sim-
ilarities to insect-, plant-, and mammal-associated viruses. We identified
viruses from 28 families, spanning four realms, including viruses with
diverse host ranges. Among them were several unclassified viruses
belonging to established families and novel viruses related to those
hosted by fungi, insects, plants, and vertebrates. This diversity could
partly be due to the roles of viruses in almost all ecological guilds, where
they interact with eukaryotes other than figs, including other plants and
animals (Segura-Trujillo et al., 2016). The discoveries here point toward
a broad diversity of likely fig wasp-specific viruses and interactions. As
shown in Fig. 2, the fig wasps studied here contain viruses covering the
diversity of nearly the entire virosphere (Koonin et al., 2020). A recent
extensive study of bat parasites identified overall similar viruses within
the order Bunyavirales, as well as pariti-like, picorna-like and narna-like
viruses (Fig. 3) (Xu et al., 2022). The global diversity of fig wasp viruses
is likely to be vastly higher than that reported herein, given the
extraordinary diversity and abundance of figs worldwide (Harrison,
2005).
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One of the key findings of our study is that much of the virus diversity
in these fig wasps lies within the order Bunyavirales, which includes
viruses from arthropods and mammals that can cause serious human
diseases (Barr et al., 2020). For instance, we discovered a novel ortho-
phasmavirus belonging to family Phasmaviridae, a family for viruses that
are commonly associated with diverse insect hosts, ranging from agri-
cultural pests to vectors of human disease (Shi et al., 2016), and a novel
goukovirus belonging to the large family Phenuiviridae. Whether the
examined fig wasps are the exclusive hosts of these two viruses or
whether they are able to infect other arthropods, such as bees, or even
animals that feed on fruit and wasps remains to be examined.

We also identified fig-wasp-associated viruses that belong to the
picornaviral family Iflaviridae, which was originally established to
include diverse insect-related viruses; recent metagenomic analyses
have expanded the known host range of these viruses to include both
bats and arthropods (Sakuna et al., 2017; Shi et al., 2016; Yinda et al.,
2017). Three of the novel viruses identified in this study clustered with
insect iflavirids. The clustering of these viruses within a clade rich in
arthropod-associated viruses suggests that the novel iflavirids are
possibly restricted to fig wasps specifically or arthropods in general.
Conversely, viruses of family Partitiviridae are known to be mostly
associated with fungi and plant hosts (Vainio et al., 2018). As such,
identification of a mnovel partitivirid that clusters with
arthropod-associated alphapartitiviruses suggests that these viruses
could plausibly have arisen from a fungus in or on the fig wasp, in or on
the fig fruit, or the tree itself.

Finally, we found a novel luteovirus (Tombusviridae). This genus in-
cludes many economically important plant pathogens (Ali et al., 2014;
Gray and Gildow, 2003), but wugcerasp tombus-like viruses 1 and 2
cluster with tick-associated luteoviruses that are distinct from luteo-like
viruses identified from other arthropods.

Similar to other arthropod virome studies, a considerable portion of
determined viral sequences in this study are unassignable to established
taxa (Shi et al., 2016), emphasizing that the arthropod virosphere in
general, and the fig wasp virome in particular, is far from being
delineated.

5. Conclusion

Metagenomic shotgun sequencing data produced in this study
demonstrate that wasps that feed on the fruits of ficus trees in Sub-
Saharan Africa contain a diversity of viruses, including viruses that
are novel or previously uncharacterized, as well as viruses that are
currently unassignable to established taxa. As these trees are also fre-
quented by frugiverous mammals that may ingest these fruits and the
associated wasps, this represents a potential source of mammal exposure
to diverse viruses. Therefore, the arthropod virosphere deserves further
study and characterization to improve our knowledge of the viruses to
which mammals are exposed in their various natural habitats.
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