
Partitiviruses infecting Drosophila melanogaster and Aedes aegypti exhibit efficient 1 
biparental vertical transmission  2 
  3 
Shaun T. Cross1, Bernadette L. Maertens1, Tillie J. Dunham1, Case P. Rodgers1, Ali L. Brehm1, 4 
Megan R. Miller1, Alissa M. Williams2, Brian D. Foy, Mark D. Stenglein1,* 5 

 6 

1. Department of Microbiology, Immunology, and Pathology, College of Veterinary Medicine 7 
and Biomedical Sciences, Colorado State University, Fort Collins, CO, USA 8 

2. Department of Biology, Colorado State University, Fort Collins, CO, USA 9 

* Correspondence to: Mark.Stenglein@colostate.edu 10 

  11 
Abstract  12 
  13 
Partitiviruses are segmented, multipartite dsRNA viruses that until recently were only known to 14 

infect fungi, plants, and protozoans. Metagenomic surveys have revealed that partitivirus-like 15 

sequences are also commonly associated with arthropods. One arthropod-associated partitivirus, 16 

galbut virus, is extraordinarily common in wild populations of Drosophila melanogaster fruit 17 

flies. To begin to understand the processes that underlie this virus’s high global prevalence, we 18 

established colonies of wild-caught infected flies. Infection remained at stably high levels over 19 

three years, with between 63-100% of individual flies infected. Galbut virus infects fly cells and 20 

replicates in tissues throughout infected adults, including reproductive tissues and the gut 21 

epithelium. We detected no evidence of horizontal transmission via ingestion but vertical 22 

transmission from either infected females or infected males was ~100% efficient. Vertical 23 

transmission of a related partitivirus, verdadero virus, that we discovered in a laboratory colony 24 

of Aedes aegypti mosquitoes was similarly efficient. This suggests that efficient biparental 25 

vertical transmission may be a feature of at least a subset of insect-infecting partitiviruses. To 26 

study the impact of galbut virus infection free from the confounding effect of other viruses, we 27 

generated an inbred line of flies with galbut virus as the only detectable virus infection. We were 28 

able to transmit infection experimentally via microinjection of homogenate from these galbut-29 

only flies. This sets the stage for experiments to understand the biological impact and possible 30 

utility of partitiviruses infecting important model organisms and disease vectors. 31 

 32 
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 36 

Importance 37 

 38 

Galbut virus is a recently discovered partitivirus that is extraordinarly common in wild 39 

populations of the model organism Drosophila melanogaster. Like most viruses discovered 40 

through metagenomics, most of the basic biological questions about this virus remain 41 

unanswered. We found that galbut virus, along with a closely related partitivirus found in Aedes 42 

aegypti mosquitoes, is transmitted from infected females or males to offspring with ~100% 43 

efficiency and can be maintained in laboratory colonies over years. This represents one of the 44 

most efficient means of virus transmission described, and likely underlies the successful spread 45 

of these viruses through insect populations. We created Drosophila lines that contained galbut 46 

virus as the only virus infection and showed that these flies can be used as a source for 47 

experimental infections. This provides insight into how arthropod-infecting partitiviruses may be 48 

maintained in nature and sets the stage for exploration of their biology and potential utility. 49 

 50 

Introduction 51 

 52 

Metagenomic surveys of wild organisms have revealed a breathtaking abundance and diversity 53 

of viruses (1–10). Some recent studies have described hundreds or thousands of new virus or 54 

virus-like sequences (1, 2, 4, 10). These have contributed substantially to our understanding of 55 

virus evolution and genome structure, have expanded the known host range of some virus types, 56 

and have led to the establishment of entirely new families of viruses (11).  57 

 58 

The explosion of virus discovery from metagenomics is an important advance in virology, but 59 

questions remain about the biological impact of these viruses. Virus sequences can often not 60 

even be confidently assigned to a particular host, since many metagenomic datasets derive from 61 

intact organisms (holobionts) or from pools of organisms. A virus sequence could therefore 62 

represent infection of microbiota of the targeted organism. For example, Webster et al. described 63 

a variety of novel virus-like sequences associated with wild Drosophila fruit flies (12). A 64 
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subsequent study on one of these viruses, Twyford virus/Entomophthovirus, revealed that it was 65 

in fact a virus of a fungal parasite of flies (13).  66 

 67 

Like many groups of RNA viruses, the partitiviruses (family Partitiviridae) have undergone a 68 

recent expansion via metagenomics (2, 12, 14–18). Partitiviruses were previously only known to 69 

infect plants, fungi, and protozoa, and what is known about these viruses is from studies in these 70 

hosts (19–24). Partitiviruses genomes are composed of two or more segments of double stranded 71 

(ds) RNA. The particles of these viruses are non-enveloped and multipartite: individual particles 72 

contain a single segment. Although infections are persistent and generally not associated with 73 

clear phenotypic differences, partitivirus infection can alter hosts in measurable ways. 74 

Partitivirus RNA levels were correlated with increased fecundity of Cryptosporidium parvum 75 

parasites (25). Some partitiviruses of fungal pathogens confer hypovirulence to their hosts (26–76 

29). A partitivirus of jalapeño pepper plants made infected plants less attractive to aphids (30).  77 

 78 

We had previously observed partitivirus-like sequences in wild-caught Anopheles gambiae 79 

mosquitoes from Liberia, Senegal, and Burkina Faso (14). Partitivirus-like sequences have also 80 

been identified in a variety of other types of mosquitoes (8, 14, 17, 18, 31). At the time we 81 

identified the partitivirus-like sequences in Anopheles mosquitoes, among the most closely 82 

related sequences were those of galbut virus, a partitivirus-like sequence that had first been 83 

identified in Drosophila melanogaster fruit flies (12). Galbut virus was found to be literally 84 

ubiquitous in sampled populations of D. melanogaster and present in related species in the 85 

melanogaster group (12, 16, 32, 33). Although small RNA profiles suggested that galbut virus 86 

legitimately infected fly cells, it was not clear whether this was indeed the case. Recognizing this 87 

uncertainty, Webster et al named galbut after the Lithuanian word galbūt, meaning maybe (12).  88 

 89 

We therefore undertook studies to better understand the biology of partitiviruses that were 90 

common constituents of the viromes of important model organisms and disease vectors. We 91 

established colonies of wild-caught galbut virus infected D. melanogaster. We also discovered 92 

that a laboratory colony of Aedes aegypti mosquitoes harbored a pre-existing infection of a 93 

related partitivirus, which we named verdadero virus. We confirmed infection in Drosophila 94 
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cells, quantified efficiency of horizontal and vertical transmission, isolated galbut virus through 95 

inbreeding, and established a system for experimental infection by microinjection.  96 

 97 

Materials and Methods: 98 

 99 

Drosophila Collections. Wild Drosophila were collected in Fort Collins, Colorado, USA, from a 100 

backyard compost bin. Subsets of flies were moved to rearing bottles for colony establishment or 101 

stored at -80˚C. Laboratory reared D. melanogaster strain w1118 were provided by Dr. Susan 102 

Tsunoda. Additional stocks of flies from the Drosophila Genetic Reference Panel (DGRP; strains 103 

360, 399, and 517) were obtained via the Bloomington Drosophila Stock Center (34). 104 

  105 

Arthropod Maintenance and Rearing. Both wild-derived and laboratory-derived Drosophila 106 

were reared at 25°C on the Bloomington Drosophila Stock Center Cornmeal Drosophila medium 107 

(https://bdsc.indiana.edu/information/recipes/bloomfood.html). Drosophila stocks were moved 108 

to new bottles every 2 weeks. 109 

 110 

Aedes aegypti strain Poza Rica (partitivirus infected) (35) and strains New Orleans and Vergel 111 

(partitivirus uninfected) (36) were used for vertical transmission experiments. Mosquitoes were 112 

reared as previously described (37). 113 

 114 

Vertical and Horizontal Transmission Experiments. To quantify vertical transmission of 115 

galbut virus, virgin male and female flies were crossed. Infected wild-caught colonized flies 116 

(colony FoCo-17) and uninfected flies (strain w1118) were used for experiments. Individual 117 

mating pairs were maintained in the same bottle with an apple agar egg plate and yeast paste (1:1 118 

yeast and water) to promote egg laying. Egg plates were removed daily and eggs collected. Eggs 119 

were placed in a 50% bleach solution for 2 min to remove the outer chorion layer, after which 120 

they were immediately transferred to clean ddH2O to remove residual bleach. Bleached eggs 121 

were then placed either in vials containing media either together (experiment 1) or as individuals 122 

(experiment 2), allowing offspring to rear to adulthood. FoCo-17 parents from which the eggs 123 

were derived were tested via quantitative reverse transcription polymerase chain reaction (qRT-124 

PCR) for galbut virus, and if positive, 2-5 day old offspring were collected and also tested via 125 
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qRT-PCR.  Primer sequences were: galbut virus: CCGTGAAGCAAGGAATCAAT, 126 

TGCCGATTTTCTGCTCTTTT; RpL-32: TGCTAAGCTGTCGCACAAATGG, 127 

TGCGCTTGTTCGATCCGTAAC. Crosses consisted of either a FoCo-17 female and w1118 male 128 

(maternal transmission) or w1118 female and FoCo-17 male (paternal transmission). Exact 129 

binomial 95% confidence intervals were calculated with the binom R package.  130 

 131 

For vertical transmission of verdadero virus, virgin male and female Aedes aegypti were crossed. 132 

Verdadero-infected mosquitoes from the Poza Rica colony were crossed with the uninfected 133 

New Orleans and Vergel strains. Previous qRT-PCR screening showed that 100% of the males 134 

and females of the Poza Rica colony were infected by verdadero virus, while verdadero infection 135 

was undetectable in the other colonies. Primer sequences were: verdadero virus: 136 

ATATGGGTCGTGTCGAAAGC, CACCCCGAAATTTTCTTCAA.  Groups of 30 male and 30 137 

female mosquitoes were placed together for 2 days to allow mating. After this period, female 138 

mosquitoes were blood fed with defibrinated calf blood (Colorado Serum Company, Denver, 139 

USA) for egg production, and eggs were collected 3 days post blood meal. Eggs were then reared 140 

to adulthood and adults collected 0-2 days post eclosion. These offspring were then tested for 141 

virus presence via qRT-PCR. Groups consisted of either infected females and uninfected males 142 

(maternal transmission) or infected males and uninfected females (paternal transmission). Exact 143 

(Clopper-Pearson) 95% binomial confidence intervals were calculated with the binom R package 144 

(38).  145 

 146 

Horizontal transmission of galbut virus was measured by allowing uninfected (DGRP 399 and 147 

517) flies to ingest homogenate from FoCo-17 line #30 galbut virus infected flies. This 148 

homogenate was infectious by microinjection (see below). Homogenate was created by grinding 149 

200 Drosophila with a Dounce homogenizer in 150 μL 1X Phosphate-buffered solution (PBS; 150 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). To remove cellular debris, 151 

homogenate was spun down at 12,000xg for 1 min, and supernatant was transferred to a new 152 

vial. This was repeated for a total of three spins. The 150 μL of homogenate was mixed with 850 153 

μL of 5% sucrose and 5% yeast extract in ddH2O. As a negative control, a second food solution 154 

was prepared with sterile 1X PBS instead of homogenate. A single drop of blue food coloring 155 

was added to the solution to allow visualization of ingestion. Capillary tubes were filled with 7 156 
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μL of food solution. Capillary feeder systems were set up following the protocol by Zer et al. 157 

(39). Two exceptions to this setup included the lack of piercing holes in the vial and wetting the 158 

cap. 3-5 day old virgin female and male flies were starved for 9 hours, after which they were 159 

placed in the capillary feeding vials containing either virus inoculated food or control inoculated 160 

food. Flies were allowed to feed for 17 hours. Flies that had a blue abdomen were moved to vials 161 

containing standard fly medium. Flies were moved to fresh media as needed until 21 days post 162 

inoculation, at which point they were frozen at -80°C. Flies were tested for virus presence via 163 

qRT-PCR as above. 164 

 165 

RNA Extractions. We developed and validated a high throughput, magnetic bead based method 166 

to extract RNA from flies and mosquitoes. Individual flies or mosquitoes were added to a 96-167 

well round bottom plate (Corning catalog #3958) with 1 metal BB ball and 100 μL lysis buffer 168 

(5M guanidine thiocyanate, 0.1M Tris-HCl, pH 7.5, 0.01M Na2EDTA, pH 8.0, and 6.25mL 2-169 

mercaptoethanol (βME)) and homogenized at 30Hz for 3 min in a TissueLyzer II (Qiagen). 60 170 

μL of 100% isopropanol was added to each tube and incubated for 1 min. To remove cellular 171 

debris, samples were spun down in a centrifuge at 1,200xg for 1 min. Supernatant was removed 172 

and added and mixed well by pipetting to 96-well plates containing 90 μL RNA magnetic beads 173 

(1 mM trisodium citrate, 2.5 M NaCl, 20% PEG 8000, 0.05% Tween 20, pH 6.4, and 1 mL Sera-174 

Mag SpeedBeads (Thermo Scientific) in a total volume of 50 mL) and 10 μL enhancer 175 

(Proteinase K 200ug/mL, 20% glycerol, and 0.5% SDS). Samples were incubated in beads for 5-176 

10 minutes. Using magnetic racks, beads were separated from the supernatant by incubation for 177 

2-3 min, and the supernatant was removed. Tubes were removed from the rack, and the beads 178 

were washed with 150 μL wash buffer 1 (20% ethanol, 900 mM guanidine thiocyanate, and 179 

10mM Tris-HCl, pH 7.5) for 2 min. Beads were pelleted again using the magnetic rack and 180 

supernatant removed. Beads were then washed with 150 μL wash buffer 2 (WB2; 1X Tris-EDTA 181 

buffer (10 mM Tris HCl, 1.0 mM EDTA) pH 8.0, and 80% ethanol) for 2 min. Supernatant was 182 

removed. Following this step, beads were resuspended in 30 μL of a DNase I mixture, consisting 183 

of 3 μL DNase I (NEB), 3 μL 10xDNase I Buffer (NEB), and 24 μL WB2. Beads were incubated 184 

in this mixture for 30 minutes at room temperature. Following incubation, tubes were removed 185 

from the magnetic rack and resuspended by pipetting with 100 μL binding buffer (5M Gu-HCl, 186 

and 30% isopropanol), and incubated for 5 min. Beads were added to magnetic rack and 187 
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supernatant removed as previously described. Beads were then washed twice with WB2 as 188 

previously described. Following the second wash, tubes were left on the magnetic rack and beads 189 

air dried for 3 min. To elute RNA from the beads, tubes were removed from the magnetic rack, 190 

beads resuspended by pipetting with 25 μL of nuclease-free H2O, and incubated for 5 min at 191 

room temperature. Tubes were placed back on the magnetic rack, and 23 μL of the supernatant, 192 

containing the extracted RNA, removed. RNA was quantified fluorometrically using a Qubit 193 

instrument (Thermo Fisher) and stored at -80°C. 194 

 195 

cDNA Synthesis and Virus Screening. Drosophila were screened for various viruses, including 196 

galbut virus, via qRT-PCR. First, RNA was subjected to cDNA synthesis: 5.5 µL of RNA was 197 

added to 200 pmol of random 15-mer oligonucleotides and incubated for 5 min at 65 °C, then set 198 

on ice for 1 min. A RT mixture containing the following was added (10 μL reaction volume): 1× 199 

SuperScript III (SSIII) FS reaction buffer (Thermo Fisher), 5 mM dithiothreitol (Invitrogen), 1 200 

mM each deoxynucleotide triphosphates (dNTPs; NEB), and 100 U SSIII reverse transcriptase 201 

enzyme (Thermo Fisher), then incubated at 42 °C for 30 min, 50 °C for 30 min, then at 70 °C for 202 

15 min. 90 μL of nuclease-free H2O was added to dilute the cDNA to a final volume of 100 μL. 203 

 204 

Following cDNA synthesis, qPCR reactions were set up using Luna Universal qPCR Master Mix 205 

(NEB) following the manufacturer's protocol. The qPCR reaction was performed on LightCycler 206 

480 (Roche) with the following protocol: 95°C for 3 min, 40 cycles of 95°C for 10s, then 60°C 207 

for 45s, and then followed by a melting curve analysis of 95°C for 5s, 65°C for 1 min, and an 208 

acquisition starting from 97°C with a ramp rate of 0.11 °C/s and 5 acquisitions per degree. Some 209 

qPCR products were validated by running on a 2% agarose gel and Sanger sequencing. Gels 210 

were stained with ethidium bromide and imaged on a Gel Doc (Bio-Rad). Primer sequences 211 

were: vera virus: CGTCGGGTGTTTAGAGGTAA, TAACGATGGTGTTCCAAGGT; La Jolla 212 

virus: ACCGTATGGCGTCGTACTTC, AAAGTATCAGCAGCGCGAAT; Thika virus: 213 

CAGCAGGTCCCTTGCTAAAG, TGGTCAGCATATGACCGAAA; Nora virus: 214 

GCACCTGGTCGATTGAATCC, CGTTCAGGGCATAGTCAAGC.  215 

 216 

Shotgun Metagenomic Library Preparation. Library preparation for the Drosophila samples 217 

utilized a KAPA HyperPrep kit following the manufacturer’s protocol. All libraries were 218 
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sequenced on an Illumina NextSeq 500 instrument and NextSeq 500 Mid Output v2 Kits 219 

(Illumina). w1118 Drosophila samples were made with a final target library size of 380-430bp and 220 

were sequenced using paired-end 2x150bp. FoCo-17 and FoCo-18 flies were sequenced using 221 

single-end 1x150bp reads. 222 

 223 

Sequence and Data Analysis. Metagenomic sequencing datasets were processed to 224 

taxonomically assign viral reads as previously described (40). Species were assigned to 225 

individual flies or pools of flies using a competitive mapping approach. A collection of 226 

cytochrome C oxidase subunit 1 (COX1) sequences were collected and curated. Sequences were 227 

retrieved from the NCBI nucleotide database by BLASTN searching using as a query the D. 228 

melanogaster COX1 sequence (NC_024511.2:1474-3009) with an e-value cutoff of 10-12 (41). 229 

Sequences longer than 1400 bp were retained and collapsed into a set of representative COX1 230 

sequences using cd-hit-est and a similarity threshold of 97% (-c 0.97) (42). These operations 231 

produced a set of 233 representative COX1 sequences. Quality and adapter trimmed reads from 232 

sequencing datasets were aligned to these sequences using bowtie2 with parameters --local and --233 

score-min C,120,1, and the number of reads mapping to the various COX1 sequences were 234 

tabulated (43). Code and the set of representative sequences available at 235 

https://github.com/scross92/partitivirus_transmission_paper. All additional data analysis scripts 236 

can be found at this location as well. All sequencing datasets have been deposited in the NCBI 237 

Sequence Read Archive (SRA) under the BioProject accession PRJNA635623. Assembled 238 

genome sequences are deposited in GenBank under accessions <GenBank accessions pending>. 239 

 240 

Phylogenetic analysis. Sequences similar to the predicted galbut virus RNA dependent RNA 241 

polymerase were retrieved from the NCBI protein database using blastp with an E-value cutoff 242 

of 10-30. Sequences longer than 400 amino acids were retained and collapsed into a set of 243 

representative sequences using cd-hit and a similarity threshold of 95% (-c 0.95). Sequences 244 

were aligned using the MAFFT aligner using the --auto setting (44). Multiple sequence 245 

alignments were trimmed with the trimAL tool using setting -automated1 to remove 246 

uninformative columns (45). The highest scoring model for tree inference (LG+I+G4) was 247 

selected using the modeltest-ng software (46). Maximum likelihood trees were inferred using 248 

raxml-ng and bootstraps were allowed to run until convergence (47). Trees were visualized using 249 
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the ggtree R package (48). Code and alignments are available at the above mentioned github 250 

repository. 251 

 252 

Antibody creation. Polyclonal rabbit sera targeting the putative galbut virus capsid protein 253 

(encoded on RNA 2) was generated by Pacific Immunology (Ramona, California) using the 254 

synthetic peptide Cys-QPRRMIRDKPSLREEAHES. 255 

 256 

Western blotting. Whole flies were homogenized in a cold protein extraction buffer (49) 257 

containing 20 mM HEPES (pH 7.5), 100 mM KCl, 5% glycerol, 10 mM EDTA, 0.1% Triton X-258 

100, 1 mM DTT and Complete protease inhibitor cocktail (Sigma). Samples were spun for 5 259 

minutes at 12,000 x g and the supernatant was retained. The protein samples were quantified 260 

using the BCA Protein Assay Kit (Thermo Fisher) and diluted 1:10. 15 µg of protein were 261 

suspended in NuPAGE LDS Sample Buffer (4X) (Thermo Fisher), heated at 70°C for 10 262 

minutes, then loaded onto a NuPAGE 4-12% Bis-Tris, 1.0mm x 12 well gel (Thermo Fisher). 263 

Protein samples were separated via SDS-PAGE and transferred onto a 0.45 µm nitrocellulose 264 

membrane (BioRad). The membrane was incubated with anti galbut virus capsid rabbit serum at 265 

a dilution of 1:100 and pre-immune rabbit serum at a dilution of 1:100. Primary antibody was 266 

detected using a fluorescently-labeled goat anti-rabbit secondary antibody (Li-Cor). Blots were 267 

imaged using an Odyssey scanner (Li-Cor). 268 

 269 

Immunofluorescence Assay. Slides were prepared according to Stenglein et al. (50). Whole 270 

adult D. melanogaster tissue sections were prepared for immunofluorescence assays. Adult 271 

Drosophila were collected, knocked down at 4°C, and legs and wings were removed. Flies were 272 

placed in 4% paraformaldehyde in 1X PBS and fixed for 24 hours at 4°C. Following fixation, 273 

Drosophila were removed from paraformaldehyde and stored in 1X PBS. Fixed Drosophila were 274 

sent to Colorado State University Veterinary Diagnostic Laboratories’ histology lab for paraffin 275 

embedding and sectioning. Sections were deparaffinized in xylene, rehydrated in graded ethanol, 276 

placed in 1 mM EDTA at 99°C for 20 min, and rinsed with water. Sections were washed 2 x 5 277 

min in 1X Tris-buffered saline (TBS; 50 mM Tris-Cl pH 7.5, 150 mM NaCl) + 0.025% Tween-278 

20, permeabilized in 1X PBS + 0.1% Triton X-100 for 10 min, and washed 3 x 5 min in TBS + 279 

0.05% Tween-20 (TBS-T). Slides were then blocked with 1X TBS + 1% BSA for 20 min, 280 
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incubated for 30 min with anti-galbut rabbit serum at a dilution of 1:500 and pre-immune rabbit 281 

serum at a dilution of 1:500, washed in TBS-T, incubated for 30 min with Alexa-Fluor 488-282 

conjugated goat anti-rabbit secondary antibody, and washed again. The second wash included 283 

0.5 µg/ml Hoechst 33342. Sections were mounted in Vectashield, coverslipped and sealed with 284 

clear nail polish, then imaged with an Olympus IX81 Inverted Confocal Laser Scanning 285 

Microscope. 286 

 287 

Intrathoracic Microinjections. 100 adult flies from the galbut-only line (FoCo17 line #30) 288 

were placed in 200 µL 1X PBS and homogenized by hand with a 1.5 mL homogenizer. 289 

Homogenate was spun down at 12,000xg in a microcentrifuge for 1 min to remove cellular 290 

debris. This was performed three times to remove all cellular debris. Homogenate was filtered at 291 

0.22 µM filter to remove any cellular material. 50 nL of the homogenate was injected into flies 292 

intrathoracically using a Drummond Nanoject II. 293 

 294 

Results: 295 

 296 

Galbut virus in local wild Drosophila melanogaster populations and establishment of 297 

colonies of galbut virus infected flies 298 

 299 

Webster et al described galbut virus as an apparently ubiquitous infection of wild D. 300 

melanogaster. Motivated to better understand the biological impact of galbut virus on infected 301 

flies and the dynamics that produced this high global prevalence, we sampled local fly 302 

populations and established colonies of wild-caught infected flies. We collected flies from Fort 303 

Collins, Colorado and performed metagenomic sequencing to characterize their viromes. Local 304 

populations of D. melanogaster were as expected infected with galbut virus (Fig. 1). We 305 

collected flies from the same backyard compost bin over 3 years and found 94%, 84%, and 67% 306 

of individual flies infected in 2017, 2018, and 2019 (Fig. 1A). We used subsets of collected flies 307 

to establish colonies, which we called FoCo-17, -18, and -19.  308 

 309 

We first determined whether colonized flies would retain galbut virus infection, as a previous 310 

analysis of laboratory-reared Drosophila transcriptomic datasets showed a general absence of 311 
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galbut virus (12). We tested galbut virus stability in the FoCo-17 population over four 312 

generations and then again after 2 years in the laboratory. We found that the parental generation 313 

had a prevalence of 93% while F1-F4 offspring maintained a prevalence between 63% and 92% 314 

(Fig. 1B). After two years, 66 out of 66 sampled FoCo-17 flies were infected (Fig. 1B). The 315 

FoCo-18 colony appears to have a similarly high prevalence of galbut virus infection months 316 

after establishment (Fig. 1C).  317 

 318 

 319 

Identification of additional partitiviruses in flies and mosquitoes 320 

 321 

We identified the sequence of a second partitivirus in our metagenomic datasets from wild flies 322 

and from flies in our FoCo-17 and FoCo-18 colonies. We named this virus vera virus (vera 323 

means true in Esperanto). The vera virus genome consisted of an RNA encoding an RdRp (RNA 324 

#1), an RNA encoding a putative capsid protein (RNA #2), and a chaq virus-like RNA segment 325 

(Fig. 2). We did not identify any contigs with detectable sequence similarity to the predicted 326 

protein encoded on galbut virus RNA 3, nor contigs with similar occurrence patterns and 327 

coverage levels as vera virus RNAs 1 and 2. Like galbut virus, vera virus was detectable in wild-328 

caught flies, and remained as a stable persistent infection in colonized populations over multiple 329 

years (Fig. 1C).  330 

 331 

We also serendipitously identified another partitivirus as a persistent infection of a colony of 332 

Aedes aegypti mosquitoes originally derived from Poza Rica, Mexico. We named this virus 333 

verdadero virus (verdadero = true in Spanish, Fig. 2). The verdadero virus genome consisted of 334 

an RNA encoding an RdRp (RNA #1), an RNA encoding a putative capsid protein (RNA #2), 335 

and a chaq virus-like RNA segment. As was the case for vera virus, we could not identify a 336 

segment with similarity to RNA #3 of galbut virus. We tested 48 (24 male, 24 female) adult 337 

mosquitoes in the colony and 100% of these were positive for verdadero virus RNA by qRT-338 

PCR [confidence interval 92.6-100%]. Other Ae. aegypti colonies housed at Colorado State 339 

University (strains New Orleans and Vergel) were negative for verdadero virus by qRT-PCR.   340 

 341 
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We created maximum likelihood phylogenies using these new partitivirus sequences and 342 

previously described similar sequences (Fig. 3). This tree includes a number of sequences from 343 

metagenomic surveys of invertebrates and some fungi-derived sequences. The invertebrate-344 

derived sequences did not form a well-supported monophyletic cluster. In some cases, sequences 345 

from related hosts clustered together. For instance, Atrato Partiti-like virus 2 and Partitivirus-like 346 

1 from An. darlingi and An. gambiae formed a well-supported group. But overall there was a 347 

notable lack of concordance by host. Mosquito-derived sequences were spread throughout the 348 

tree. Galbut virus and vera virus, both from the same populations of Drosophila melanogaster, 349 

were distantly placed on the tree.  350 

  351 
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 352 

 353 

Figure 1: Galbut virus is found in wild populations consistently and can be maintained in 354 

colonized populations of Drosophila melanogaster over multiple years. A) Prevalence of 355 

galbut virus in wild-caught flies from the same backyard compost bin in Fort Collins, Colorado 356 

over 3 years. Numbers of flies positive by qRT-PCR and number of flies sampled are indicated. 357 

Error bars indicate 95% confidence intervals. B) Galbut virus was maintained for at least two 358 

years in colonized populations of wild D. melanogaster collected in Fort Collins, CO, USA in 359 

2017 (FoCo-17). C) Metagenomic sequencing of individual D. melanogaster flies from colonies 360 

established in 2017 and 2018 shows prevalence and relative loads of galbut virus, vera virus, and 361 

their associated chaq and chaq-like segments. Each row represents an individual fly. Reads are 362 

normalized as mapping reads per million unique reads. 363 
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 364 

 365 

Figure 2: Genome structure of galbut virus, vera virus, and verdadero virus. Depictions of 366 

the genome structures of these viruses with predicted open reading frames indicated. RNA 1 of 367 

these viruses is predicted to encode RNA dependent RNA polymerases and RNA 2 a putative 368 

capsid protein. RNA 3 and the chaq virus-like segments are predicted to encode proteins of 369 

unknown function. The open reading frame on verdadero virus RNA 2 extends beyond the 370 

partial sequence that we recovered. 371 
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 372 

Figure 3: Phylogenetic tree of partitivirus-like sequences. Unrooted maximum likelihood 373 

phylogenetic tree of partitivirus-like RdRp sequences related to those described here (galbut 374 

virus, vera virus, and verdadero virus; marked with blue star). Sequences from mosquitoes and 375 

Drosophila are indicated with images. The host from each sequence’s metadata in NCBI is noted 376 

after the accession number. In many cases, exact hosts are uncertain because sequences derive 377 

from pools of different organisms. 378 

 379 
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Galbut virus replicates in Drosophila cells 380 

 381 

Two lines of evidence suggested that galbut virus actually infects flies. First, galbut virus derived 382 

small RNA profiles matched those expected for a virus that replicated in fly cells (12). Second, 383 

galbut virus clusters phylogenetically with a large group of partitivirus-like sequences from 384 

arthropod samples (Fig. 3). Nevertheless, direct evidence of galbut virus replication in fly cells 385 

had not been published, and it remained possible that galbut virus sequences actually derived 386 

from another microbial symbiont or were dietary in origin.  387 

 388 

We therefore raised an antibody against the galbut virus putative capsid protein encoded on RNA 389 

segment 2. Laboratory strain w1118 flies tested negative for galbut virus RNA both by qRT-PCR 390 

and subsequent metagenomic sequencing. Extracts from FoCo-17 and w1118 flies were subjected 391 

to western blotting to confirm the specificity of the antibody. A band of the expected size, ~63 392 

KDa, was present in galbut-infected FoCo-17 flies but not in uninfected w1118 flies (Fig. 4A). We 393 

used immunofluorescence microscopy using this antibody to identify sites of virus replication 394 

within sections of formalin fixed paraffin-embedded adult flies. We observed foci of staining 395 

within cells and tissues throughout adult male and female flies. Locations of infection included 396 

gut tissues (foregut, midgut, hindgut) and in egg chambers. These fluorescent foci were not 397 

evident in lab-reared, galbut virus uninfected w1118 flies (Fig. 4B).  398 

 399 

Both ovaries and testes were positive for galbut virus RNA by qRT-PCR (Fig. 4C). In female 400 

flies, galbut virus RNA levels were higher in ovaries than RNA levels in whole bodies but not 401 

significantly so. Galbut virus RNA levels in testes were on average 3.9-fold higher than in whole 402 

male bodies (Fig. 4C; higher, Wilcoxon test, bonferroni adj., p = 0.033). When comparing galbut 403 

virus RNA levels in bodies by sex, we found RNA levels to be significantly higher (4.2-fold 404 

higher) in males than females (Fig. 4D; higher, Wilcoxon test, bonferroni adj., p = 0.0041). In 405 

general, galbut virus RNA levels were higher than those of ribosomal protein L32 (RpL32) 406 

mRNA, which is categorized as having “extremely high expression” in the modEncode database 407 

(51) 408 

 409 
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 410 

Figure 4: Screening of adult Drosophila melanogaster by immunofluorescence assay (IFA) 411 

and qPCR indicate galbut virus infects fly tissues. A) Galbut virus antibody specificity was 412 

confirmed by detection of a single band of the expected size of ~63kDa in infected flies (FoCo-413 

17). B) Screening of galbut virus in adult FoCo-17 D. melanogaster by IFA showed foci of viral 414 

protein in cells in various tissues including the egg chambers and gut epithelium. Green color 415 

indicates staining by antibody raised against the putative galbut virus capsid protein; blue color 416 

indicates staining by Hoescht 33342 (DNA)  C) Galbut virus RNA levels relative to the 417 

housekeeping gene RpL-32 (2-ΔΔCt method) in dissected ovaries and testes as compared to adult 418 

bodies. Boxplots depict median values from 7 whole bodies of each sex and 3 pools per sex 419 

tissue type (10 testes or ovaries per pool). (Wilcoxon test, bonferroni adj., p = 0.033; ns: not 420 

significant). D) Galbut virus RNA levels relative to the housekeeping gene RpL-32 (2-ΔΔCt 421 

method) in adult bodies compared by sex. Boxplots depict median values from 7 adult flies of 422 

each sex. (Wilcoxon test, bonferroni adj.; p = 0.0041). 423 

 424 
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Galbut virus exhibits efficient biparental vertical transmission 425 

 426 

We set out to determine what modes of transmission could contribute to galbut virus’s 427 

exceptional high global prevalence. Having visualized viral protein in the egg chambers (Fig. 428 

4B) and because dissected testes and ovaries tested positive for galbut virus by qRT-PCR (Fig. 429 

4C), we first evaluated maternal and paternal vertical transmission. We performed several 430 

experiments to quantify transmission efficiency. For all experiments, vertical transmission 431 

efficiency was quantified by testing for galbut virus RNA in adult offspring collected 2-5 days 432 

post eclosion.  433 

 434 

In the first experiment, we set up individual crosses between FoCo-17 infected and w1118 435 

uninfected adults, collected and bleached eggs, and placed eggs together in one vial per cross. Of 436 

the 6 independent maternal crosses (infected female, uninfected male), 34 of the 34 offspring 437 

were positive (100% transmission efficiency, confidence interval 89.7-100%; Table 1). Of the 5 438 

independent paternal crosses (uninfected female, infected male), 27 of the 28 offspring tested 439 

positive (~96% transmission efficiency, confidence interval 81.7-99.9%; Table 1).  440 

 441 

In the second experiment we separated bleached eggs into individual vials to avoid possible 442 

horizontal transmission between siblings during development. Of the 4 independent maternal 443 

crosses, 44 of 44 offspring tested positive (100% transmission efficiency, confidence interval 444 

92.0-100%; Table 1). Of the 2 independent paternal crosses, 18 of 18 offspring tested positive 445 

(100% transmission efficiency, confidence interval 81.5-100%; Table 1).  446 

 447 

In the third experiment, to verify that this high efficiency was not an artifact associated with 448 

laboratory-reared flies, we trapped wild female D. melanogaster, separated them into individual 449 

bottles, allowed them to lay eggs, and then tested mothers and offspring for galbut virus RNA. 450 

Offspring from 7 independent galbut virus positive females were tested, and we found a vertical 451 

transmission efficiency of 99% (119/120 offspring; confidence interval 95.4-100%; Table 1), 452 

indicating that efficient vertical transmission was not only associated with laboratory 453 

environments. We could not discern the infection status of the unknown fathers. 454 

 455 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 2, 2020. ; https://doi.org/10.1101/2020.06.01.128819doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.01.128819
http://creativecommons.org/licenses/by/4.0/


No evidence of horizontal transmission by ingestion 456 

 457 

To quantify galbut virus horizontal transmission (experiment 4), adult female and male flies were 458 

exposed through ingestion of homogenate derived from wild flies. This homogenate was 459 

infectious by microinjection (see below). Homogenate was mixed with a dyed food solution and 460 

placed in capillary feeding tubes. Ingestion was confirmed by visual inspection of fly abdomens. 461 

After feeding, flies were returned to normal food for 21 days. Following this incubation period, 462 

flies were collected and screened via qRT-PCR for galbut virus RNA. Virus levels in 463 

experimental flies were compared to virus loads in flies that were immediately flash frozen after 464 

ingestion of homogenate to establish an upper limit for residual RNA levels in the absence of 465 

viral replication. Although 3 of the 54 injected flies did test positive for galbut virus RNA after 466 

21 days, their Ct values were on average 4.9 higher (~30 fold less RNA), than Ct values from 467 

immediately-frozen injected flies. We interpreted that these low level signals were likely derived 468 

from residual injected RNA. Therefore, we detected no evidence of active replication in any of 469 

the 54 flies tested (0% horizontal transmission; confidence interval 0-13.2%). This indicated that 470 

horizontal transmission, at least by ingestion, is unlikely to contribute substantially to 471 

maintenance of galbut virus infection in fly populations. 472 

 473 

A mosquito partitivirus also exhibits efficient biparental vertical transmission 474 

 475 

We performed similar experiments to quantify vertical transmission efficiency of verdadero virus 476 

in Aedes aegypti by crossing infected female or male mosquitoes from the Poza Rica colony with 477 

uninfected counterparts from the New Orleans and Vergel colonies (experiment 5). Maternally, 478 

verdadero virus was transmitted at 100% efficiency (48/48 offspring, confidence interval 92.6-479 

100%, Table 1) and paternally it was transmitted at 97% efficiency (38/39 offspring, confidence 480 

interval 86.5-99.9%, Table 1). This indicated that high vertical transmission efficiency is a 481 

characteristic of multiple dipteran infecting partitiviruses. 482 

 483 
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 484 

Table 1: Drosophila melanogaster and Aedes aegypti partitiviruses exhibit efficient 485 

biparental vertical transmission. Transmission efficiencies of vertical (maternal, paternal, and 486 

wild maternal) and horizontal (ingestion) routes. Numbers in brackets represent exact binomial 487 

confidence intervals.  488 

 489 

Partitivirus RNA levels in Drosophila and mosquito offspring 490 

 491 

Although both maternal and paternal transmission were ~100% efficient (Table 1), we were 492 

curious whether the exact route of vertical transmission impacted viral loads (total viral RNA 493 

relative to host reference genes) in offspring. In sigma virus, another biparentally transmitted 494 

virus in Drosophila, lower viral levels following paternal transmission lead to decreased paternal 495 

transmission in subsequent generations (52, 53). For galbut virus in Drosophila, offspring from 496 

paternal transmission (n=18) had significantly higher galbut virus RNA levels (5-fold median 497 

difference) compared to those infected by maternal transmission (n=44) (Fig. 5A, p = 0.0016). 498 

However, in Aedes aegypti, we saw the opposite trend: offspring from maternal transmission had 499 

significantly higher verdadero levels (107-fold median difference) than offspring infected via 500 

paternal transmission (Fig. 5B, p = 5.2x10-6). In both flies and mosquitoes, individual offspring 501 

exhibited broad distributions of viral loads that overlapped between sexes. Nevertheless, the 502 

route of vertical transmission impacted average partitivirus loads in offspring, and the direction 503 

of this effect was opposite for these two viruses. 504 

 505 
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 506 

Figure 5: Galbut virus and verdadero virus RNA levels in offspring infected via maternal 507 

or paternal transmission. A) Galbut virus RNA levels in offspring (maternal n=44; paternal 508 

n=18) relative to the housekeeping gene RpL-32 (Wilcoxon test, p = 1.6x10-3). B) Verdadero 509 

virus RNA levels in offspring (maternal n=48; paternal n=38) relative to the housekeeping gene 510 

Actin-1 (Wilcoxon test, p = 5.2x10-6). 511 

 512 

Isolation of galbut virus through inbreeding 513 

 514 

A challenge associated with the vast number of novel viruses being discovered by sequencing is 515 

their isolation for further biological characterization (5, 54). We attempted to isolate galbut virus 516 

in cell culture using Drosophila S2 cells but detected no evidence of replication. We also 517 

attempted to purify galbut virus particles by ultracentrifugation as described previously for 518 

Kallithea virus, but did not succeed, though this was not an exhaustive effort (55). We therefore 519 

designed a breeding scheme to create inbred fly lines that were only infected with galbut virus 520 

that took advantage of galbut virus’s efficient vertical transmission.  521 

 522 

We randomly crossed pairs of virgins from the FoCo-17 population that harbored 5 viruses: 523 

galbut virus, vera virus, La Jolla virus, Nora virus, and Thika virus (12, 56). Eggs from 33 524 
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independent crosses were collected, bleached and placed in individual vials. This created a 525 

bottleneck to remove horizontally transmitted viruses and those with less efficient vertical 526 

transmission than galbut virus (57). Parents were retrospectively tested by qRT-PCR for all 5 527 

viruses, and if both parents had fewer viruses than the previous generation, sibling offspring 528 

were randomly crossed again, eggs collected and screening repeated. We were able to generate a 529 

line detectable with only galbut virus after 4 generations, which we named FoCo-17 line #30 530 

(Fig. 6). Also observed in this breeding scheme was the eventual purge of vera virus, the other 531 

partitivirus we identified in Drosophila (Fig. 1, Fig. 2). This suggested that although galbut virus 532 

and verdadero virus were transmitted efficiently at ~100% (Table 1), this efficiency may not be 533 

a universal feature of all arthropod-infecting partitiviruses. 534 

 535 

Figure 6: Creation of a line of D. melanogaster singly infected with galbut virus. Iterative 536 

inbreeding of D. melanogaster coupled to purging of lines that did not contain fewer viruses, 537 

lead to the establishment of a D. melanogaster line with galbut virus as the only detectable virus 538 

after four generations. Virus names on the right of the figure indicate the viruses present in any 539 

of the lines remaining at the indicated generation.  540 
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Experimental infection  541 

 542 

To establish a system for experimental infection we performed intrathoracic (IT) microinjection 543 

of virgin uninfected flies with a filtered homogenate from FoCo-17 line #30. We injected 544 

between 61 and 120 flies from each of three Drosophila Genetic Reference Panel (DGRP) strains 545 

(~50% of each sex) (34). 9 days post injection, we tested 5 male and 5 female injected flies per 546 

strain using qRT-PCR and in all cases 10/10 injected flies tested positive (Table 2). To verify 547 

that these flies were truly infected and that we were not detecting residual injected viral RNA, 548 

the remaining flies were crossed and we tested offspring from IT injected parents at 9, 15, and 19 549 

days post injection. Offspring whose eggs were laid 9 or 15 days post injection were not 550 

uniformly infected (range 0-100%; Table 2). But, by 19 days post injection, all offspring tested 551 

were positive by qRT-PCR (Table 2). This confirmed that injected parents were legitimately 552 

infected and that infection had disseminated to tissues involved in vertical transmission in all 553 

DGRP strains by 15 days post injection. These infected offspring were used to establish colonies 554 

that differed from the original inbred DGRP lines only in their galbut virus infection status. 555 

Testing these colonies 50 days later (~4-5 generations), we found that DGRP strains 399 and 517 556 

maintained 100% prevalence (24/24 flies for each positive by qRT-PCR, Table 2). However, 557 

DGRP 357 only had a galbut virus prevalence of ~21% (5/24 flies, Table 2). This suggested that 558 

multigenerational vertical transmission efficiency was a function of host genetic background.  559 

 560 

 561 

Table 2: Experimental infection of galbut virus by microinjection and subsequent 562 

transmission to offspring. Adult flies from three DGRP strains were injected with a 563 

homogenate from galbut virus infected line #30. Ten injected flies per strain were tested for 564 

galbut virus RNA by qRT-PCR 9 days post injection; the percent positive of each set of 10 is 565 

indicated. Additional injected flies were allowed to mate, with subsequent testing of offspring 566 

from the first and 5th generation to monitor vertical transmission from injected parents and 567 
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stability of transmission across multiple generations. First generation offspring whose eggs were 568 

laid 9, 15, or 19 days post injection were tested; the percent positive of each set of 12 flies are 569 

indicated. Infected colonies were established using offspring from days 15 and 19, and 570 

prevalence was tested 50 days after establishment (~4-5 generations). Numbers in brackets 571 

represent the lower and upper 95% confidence intervals. DGRP: Drosophila Genetic Reference 572 

Panel.  573 

 574 

Discussion: 575 

 576 

In this study, we began to characterize the biology of a recently discovered virus – galbut virus – 577 

that is unusually common in an important model organism. We confirmed that this “maybe” 578 

virus is indeed a virus of its putative fruit fly host and found that it can be transmitted efficiently 579 

from infected fathers or mothers to their offspring. This property is shared by at least one more 580 

insect-infecting partitivirus, verdadero virus, which we identified as a persistent infection in a 581 

colony of Aedes aegypti mosquitoes. This expands the known host range of the partitiviruses and 582 

suggests that the large number of partitivirus sequences that have been identified in a broad 583 

range of arthropods are likely legitimate viruses of those hosts. Efficient vertical transmission 584 

may be a mechanism that generally supports the success of these viruses.  585 

 586 

An apparent paradox associated with this efficient biparental vertical transmission is that galbut 587 

virus has only been detected in ~60% of individual wild flies tested (Fig. 1, (12, 32)). Modeling 588 

indicates that highly efficient biparental transmission should eventually produce 100% of 589 

susceptible individuals to be infected, unless infection exacts a high fitness cost (58). Several 590 

hypotheses could account for this apparent discrepancy. First, it is possible that galbut virus is 591 

increasing or decreasing in frequency. In our sampling, prevalence decreased slightly over three 592 

years, though it is unclear whether this was just a stochastic effect nor whether these flies and 593 

viruses represented a single population lineage (Fig. 1A). Webster et al. suggested that the 594 

common ancestor of galbut virus in D. melanogaster and D. simulans populations existed ~200 595 

years ago (12), and perhaps galbut virus has not setted to an equilibrium frequency. Additional 596 

longitudinal sampling will shine light on this.  597 

 598 
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A related hypothesis is that galbut virus might exact enough of a fitness cost that it is driving an 599 

increase in host resistance alleles (59–62). This phenomenon has been observed for D. 600 

melanogaster sigmavirus: although sigma virus exhibits biparental vertical transmission, it 601 

negatively impacts host fitness resulting in prevalences of 0-30% worldwide (12, 63). Our 602 

experiments using different DGRP strains provided evidence that host genetics can modulate 603 

galbut virus transmission efficiency (Table 2). Contrary evidence is that we observed an increase 604 

in infection frequency to ~100% in 2 separately colonized populations (Fig. 1C). It may be that 605 

fitness costs are negligible in a laboratory environment. A final hypothesis is that variable 606 

communities of other microbiota in different individual flies could alter galbut virus infection 607 

efficiency (64, 65). 608 

 609 

The efficient vertical transmission observed for these insect-infecting partitiviruses is 610 

reminiscent of what has been observed for their plant and fungus-infecting counterparts. Plant-611 

infecting partitiviruses are completely dependent on vertical transmission, and horizontal 612 

transmission does not occur even when infected plants are grafted onto uninfected counterparts 613 

(19, 21, 24). Fungus-infecting partitiviruses also exhibit efficient vertical transmission (22–24), 614 

but the efficiency varies (66–72). Unlike the plant-infecting partitiviruses, fungus-infecting 615 

partitiviruses are able to transmit horizontally through processes such as hyphal anastomosis (22, 616 

71, 73, 74). It appears that galbut virus and verdadero virus depend on vertical transmission like 617 

their plant-infecting counterparts (Table 1). Vera virus on the other hand, did not appear to have 618 

similarly efficient vertical transmission, as we were able to purge it relatively easily during the 619 

creation of Drosophila singly infected with galbut virus (Fig. 6). 620 

 621 

Although we did not observe any evidence for horizontal transmission of galbut virus, there is 622 

evidence that galbut virus and other partitiviruses can transmit across species boundaries, so 623 

horizontal transmission does happen. First, there was a general lack of host-virus phylogenetic 624 

concordance, consistent with past cross-species transmission (Fig. 3). Second, galbut virus has 625 

been detected in a number of Drosophila species in the melanogaster group, including D. 626 

simulans and D. suzukii (12, 16, 32, 33). And, cross-species transmission of fungus-infecting 627 

partitiviruses has been documented (71, 75–77). Several possible mechanisms could allow cross-628 

species transmission: The lack of horizontal transmission that we observed for galbut virus may 629 
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not be representative of related viruses, and we only tested a single mode of horizontal infection. 630 

Other modes of horizontal transmission including sexual transmission, possibly during 631 

intraspecific mating attempts, could contribute. Mites or other parasites could serve as vectors 632 

for partitiviruses, as has been proposed for sigma viruses (78).  633 

 634 

Some instances of cross species partitivirus transmission may involve jumps to distantly related 635 

organisms in other eukaryotic kingdoms. There is a well-supported clade of fungi-associated 636 

partitiviruses nested within the arthropod-associated partitiviruses (Fig. 3). Similar phylogenetic 637 

interspersion of plant and fungus infecting partitiviruses has been noted (22, 79). Additional 638 

phylogenetic and experimental studies will be needed to address the intriguing possibility that 639 

partitiviruses are capable of long-range host switches. 640 

 641 

Chaq virus was originally described as a virus-like sequence whose presence was correlated with 642 

galbut virus. It was postulated that chaq virus might be a satellite virus of galbut virus (chaq also 643 

means maybe, in Klingon) (12, 32). Consistent with previous reports, we found that chaq virus 644 

usually but not always co-occurred with galbut virus segments (Fig. 1C). We also identified chaq 645 

virus-like segments associated with vera and verdadero viruses, which are only distantly related 646 

to galbut virus (they share ~25-30% pairwise amino acid identity in their RdRp sequences). This 647 

indicates that if chaq-like segments are satellites of partitiviruses, this association has existed 648 

over long evolutionary time frames. An alternative interpretation is that chaq-like segments 649 

represent “optional” partitivirus segments not strictly required for replication, as has been 650 

described for multipartite mosquito-infecting jingmenviruses (80). A reverse genetics system for 651 

insect infecting partitiviruses would allow characterization of the function of individual viral 652 

proteins. 653 

 654 

The highly efficient biparental vertical transmission that we documented for galbut and 655 

verdadero viruses is unusual for insect infecting viruses. Although many insect viruses are 656 

maintained both vertically and horizontally (81–84), there are several cases where insect viruses, 657 

like galbut virus, seem to be dependent on vertical transmission (63, 85, 86). In most 658 

documented cases however, maternal transmission is more efficient than paternal (63, 81, 86–659 

88). An exception is rice stripe virus, where paternal transmission is more efficient in its 660 
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leafhopper vector (89). The best precedent is probably Drosophila-infecting sigma viruses, 661 

which can be transmitted biparentally, allowing for sweeps through fly populations (63, 90). 662 

Parental transmission of D. melanogaster sigma virus is less efficient than maternal (~100% vs 663 

65%), and paternally infected flies transmit infection less efficiently to the subsequent generation 664 

(52). We did observe different viral loads in offspring following paternal or maternal 665 

transmission, although for galbut virus, paternally infected flies had higher viral loads (Fig. 5). 666 

Whether a similar multigenerational phenomenon occurs for partitiviruses remains to be 667 

determined. 668 

 669 

A particular challenge associated with understanding the biology of novel viruses identified via 670 

metagenomics is the inability to isolate them through classical methods such as cell culture. 671 

Many viruses are not culturable or not easily culturable. Here, we circumvent that obstacle 672 

through an iterative breeding scheme to generate flies with galbut virus as the only detectable 673 

infection (Fig. 6). We propose that this isolation method could be applied to other newly 674 

identified viruses. The isolation of galbut virus and the initial characterization described here 675 

establishes essential groundwork for further understanding the biological impacts and possible 676 

utility of arthropod-infecting partitiviruses. 677 
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