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Abstract 26 
 27 
Galbut virus (family Partitiviridae) infects Drosophila melanogaster and can be transmitted vertically 28 
from infected mothers or infected fathers with near perfect efficiency. This form of super-Mendelian 29 
inheritance should drive infection to 100% prevalence, and indeed galbut virus is ubiquitous in wild D. 30 
melanogaster populations. But on average only about 60% of individual flies are infected. One possible 31 
explanation for this apparent paradox is that a subset of flies are resistant to infection. Although galbut 32 
virus infected flies seem healthy, infection may be sufficiently costly to drive selection for resistant hosts, 33 
thereby decreasing overall prevalence. To test this hypothesis, we quantified a variety of fitness-related 34 
traits in galbut virus infected flies from two lines from the Drosophila Genetic Reference Panel (DGRP). 35 
Galbut virus infected flies had slightly decreased average lifespan and total offspring production, but 36 
these decreases were mostly not statistically significant. Galbut virus DGRP-517 flies pupated and 37 
eclosed slightly faster than their uninfected counterparts. Some galbut virus infected flies exhibited 38 
altered sensitivity to viral, bacterial, and fungal pathogens. Galbut virus infection produced minimal 39 
changes to host mRNA levels as measured by RNA sequencing, consistent with minimal phenotypic 40 
changes. The microbiome composition of flies was not measurably perturbed by galbut virus infection. 41 
Differences in phenotype attributable to galbut virus infection varied as a function of fly sex and DGRP 42 
strain and were generally dwarfed by larger differences attributable to strain and sex. Thus, galbut virus 43 
infection does produce measurable phenotypic changes, with changes being minor, offsetting, and 44 
possibly net negative.  45 
 46 
Importance 47 
 48 
Virology has largely focused on viruses that cause unmistakable phenotypic changes. But metagenomic 49 
surveys are revealing that persistent virus infections are extremely common, even in apparently healthy 50 
organisms. The extent to which these persistent viruses impact host fitness and evolution remains largely 51 
unclear. Here we study fitness impacts of a partitivirus named galbut virus that is ubiquitous in wild D. 52 
melanogaster populations. Despite efficient biparental vertical transmission, galbut virus is present in 53 
only just over half of wild flies. We quantified various fitness-related traits in galbut virus infected and 54 
uninfected fly lines and found that infection produced small but measurable changes in host phenotype 55 
that in aggregate may reduce fly fitness. Further studies that take advantage of this virus that naturally 56 
infects a premier model organism that is easy to study in the wild will shed further light on the persistent 57 
virus-host dynamics that may actually represent most viral infections. 58 
 59 
 60 
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 70 
Galbut virus is a remarkably successful persistent virus of Drosophila melanogaster [1–4]. Infected flies 71 
have been found on five continents and every wild population that has been tested includes some infected 72 
individuals. This degree of success is attributable to efficient biparental vertical transmission: infected 73 
mothers or infected fathers can transmit galbut virus to 100% of offspring, providing a means for 74 
infection to increase in frequency generation over generation [4,5]. 75 
 76 
Galbut virus belongs to a group of viruses, the partitiviruses (Partitiviridae), generally known for mild 77 
persistent infections [6–9]. Plant-infecting partitiviruses were originally called cryptic viruses (former 78 
genus Cryptovirus) because of their inapparent phenotypic effects [9,10]. Galbut virus infection is 79 
similarly cryptic: despite a century of Drosophila research and despite its ubiquity, galbut virus was only 80 
recently discovered by shotgun metagenomics [1]. Galbut virus infected flies do not exhibit obvious 81 
phenotypic differences from their uninfected counterparts, and in a population of wild-caught flies that we 82 
have maintained for three years, galbut virus has risen to and remained at 100% prevalence [4]. 83 
 84 
Nevertheless, there are indications that galbut virus may be in conflict with its host. Although infection is 85 
ubiquitous, the fraction of infected flies ranges from 13-100% in different populations, and on average 86 
only ~60% of flies are infected [1,3,4]. We also found that some Drosophila Genetic Reference Panel 87 
(DGRP) lines were relatively refractory to infection and multigenerational vertical transmission [4,11]. 88 
Galbut virus sequences exhibited high ratios of non-synonymous to synonymous variation (high dN/dS 89 
ratios), which could be consistent with selection driven by ongoing host-virus conflict [1]. Verdadero 90 
virus, a partitivirus that infects Aedes aegypti, exhibited similarly efficient biparental vertical transmission 91 
in colonized mosquitoes, but also is not at 100% prevalence in wild populations [12–14].   92 
 93 
We hypothesized that galbut virus might exact a fitness cost that is small but sufficient to drive selection 94 
for resistant individuals. This could limit the overall success of galbut virus – and similar persistent 95 
viruses – in host populations.  To test this hypothesis, we quantified a number of fitness-linked 96 
phenotypes in galbut virus infected flies. Host genotype and sex are variables that can substantially 97 
influence the outcome of infection [15–20], so we evaluated the phenotype of galbut virus infected males 98 
and females from two different DGRP strains. 99 
 100 
Relatively little is known about arthropod-infecting partitiviruses, which have now been identified in 101 
association with a broad range of hosts including disease vectors [21–27]. Metagenomic surveys of 102 
apparently healthy free-living organisms have in general produced a flood of new virus sequences [12,28–103 
30]. But beyond sequence description and phylogenetic placement, little is known about the biological 104 
impact of all of these newly recognized viruses. Follow-up virological studies that build upon this trove of 105 
sequence data are needed [4,27,31,32]. The ability to study a highly successful natural virus of a premier 106 
model organism represents a great opportunity to shed light on insect-infecting partitiviruses and 107 
persistent viral infections more generally. 108 
 109 
 110 
 111 
Methods and Materials 112 
 113 
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Drosophila rearing and maintenance. Flies were reared on the Bloomington Drosophila Stock Center 114 
(BDSC) standard cornmeal diet (https://bdsc.indiana.edu/information/recipes/bloomfood.html). Stocks 115 
were housed at 25°C and changed every 14 days. All experiments were performed with Drosophila 116 
Genetic Reference Panel (DGRP) stocks 399 and 517, acquired from the BDSC [11,33]. Generation of 117 
galbut virus infected lineages by microinjection was described previously [4]. 118 
 119 
Experimental groups consisted of galbut virus infected or uninfected DGRP 399 or DGRP 517 males or 120 
females (2 strains x 2 sexes x 2 galbut virus infection status = 8 groups). All flies were 3-5 day old virgins 121 
reared in a 12 hour light/dark cycle at 25°C, unless otherwise stated.  122 
 123 
Quantification of galbut virus RNA levels. Total RNA was extracted from 5 day old, virgin flies using a 124 
bead-based protocol as previously described [4]. cDNA was synthesized by adding 5.5 µl of RNA to 200 125 
pmol of a random 15-mer oligonucleotide and incubated for 5 min at 65°C, then set on ice for 1 min. A 126 
reverse transcription (RT) mixture containing the following was added (10 μL reaction volume): 1x 127 
SuperScript III (SSIII) FS reaction buffer (Invitrogen), 5 mM dithiothreitol (Invitrogen), 1 mM each 128 
deoxynucleotide triphosphates (dNTPs) (NEB), and 100 U SSIII reverse transcriptase enzyme 129 
(Invitrogen), then incubated at 42°C for 30 min, 50°C for 30 min, then at 70°C for 15 min. 90 μL of 130 
nuclease-free H2O was added to dilute the cDNA to a final volume of 100 μL.  131 
 132 
Quantification of major microbiome constituent DNA levels. Total DNA was extracted from 4-5 day 133 
old virgin flies. 10 flies per pool (total of 3 pools per group) were surface sterilized by vortexing in 70% 134 
ethanol for 2 minutes, followed by 2 rinses with autoclaved ddH2O and vortexing for 1 minute. Flies were 135 
then stored at -80°C until DNA was extracted. DNA was extracted using the DNeasy Tissue and Blood 136 
extraction kit (Qiagen) following the manufacturer’s protocol for insect tissues with three modifications. 137 
First, samples were added to 180 μL ATL buffer (provided in kit) along with a single BB bead and 138 
homogenized using a Qiagen TissueLyzer for 3 minutes at 30Hz rather than homogenizing by hand. 139 
Second, samples were incubated in proteinase K for a duration of 4 hours. Last, following incubation with 140 
proteinase K, samples were treated with 20 μL of RNase A (2 mg/mL; Sigma Aldrich) for 30 min at 141 
37°C. After RNase treatment, samples were processed as stated in the protocol. 142 
 143 
Following cDNA synthesis or DNA extraction, qPCR reactions were set-up using Luna qPCR Master 144 
Mix (NEB) following the manufacturer's protocol. The qPCR reaction was performed on LightCycler 480 145 
(Roche) under the following protocol: 95°C for 3 min, 40 cycles of 95°C for 10s, then 60°C for 45s, and 146 
then followed by a melting curve analysis. Microbiome analysis primer sequences were predominately 147 
from Early et al. [34]. Primer sequences can be found in S1 Table. 148 
 149 
Lifespan and fecundity assays were performed similar to as previously described [35]. Flies were reared 150 
in 5 replicate groups of 10 adults (5 female, 5 male). Flies were checked daily for survival of adults, and 151 
living adults were moved to fresh media every 3 days. Longevity of adults was compared using the R 152 
survival package [36]. After adults were moved, original vials containing laid eggs were kept for 14 days, 153 
after which offspring were counted and sexed. 154 
 155 
Total egg production was measured by housing 10 male and 10 female flies in bottles with an apple agar 156 
plate coated with yeast paste (1:1 yeast and water) to promote egg laying. Egg plates were replaced every 157 
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24 hours, and the used plates containing eggs were frozen at -20°C until the eggs were counted. Plates 158 
were collected for a total of 3 days, and were performed in 3 biological replicates and 2 technical 159 
replicates. Images of egg plates were captured and eggs were counted manually using the ImageJ cell 160 
counter program [37]. All fecundity measurements were analyzed with R scripts that can be found 161 
at:https://github.com/scross92/galbut_fitness_analysis. 162 
 163 
Developmental speed assays were performed as previously described [38]. Eggs were collected using 164 
standard apple agar plates without preservative, with a mixture of 1:1 yeast and water applied. Every hour 165 
for 6-8 hours, agar plates were discarded and replaced to encourage egg synchronization. Agar plates 166 
were replaced a final time and incubated for several hours. The plates were removed and eggs were 167 
collected using an autoclaved brush. Twenty eggs were collected and moved to non-nutritive agar plates 168 
containing 5% sucrose/2% agar with no antimicrobials added (no tegosept). An agar plate was placed 169 
inside a larger petri dish with a damp paper towel on the bottom and moved to a 25°C incubator with a 12 170 
hour light/dark cycle. Every 2 days, yeast paste was added as a nutrition source for developing flies. Yeast 171 
were killed prior to use in the paste by microwaving for 45 seconds on high to prevent overgrowth. Plates 172 
were checked daily for pupae to determine speed of pupation. Once pupation began, plates were checked 173 
approximately every 5 hours (morning, midday, evening). Continual monitoring occurred from pupation 174 
to emergence of adults in the same ~5 hour increments hours for measuring total time it took for flies to 175 
reach the adult stage. This was performed in 6 replicates per group (strain and galbut virus infection 176 
status). 177 
 178 
Pseudomonas aeruginosa oral challenge. Flies were challenged orally with Pseudomonas aeruginosa as 179 
adapted from Lutter et al [39]. An overnight culture of P. aeruginosa (PAO1) was grown in a 200 mL 180 
culture Brain Heart infusion (BHI) broth incubated  at 220 rpm at 37°C. The following day, the culture 181 
was centrifuged at 4200 g for 5 minutes until a loose pellet was formed. Excess supernatant was decanted 182 
and culture was resuspended to an OD600nm of ~7 using a sterile 5% sucrose solution. Autoclaved filter 183 
disks were inoculated with 290 µL of the P. aeruginosa solution. Disks were placed on 5% sucrose agar 184 
vials. Control disks were inoculated with the 5% sucrose solution. Twelve flies that had been starved for 5 185 
hours were placed in the bacteria-containing vials for each replicate. Flies that died by the end of the first 186 
day were censored from further analysis, since their deaths were likely due to starvation stress. Survival 187 
of flies was monitored daily for 12 days. Statistical analysis was performed using the R survival package 188 
[36]. A total of 3 technical replicates were performed. 189 
 190 
Intrathoracic microbial pathogen challenges. The following pathogen challenges were performed 191 
through intrathoracic microinjection. All experimental injections were performed in 3 biological 192 
replicates (12 flies per replicate) per technical replicate, and a total of two technical replicates were 193 
performed for each pathogen. An exception is the Staphylococcus aureus challenge which was performed 194 
in 3 technical replicates. Control injections with 1x phosphate buffered saline (PBS) were performed in 195 
parallel. Flies were checked at 10-12 hours post-injection, and any flies that were dead at this point were 196 
assumed to have died from injection. Additionally, any flies that died from non-natural causes (for 197 
example, after getting stuck in the media) were also censored from analysis. Injected volumes, inoculum 198 
dose, and subsequent intervals for checking fly survival are stated below for the respective pathogen. 199 
 200 
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Pseudomonas aeruginosa: Flies were microinjected with P. aeruginosa (strain PAO1). A culture was 201 
started by inoculating 150mL of BHI broth and incubated at 220 rpm overnight at 37°C. The following 202 
day, the culture was centrifuged at 4200 g for 5 minutes until a loose pellet was formed. Excess 203 
supernatant was decanted and the culture was resuspended to an OD600nm of 0.03 using 1x PBS. Flies were 204 
injected with 9.2 nL of this diluted P. aeruginosa culture, which corresponds to ~100 CFUs [40]. Flies 205 
were incubated overnight and checked at 24 hours post injection, 28 hours post injection, and every 2 206 
hours from 28 to 42 hours post injection. After 42 hours post injection, flies were checked at one final 207 
time point of 52 hours post injection, at which any living flies were censored from downstream statistical 208 
analyses. 209 
 210 
Staphylococcus aureus: Flies were microinjected with S. aureus (strain XEN36, Perkin Elmer). A culture 211 
was obtained by inoculating 150mL BHI broth and stirred at 220 rpm overnight at 37°C. The following 212 
day, the culture was centrifuged at 4200 g for 5 minutes until a loose pellet was formed. Excess 213 
supernatant was decanted and the culture was resuspended to an OD600nm of 0.1 using 1x PBS. Flies were 214 
injected with 23 nL of this diluted S. aureus culture, which corresponds to ~100 CFUs [41]. Flies were 215 
checked daily until 8 days post injection, at which point any living flies were censored from downstream 216 
statistical analyses. 217 
 218 
Drosophila C virus: Drosophila C virus (DCV) stocks were provided by the Andino lab at the University 219 
of California San Francisco. DCV stocks were amplified and titrated on Drosophila S2 cells. DCV 220 
infections of flies were performed as previously described [42]. Flies were microinjected with DCV at a 221 
titre of 100 50% Tissue Culture Infective Dose units (TCID50) in a total volume of 50 nL. Flies were 222 
checked daily until 14 days post injection, at which point any living flies were censored from downstream 223 
analyses. 224 
 225 
Candida albicans: Candida albicans challenge was performed as previously described [43]. C. albicans 226 
(strain SC5314) was obtained from  ATCC. A yeast extract peptone dextrose (YPD) agar plate was 227 
streaked from the frozen glycerol stock and incubated at 30°C for 18 hours. 150mL of YPD broth was 228 
inoculated with a single colony from the YPD plate and incubated at 220 rpm overnight at 30°C until the 229 
culture was at an OD600nm of ~1. The culture was centrifuged at 4200 g for 5 minutes until a loose pellet 230 
was formed, which was resuspended using 1x PBS. Yeast cells were counted with a cytometer and diluted 231 
to 107 cells/mL. Flies were microinjected with 50 nL (~500 cells) of this dilution. Flies were incubated at 232 
30°C and were checked daily until 6 days post injection, at which point any living flies were censored 233 
from analyses. 234 
 235 
RNAseq library preparations. Pools of 10, 5-day old, virgin flies were collected, flash frozen in liquid 236 
nitrogen and stored at -80°C. Polyadenylated RNAs were enriched using the NEB Magnetic mRNA 237 
Isolation Kit according to the manufacturer’s protocol. Sequencing libraries were created using Kapa 238 
HyperPrep RNA Library Prep Kit (Roche) according to manufacturer’s protocol. Final library molecules 239 
had an average size of 348 base pairs, and were sequenced on an Illumina NextSeq using the NextSeq 240 
500/550 High Output Kit v2.5, generating 75 base single-end reads.  241 
 242 
Transcriptomic computational analysis. RNAseq datasets were first processed to remove low quality 243 
and adapter sequences using cutadapt tool [44] version 1.13 with the following settings: -a 244 
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AGATCGGAAGAGC -A AGATCGGAAGAGC -g GCTCTTCCGATCT -G GCTCTTCCGATCT -a 245 
AGATGTGTATAAGAGACAG -A AGATGTGTATAAGAGACAG -g CTGTCTCTTATACACATCT -246 
G CTGTCTCTTATACACATCT, -q 30,30, --minimum-length 40, and -u 1. Remaining reads were 247 
mapped to the D. melanogaster genome assembly BDGP6.28 from Ensembl using HISAT2 version 2.2.0 248 
[45]. Read mapping was tabulated using featureCounts version 2.0.0 [46] to the BDGP6.28 gtf file with 249 
the following settings: -s 2 -t exon -g gene_id. The resulting read count table was used as input for 250 
differential gene expression analysis using DESeq2 version 1.26.0 [47] in R version 3.6.3 [48]. 251 
Differential gene expression analyses on the condition of galbut virus infection status and was performed 252 
for each group (strain and sex). Gene set enrichment analyses (GSEA) were performed using the 253 
clusterProfiler R package version 3.14.3 [49] using a pre-ranked gene list ordered by the log2 fold 254 
changes and the ‘gseGO’ function. Redundant GO terms were collapsed using the ‘simplify’ function by 255 
adjusted p values, with a cutoff value of 0.7,  and the “Wang” measure. 256 
 257 
Data Availability. Computational scripts for analysis of experiments can be found at 258 
https://github.com/scross92/galbut_fitness_analysis. Raw sequencing data can be found on the NCBI 259 
Sequence Read Archive (SRA) under Bioproject PRJNA683038. 260 
 261 
 262 
 263 
 264 
Results 265 
 266 
Confirmation of galbut virus infection status and galbut virus RNA levels in individual flies. 267 
 268 
We first verified that our stocks of galbut virus-infected flies established previously were still persistently 269 
infected [4]. We quantified galbut virus RNA levels using qRT-PCR in 20, 3-5 day old flies from each 270 
line (10 male and 10 female), and normalized levels to those of ribosomal protein L32 mRNA (RpL32; 271 
Fig 1). Galbut virus RNA levels were higher than those of highly expressed RpL32 mRNA in all cases 272 
(Fig. 1). Median galbut virus RNA levels were 2.3-fold higher in DGRP 399 flies than in DGRP 517 flies 273 
(p=1.6x10-2), although some outlier DGRP 517 flies had higher levels (Fig 1). Galbut virus RNA levels 274 
were 2.1-fold higher in DGRP 399 males than in females (p=4.2x10-5) and 1.5-fold higher in DGRP 517 275 
males than in females (p=1.3x10-2). So, these populations remained persistently infected at 100% 276 
prevalence, and galbut virus RNA levels varied as a function of DGRP strain and sex, with levels 277 
generally higher in males and in DGRP 399 flies. 278 
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 279 
 280 
Fig 1. Relative galbut virus RNA levels in flies from two DGRP strains. Boxplots depicting galbut 281 
virus RNA levels relative to the housekeeping gene RpL32 (2-ΔCt method) in DGRP 399 and DGRP 517 282 
adult flies from strains used in this study (n = 10 per strain and sex). 283 
 284 
 285 
Galbut virus infection does not have significant impacts on predominant microbiome constituents. 286 
 287 
The microbiome composition of D. melanogaster can alter fitness [35]. It’s also possible that viral and 288 
bacterial constituents of the microbiota can interact [50]. Commensal bacteria can also vary by DGRP 289 
background when reared under the same conditions [34]. We therefore tested whether the microbiomes of 290 
these populations varied as a function of galbut virus infection status. Our goals were to assess whether 291 
microbiome differences could underlie differential phenotypes in flies with and without galbut virus, and 292 
whether galbut virus infection was altering microbiome composition.  293 
 294 
Previous shotgun metagenomic RNA sequencing of DGRP 399 and 517 flies reared in our lab had 295 
revealed that the major constituents of these flies’ microbiomes included Acetobacter persici, 296 
Lactobacillus brevis, L. planatarum, Corynebacterium spp., and Saccharomyces cerevisiae. We 297 
quantified DNA levels of these microbes by qPCR using previously designed primers. DNA copy 298 
numbers were normalized to the single copy host gene deformed (dfd) as previously described [34]. The 299 
relative abundances of the different microbes were similar in DGRP 399 and 517 flies and in males and 300 
females (Fig. 2). Galbut virus infection did not produce any statistically significant differences in DNA 301 
levels of these taxa in any of the groups (Fig 2). This indicated that galbut virus infection did not 302 
measurably change microbiome composition and that any fitness effects of galbut virus infection were 303 
likely not mediated by changes in microbiome composition. 304 
 305 
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 306 
Fig 2. Galbut virus infection did not alter levels of major microbiome constituents in flies. Relative 307 
amounts of DNA from predominant microbiome constituents in galbut virus infected and uninfected flies 308 
were measured via qPCR from 3 replicate pools of 10 flies per pool per strain per sex. Mean DNA loads 309 
relative to single copy dfd gene are plotted and crossbars indicate standard deviations of replicates. Dotted 310 
lines depict linear regression fits and solid lines indicate the diagonal.  No statistically significant 311 
differences between galbut virus infected and uninfected flies were identified using a Wilcoxon test. 312 
 313 
Galbut virus slightly reduces Drosophila lifespan and fecundity 314 
We compared the lifespan, fecundity, and developmental speed of galbut virus infected and uninfected 315 
flies [35,51]. Vials of newly eclosed adults (n=5 replicate vials per experimental group) were housed 316 
together in groups of 10 flies (5 males, 5 females). Galbut virus infected flies from both strains exhibited 317 
a slightly shortened mean lifespan (6.6 days shorter in DGRP 399 and 3.1 days shorter in DGRP 517), 318 
though this was not statistically significant in either strain (Fig 3A). These decreases in lifespan 319 
attributable to galbut virus infection status were smaller than differences attributable to DGRP strain: 320 
DGRP 517 flies lived on average 14.9 fewer days than DGRP 399 flies (p=2.1x10-4, Fig 3B).  321 
 322 
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 323 
Fig 3. Galbut virus infected flies exhibit slightly reduced lifespan. (A) Survival of DGRP 399 and 517 324 
flies with or without persistent galbut virus infection. The mean and standard deviation of biological 325 
replicates is plotted. (B) Data as in A, but plotted to facilitate comparison of DGRP strains. 326 
 327 
We compared fecundity of infected and uninfected flies by counting total adult offspring in vials 328 
containing 5 male and 5 female flies. Galbut virus infected DGRP 399 flies produced fewer offspring than 329 
their uninfected counterparts, but this was not significantly different (t-test; female offspring p=0.77, male 330 
offspring p=0.83; Fig 4A). Galbut virus infected DGRP 517 flies also produced fewer offspring, but the 331 
decrease was only significant for male offspring numbers (t-test; female offspring p=0.16, male offspring 332 
p=0.027; Fig 4A). The total offspring counts were not normalized to surviving mothers, so the lower 333 
number of offspring at later timepoints likely reflect the slightly shortened lifespan of galbut virus 334 
infected flies (Fig 3). Galbut virus infection did not significantly change offspring sex ratios (t-test; 335 
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DGRP 399: p=0.63, DGRP 517: 0.75, Fig. S1). As with average lifespan, differences in total offspring 336 
number between the different DGRP strains were much larger than differences attributable to galbut virus 337 
infection status: DGRP 399 females produced on average 2.7x more offspring than DGRP 517 females 338 
(p=2.8x10-6, Fig 4B).  339 
 340 
We recorded the cumulative number of eggs laid over three days when one or both parents were infected 341 
by galbut virus. There were no significant differences in the number of eggs laid when either or both 342 
parents were infected with galbut virus (ANOVA, DGRP 399: p=0.85, DGRP 517: p=0.72; Fig 4C).   343 
 344 
 345 
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Fig 4. Galbut virus infected flies produce slightly fewer offspring. (A) Galbut virus infected and 347 
uninfected flies were housed in batches of 5 males and 5 females per vial and cumulative number of 348 
female and male offspring per vial were counted. The mean and standard deviation of biological 349 
replicates are plotted. (B) Data as in panel A, but plotted for comparison of DGRP strains (data from 350 
galbut virus uninfected flies shown). (C) 10 male and 10 female flies 3-5 days post eclosion were crossed 351 
with different combinations of galbut virus infected mothers or fathers. The cumulative number of eggs 352 
laid per female over three days is depicted for individual replicates as points and summarized with 353 
boxplots.  354 
 355 
We compared the developmental speed of galbut virus infected and uninfected flies by collecting eggs 356 
and monitoring the times from oviposition to pupation and oviposition to adulthood. DGRP 399 flies 357 
pupated in ~5 days and eclosed in ~9 days regardless of galbut virus infection status (Fig 4A & 4C). 358 
DGRP 517 flies infected with galbut virus pupated on average 7 hours faster than uninfected flies 359 
(Wilcoxon, p=2.2x10-16; Fig 4A). DGRP 517 infected females and males reached adulthood on average 360 
10 and 12 hours faster than their uninfected counterparts (Fig 4C). As was the case with other 361 
phenotypes, development speed also varied as a function of DGRP background, with DGRP 399 flies 362 
pupating on average 7 hour faster than DGRP 517 flies (Fig 4B) and eclosing on average 13 hours faster 363 
(Fig 4D).  364 
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 365 
Fig 5. Galbut virus infected DGRP 517 flies develop slightly faster. (A) The time to pupation of 366 
individual DGRP 399 or DGRP 517 flies is plotted and the median time is indicated by a crossbar. (B) 367 
Data as in A, but plotted to enable comparison between DGRP strains. (C) The time between oviposition 368 
and eclosion for individual flies is indicated. (D) Data as in C, but plotted to enable comparison between 369 
DGRP strains. ns: not significant; **: p < 0.01, ***: p < 0.001 370 
 371 
Galbut virus alters the susceptibility of flies to viral, bacterial, and fungal pathogens. 372 
 373 
The microbiota present in a host can influence the outcome of subsequent infections [52–55]. Moth-374 
infecting partitiviruses changed their host’s ability to withstand infection by a pathogenic 375 
nucleopolyhedrovirus [27]. We hypothesized that galbut virus infection might alter the ability of flies to 376 
resist or tolerate infection by pathogenic microbes, which could alter the survival and consequently the 377 
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fitness of galbut virus infected flies. To test this hypothesis, we challenged galbut virus infected and 378 
uninfected flies with viral, bacterial, and fungal pathogens.  379 
 380 
We first tested whether pre-existing galbut virus infection altered fly survival following infection by 381 
Drosophila C virus (DCV) [56]. Flies were challenged with 100 TCID50 units of DCV through 382 
intrathoracic microinjection and checked daily for survival. Overall, there was little difference in the 383 
survival of galbut virus infected and uninfected flies. DGRP 517 female galbut virus-infected flies 384 
survived slightly longer than their uninfected counterparts, and although this effect was statistically 385 
significant, it was small in magnitude  (Fig 6A, p=0.028). These DGRP strains are both Wolbachia 386 
negative, so improved survival could not be attributed to the known protective effects of Wolbachia 387 
against DCV [57–60].  388 
 389 
We next challenged flies orally with Pseudomonas aeruginosa. Galbut virus infected DGRP 399 female 390 
flies were more susceptible to P. aeruginosa bacterial challenge (Fig 6B; p=4.5x10-6). Although ingestion 391 
is a more natural route of infection than microinjection, there is less experimental control over the 392 
ingested dose, which can decrease reproducibility [40]. We therefore also injected flies with ~100 CFUs 393 
of P. aeruginosa. Flies injected with P. aeruginosa died faster than those that ingested the pathogen, with 394 
most flies dead by 36 hours post injection (Fig. 6C). Galbut virus infected DGRP 399 females no longer 395 
died faster than their uninfected counterparts when microinjected with P. aeruginosa (Fig 6C; p=0.14). 396 
This suggests that interactions between galbut virus and P. aeruginosa may depend on the route of 397 
infection. 398 
 399 
Since the Drosophila innate immune system responds differently to Gram negative and Gram positive 400 
bacteria [61], we continued our pathogen challenges by microinjecting flies with Staphylococcus aureus. 401 
When flies were microinjected with ~100 CFUs, galbut virus infected DGRP 399 male flies survived 402 
slightly longer than their galbut virus infected counterparts (p=.021) as did DGRP 517 females (p=6.8x10-403 
4). As for DCV challenge, although these effects were statistically significant, they were small in 404 
magnitude. 405 
 406 
As a final pathogen challenge, we injected flies with ~500 cells of the fungal pathogen Candida albicans 407 
[43]. Both male and female DGRP 399 galbut virus infected flies died faster than their uninfected 408 
counterparts following C. albicans challenge (Fig 6E; DGRP female p=6.5x10-6 and DGRP male 409 
p=3.5x10-5). No significant differences were observed for DGRP 517 flies (Fig 6E). 410 
 411 
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 412 
Fig 6. Galbut virus alters pathogen susceptibility of some flies. Survival of galbut virus infected and 413 
uninfected flies following (A) intrathoracic injection with 100 TCID50 units of Drosophila C virus (DCV), 414 
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(B) ingestion of Pseudomonas aeruginosa, (C)  injection of ~100 CFUs of Pseudomonas aeruginosa, (D) 415 
injection with ~100 CFUs of Staphylococcus aureus, (E) injection with ~500 Candida albicans cells. (F-416 
H) Survival of flies following control inoculations. Flies were either microinjected with phosphate 417 
buffered saline (PBS) and stored at 25°C (F) or 30°C (G), or ingested sucrose (H). Galbut virus infected 418 
flies are depicted in orange and uninfected flies are in blue. ns: not significant; *: p < 0.05; **: p < 0.01, 419 
***: p < 0.001. 420 
 421 
Galbut virus induces strain and sex specific changes in the transcriptome. 422 
 423 
We used RNA sequencing (RNA-seq) to explore transcriptional changes that could underlie the observed 424 
phenotypic differences between galbut virus infected and uninfected flies. We sequenced mRNA from 425 
pools of 10 whole adult females or males. We first performed hierarchical clustering to assess similarity 426 
between gene expression profiles in all datasets (Fig. 7). Sex was by far the most important variable 427 
influencing gene expression patterns: datasets from males and females were completely separated, with 428 
long branch lengths separating the clusters. This separation likely reflects the different chromosome 429 
repertoires of males and females in addition to sex-specific expression differences. Male datasets then 430 
clustered by DGRP strain, with DGRP 399 and 517 males forming separate subclusters. In DGRP 399 431 
males, the group with the highest galbut virus RNA levels (Fig. 1), galbut virus infected and uninfected 432 
flies formed discrete clusters. In DGRP 517 males, the separation of infected and uninfected flies was not 433 
as clean. Gene expression patterns of female flies did not form subclusters based on DGRP strain nor 434 
galbut virus infection status (Fig. 7). Thus, as with other phenotypes, fly sex and DGRP strain influenced 435 
gene expression more than galbut virus infection.   436 
 437 
Only a single gene exhibited significant differential expression (adjusted p-value (padj) < 0.05) in all flies 438 
when compared by galbut virus infection status alone. The gene was a ribosomal RNA pseudogene (28S 439 
ribosomal RNA pseudogene CR45851) and it was upregulated in all groups of infected flies. We 440 
therefore  examined transcriptional responses in flies grouped by DGRP strain and sex. Within these 441 
subsets, the response to galbut virus infection varied by both the number of differentially expressed genes 442 
and those that passed a significance threshold (Fig 8). Given a lack of consistent fitness phenotypes 443 
across any one sex or strain in most cases, this may be unsurprising. 444 
 445 
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 446 
Fig 7. Galbut virus exerts minimal impact on overall transcriptional responses in flies. A sample 447 
distance matrix (Euclidean distances) quantifying the similarity between gene expression patterns in all 448 
datasets. Rep: biological replicates of 10 flies per replicate. 449 
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 450 
Fig 8. Volcano plots of differential gene expression in galbut virus infected flies. Plots depict the 451 
relative fold change of individual genes in galbut virus infected flies relative to uninfected flies (positive 452 
fold-change values indicate higher expression levels in galbut virus infected flies) on x axes and  multiple 453 
testing corrected p-values on y axes. Individual genes that have a log2 fold change greater than 1 454 
(orange), an adjusted p-value < 0.05 (gold), or both (green) are colored. 455 
 456 
Among the top upregulated and downregulated genes in the experimental groups, few genes were shared 457 
between groups. Genes that were differentially expressed in more than one group included Kruppel 458 
homolog 1 (Kr-h1), which was significantly downregulated in galbut virus infected DGRP 399 and 517 459 
females (Fig 9). This gene is a transcriptional regulator that has links to development [62–64]. Formin 460 
homology 2 domain containing (Fhos), which functions in development (remodeling of muscle 461 
cytoskeleton) and immune response (directs macrophage movement), was downregulated in both DGRP 462 
399 infected females and males [65–67]. It is possible that these changes are related to the differences in 463 
developmental speed and pathogen susceptibility that we had observed (Fig 4B; Fig 6B, E). 464 
 465 
Two genes with limited functional information were differentially expressed in both sexes of one or the 466 
other of the DGRP strains. Glycogen binding subunit 76A (Gbs-76A) was downregulated in galbut virus 467 
infected DGRP 399 flies of both sexes. This gene is inferred to play a role in the glycogen biosynthesis 468 
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pathway [68]. In male and female DGRP 517 galbut virus infected flies, gene CG14186 was 469 
downregulated. CG14186 is affiliated with the biological process of cilium assembly, but its molecular 470 
function is unknown.  471 
 472 
Two genes that were among the list of top differentially regulated genes across groups, but in opposite 473 
directions, were CG17560 and Heat shock protein 70Bb (Hsp70Bb). CG17560 is predicted to have 474 
implications in metabolic processes [68]. In DGRP 399 infected females, this gene was upregulated, 475 
while in DGRP 517 infected females, it was downregulated (Fig 9). Hsp70Bb was downregulated in 476 
DGRP 399 infected females, but was upregulated in DGRP 517 infected males (Fig 9). Heat shock 477 
proteins accounted for a large fraction of the upregulated genes in DGRP 517 infected males. Heat shock 478 
proteins are upregulated under heat and chemical stress, but these proteins have additional antiviral 479 
functions [69]. 480 
 481 
 482 
 483 
 484 
 485 
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 486 
 487 
Fig 9. Top differentially expressed genes in infected flies relative to uninfected flies as. (A) Top 15 488 
most significantly upregulated genes (ranked by padj, with padj < 0.05) in each experimental group 489 
relative to uninfected flies (B) Top 15 most significantly downregulated genes in each experimental group 490 
relative to uninfected flies. 491 
 492 
We performed a gene set enrichment analysis (GSEA) with the genes pre-ranked by log2 fold change 493 
using the clusterProfiler package in R [49] (Figs S2-4, Tables 1-2). Among the most significantly 494 
enriched gene ontology (GO) pathways (biological process ontologies only), pathways associated with 495 
development, morphogenesis, and metabolism were positively enriched in infected DGRP 517 flies 496 
(Table 1, S2-3 Fig). GO pathways associated with neuron development and differentiation and response 497 
to stimuli were also differentially regulated (Table 1, Figs S2-4). GO pathways under the parent GO 498 
terms reproduction (GO:0000003) and reproductive process (GO:0022414) were positively enriched in 499 
galbut virus infected flies (Tables 1 and 2). Between 9 and 35 GO pathways associated with reproduction 500 
were enriched in galbut virus infected DGRP flies. All differentially regulated pathways, except 2 (DGRP 501 
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399 females, GO:0046008; DGRP 517 males, GO:0051446), were positively enriched in infected flies 502 
compared to uninfected flies. 503 
 504 
Table 1. Most significantly enriched gene ontology pathways (biological process ontologies only) within 505 
infected flies identified via gene set enrichment analysis. NES: Normalized enrichment score; FDR: False 506 
Discovery Rate q value (Benjamini and Hochberg adjustment); *: q < 0.05, **: q < 0.01, ***: q < 0.001. 507 

Experimental 
group 

(infected) GO term Description NES 

FDR 
q 

value 

DGRP 399 
Females GO:0006270 DNA replication initiation 2.02 ** 
 GO:0010529 negative regulation of transposition 1.99 ** 
 GO:0060856 establishment of blood-brain barrier 1.98 ** 
 GO:1902475 L-alpha-amino acid transmembrane transport 1.96 ** 
 GO:0042335 cuticle development -1.65 ** 
 GO:0007606 sensory perception of chemical stimulus -1.76 ** 
 GO:0040003 chitin-based cuticle development -1.88 ** 
 GO:0050911 detection of chemical stimulus involved in sensory perception of smell -2.00 ** 
 GO:0009593 detection of chemical stimulus -2.07 ** 
 GO:0050907 detection of chemical stimulus involved in sensory perception -2.13 ** 
 
DGRP 399 Males GO:0009887 animal organ morphogenesis 1.98 *** 
 GO:0030182 neuron differentiation 1.92 *** 
 GO:0051128 regulation of cellular component organization 1.87 *** 
 GO:0003006 developmental process involved in reproduction 1.87 *** 
 GO:0010604 positive regulation of macromolecule metabolic process 1.73 *** 
 GO:0010605 negative regulation of macromolecule metabolic process 1.72 *** 
 GO:0009892 negative regulation of metabolic process 1.72 *** 
 GO:0051173 positive regulation of nitrogen compound metabolic process 1.71 *** 
 GO:0031325 positive regulation of cellular metabolic process 1.70 *** 
 GO:0051649 establishment of localization in cell 1.58 *** 
 
DGRP 517 
Females GO:0051128 regulation of cellular component organization 2.23 ** 
 GO:0003006 developmental process involved in reproduction 2.21 ** 
 GO:0048699 generation of neurons 2.19 ** 
 GO:0051239 regulation of multicellular organismal process 2.14 ** 
 GO:0023051 regulation of signaling 2.04 ** 
 GO:0010646 regulation of cell communication 2.03 ** 
 GO:0009893 positive regulation of metabolic process 2.02 ** 
 GO:0031325 positive regulation of cellular metabolic process 2.01 ** 
 GO:0009892 negative regulation of metabolic process 1.95 ** 
 GO:1901575 organic substance catabolic process 1.58 ** 
 
DGRP 517 Males GO:0009887 animal organ morphogenesis 2.04 *** 
 GO:0010604 positive regulation of macromolecule metabolic process 1.85 *** 
 GO:0051239 regulation of multicellular organismal process 1.84 *** 
 GO:0031325 positive regulation of cellular metabolic process 1.83 *** 
 GO:0051173 positive regulation of nitrogen compound metabolic process 1.82 *** 
 GO:0009892 negative regulation of metabolic process 1.82 *** 
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 GO:0051128 regulation of cellular component organization 1.81 *** 
 GO:0050793 regulation of developmental process 1.80 *** 
 GO:0010605 negative regulation of macromolecule metabolic process 1.80 *** 
 GO:0051649 establishment of localization in cell 1.44 *** 
 508 
Table 2. Enriched gene ontology pathways (biological process ontologies only) associated with 509 
reproduction identified via gene set enrichment analysis. NES: Normalized enrichment score; FDR: False 510 
Discovery Rate q value (Benjamini and Hochberg); *: q < 0.05, **: q < 0.01, ***: q < 0.001. 511 
 512 

Experimental 
group 

(infected) GO term Description NES 
FDR q 
value 

Within 
both 

strains? 

DGRP 399 
Females GO:0030703 eggshell formation 2.48 ** + 
 GO:0007304 chorion-containing eggshell formation 2.48 ** + 
 GO:0007306 eggshell chorion assembly 2.37 ** + 
 GO:0007292 female gamete generation 2.34 ** + 
 GO:0030707 ovarian follicle cell development 2.31 ** + 
 GO:0007548 sex differentiation 2.20 ** + 
 GO:0009994 oocyte differentiation 2.12 ** + 
 GO:0007143 female meiotic nuclear division 2.10 ** + 
 GO:0046843 dorsal appendage formation 2.10 ** + 
 GO:0048599 oocyte development 2.04 ** + 
 GO:0048608 reproductive structure development 2.04 ** + 
 GO:1903046 meiotic cell cycle process 2.02 ** + 
 GO:0051321 meiotic cell cycle 2.00 ** + 
 GO:1905879 regulation of oogenesis 1.96 ** + 
 GO:0007308 oocyte construction 1.95 ** + 
 GO:0007309 oocyte axis specification 1.91 ** + 
 GO:0007293 germarium-derived egg chamber formation 1.88 ** – 
 GO:0140013 meiotic nuclear division 1.87 ** + 
 GO:2000241 regulation of reproductive process 1.84 ** + 
 GO:0061988 karyosome formation 1.81 ** – 
 GO:0061982 meiosis I cell cycle process 1.80 ** + 
 GO:0007338 single fertilization 1.79 ** + 
 GO:0007314 oocyte anterior/posterior axis specification 1.78 ** + 
 GO:0007307 eggshell chorion gene amplification 1.78 * + 
 GO:0007315 pole plasm assembly 1.76 ** + 
 GO:0008354 germ cell migration 1.74 * + 
 GO:0007298 border follicle cell migration 1.62 ** – 
 GO:1905881 positive regulation of oogenesis 1.60 * – 
 GO:0046008 regulation of female receptivity, post-mating -1.65 * – 
 
DGRP 399 Males GO:0048515 spermatid differentiation 2.07 *** + 
 GO:0007286 spermatid development 2.06 *** + 
 GO:0007291 sperm individualization 1.88 *** – 
 GO:0007281 germ cell development 1.88 *** + 
 GO:0048232 male gamete generation 1.88 *** + 
 GO:0003006 developmental process involved in reproduction 1.87 *** + 
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 GO:0007283 spermatogenesis 1.84 *** + 
 GO:0008354 germ cell migration 1.79 ** + 
 GO:0035092 sperm chromatin condensation 1.76 ** – 
 GO:2000241 regulation of reproductive process 1.75 *** + 
 GO:0007288 sperm axoneme assembly 1.74 ** – 
 GO:0007140 male meiotic nuclear division 1.70 ** + 
 GO:0030725 germline ring canal formation 1.64 * – 
 GO:0045297 post-mating behavior 1.63 * – 
 GO:0051321 meiotic cell cycle 1.54 ** + 
 GO:0140013 meiotic nuclear division 1.41 * + 
 
DGRP 517 
Females GO:0007292 female gamete generation 2.26 ** + 
 GO:1903046 meiotic cell cycle process 2.23 ** + 
 GO:0048477 oogenesis 2.22 ** – 
 GO:0003006 developmental process involved in reproduction 2.21 ** + 
 GO:0051321 meiotic cell cycle 2.21 ** + 
 GO:0007281 germ cell development 2.21 ** + 
 GO:0007143 female meiotic nuclear division 2.19 ** + 
 GO:0140013 meiotic nuclear division 2.15 ** + 
 GO:0030707 ovarian follicle cell development 2.10 ** + 
 GO:0009994 oocyte differentiation 2.07 ** + 
 GO:0045132 meiotic chromosome segregation 2.05 ** – 
 GO:0048599 oocyte development 2.02 ** + 
 GO:0007308 oocyte construction 1.99 ** + 
 GO:0007309 oocyte axis specification 1.98 ** + 
 GO:0008354 germ cell migration 1.98 ** + 
 GO:0007277 pole cell development 1.97 ** – 
 GO:0046843 dorsal appendage formation 1.94 ** + 
 GO:0016321 female meiosis chromosome segregation 1.94 ** – 
 GO:0030703 eggshell formation 1.91 ** + 
 GO:0009566 fertilization 1.91 ** – 
 GO:0007306 eggshell chorion assembly 1.91 ** + 
 GO:0033206 meiotic cytokinesis 1.91 ** – 
 GO:0007304 chorion-containing eggshell formation 1.91 ** + 
 GO:0007314 oocyte anterior/posterior axis specification 1.91 ** + 
 GO:0007338 single fertilization 1.88 ** + 
 GO:0007315 pole plasm assembly 1.86 ** + 
 GO:0008406 gonad development 1.85 ** – 
 GO:0045137 development of primary sexual characteristics 1.85 ** – 
 GO:2000241 regulation of reproductive process 1.80 ** + 
 GO:0007297 ovarian follicle cell migration 1.80 ** – 
 GO:0007307 eggshell chorion gene amplification 1.78 ** + 
 GO:0061982 meiosis I cell cycle process 1.77 ** + 
 GO:0045478 fusome organization 1.74 * – 
 GO:1905879 regulation of oogenesis 1.74 ** + 
 GO:0035046 pronuclear migration 1.58 * – 
 
DGRP 517 Males GO:0048608 reproductive structure development 2.02 *** + 
 GO:0048515 spermatid differentiation 1.87 *** + 
 GO:0007286 spermatid development 1.86 *** + 
 GO:0048232 male gamete generation 1.70 *** + 
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 GO:0007548 sex differentiation 1.70 ** + 
 GO:0007140 male meiotic nuclear division 1.68 ** + 
 GO:0007281 germ cell development 1.66 *** + 
 GO:0007283 spermatogenesis 1.65 *** + 
 GO:0051446 positive regulation of meiotic cell cycle -1.67 * – 
 513 
 514 
 515 
Discussion 516 
 517 
A major goal of this study was to understand why galbut virus, despite a high rate of vertical transmission 518 
(~100% from both parents), is maintained at a worldwide prevalence of only ~60%. We hypothesized that 519 
although galbut virus infection does not produce obvious phenotypic changes, infection might inflict 520 
enough of a fitness cost that resistant flies would experience a survival benefit. This would be analogous 521 
to an allele with a small negative selection coefficient. To test this hypothesis, we quantified multiple 522 
components of fitness in two genetic backgrounds.  523 
 524 
Overall, galbut virus infection produced minimal measurable phenotypic effects. In some cases these 525 
would be predicted to decrease fitness, such as shortened average lifespan (Fig. 3) or decreased survival 526 
following fungal infection (Fig 7E). In other cases, trait differences such as faster development might 527 
increase the relative fitness of galbut virus infected flies (Fig 5).  528 
 529 
Galbut virus infection minimally decreased lifespan and total offspring output, but the observed trends 530 
varied by DGRP strain and mostly did not rise to a statistically significant level (Figs 3-4). Our 531 
experiments lasted longer than the natural lifespan of D. melanogaster, which is estimated to be a week or 532 
less in the wild [70]. The total offspring output of galbut virus infected flies and uninfected flies only 533 
began to diverge after the parents were > 20 days old, and there was no impact on the number of eggs laid 534 
by young females over three days (Fig  4). Other examples of partitiviruses altering the reproductive 535 
output of their hosts include a partitivirus enhancing fecundity in Cryptosporidium [71], a reduction of 536 
spores from a partitivirus-infected fungus [72], and partitiviruses infecting Spodoptera moths that 537 
produced a major decrease in hatchling numbers [72].  538 
 539 
Gene ontologies associated with reproduction were positively enriched in galbut virus infected flies, 540 
regardless of sex or strain (Table 2). It is possible that galbut virus infection manipulates reproductive 541 
pathways in a manner that contributes to efficient vertical transmission [4]. The upregulation of genes 542 
associated with oogenesis was observed in flies infected with Drosophila melanogaster sigma virus, 543 
which also depends on vertical transmission [73]. 544 
 545 
DGRP 517 flies infected by galbut virus pupated and reached adulthood faster than uninfected flies (Fig 546 
5). An initial assumption would be that a faster developmental time, in combination with the short life of 547 
flies in the wild [70], would confer a fitness benefit. However, flies selected for faster development 548 
exhibited fitness trade-offs such as reduced body weight and size, decreased resistance to starvation and 549 
desiccation, and an overall lower egg output [74]. This highlights the difficulty of extrapolating total 550 
fitness from singly-measured traits [75]. 551 
 552 
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For the most part, galbut virus infected and uninfected flies survived similarly following infection by 553 
microbial pathogens (Fig 6).  Galbut virus infected DGRP 399 females exhibited decreased survival 554 
following ingestion, but not injection, of Pseudomonas aeruginosa. This difference may not be surprising 555 
as the gut epithelial immune response has key differences compared to responses to systemic infection 556 
[76]. DGRP 399 flies of both sexes exhibited increased sensitivity to the fungal pathogen Candida 557 
albicans. In Drosophila, the common microbiome constituent Lactobacillus planatarum decreased 558 
mortality of a fungal pathogen (Diaporthe sp.) by mitigating fungal toxicity and altered fly behaviour to 559 
reduce infection risk [77]. No significant changes in the DNA levels of L. planatarum or other major 560 
microbiome constituents was observed in galbut virus infected flies (Fig 2).  561 
 562 
It is difficult to assess the net impact of these separately measured traits. Laboratory assays imperfectly 563 
recapitulate natural environments and these experiments provide a limited window into the influence of 564 
galbut virus in the wild. For most measured traits, differences associated with galbut virus infection were 565 
smaller than those attributable to different DGRP strain and sex (Figs 3-4, Fig 7). Nevertheless, selection 566 
can act on small differences in relative fitness, and it is possible that in aggregate galbut virus infection 567 
reduces fitness.  Galbut virus is highly prevalent, exhibits a broad tissue distribution, and exists as a 568 
lifelong infection, so small phenotypic changes should not necessarily be interpreted as insignificant ones.  569 
Additional laboratory and field-based studies that track galbut virus-Drosophila dynamics will shed 570 
further light on the extent to which this virus and similar persistent viruses shape the evolution of their 571 
hosts in cryptic but possibly important ways.  572 
 573 
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 591 
SUPPLEMENTAL MATERIALS: 592 
 593 
 594 

 595 
 596 
Supplemental Fig 1. Galbut virus infection does not influence adult offspring sex ratio. Offspring 597 
collected from groups of galbut virus infected or uninfected parents from DGRP 399 and 517 strains every 598 
14 days (see Fig 4). Offspring sex ratios from each time point were calculated by dividing total male 599 
offspring by total female offspring. No statistical significance was measured in either strain (t-test). 600 
 601 
 602 
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 603 
Supplemental Fig 2. Dot plot of differentially regulated gene ontology (GO) pathways in infected 604 
DGRP 399 female flies. A dot plot representation of the top differentially regulated GO pathways in 605 
galbut virus-infected DGRP 399 female flies as determined by gene set enrichment analysis (GSEA) 606 
using the R package “clusterProfiler”. Top 10 differentially regulated pathways are plotted in each GO 607 
category (biological function, BF; cellular component, CC; molecular function, MF). Differentially 608 
regulated pathways for these flies were either upregulated (activated) or downregulated (suppressed). Size 609 
of dots corresponds with number of differentially regulated genes (DEG; counts) identified in each 610 
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specified GO pathway. Percentage of DEGs in a given GO pathway (number of DEGs divided by total 611 
number of genes listed under the specified GO pathway) is plotted as gene ratio. 612 
 613 

 614 
Supplemental Fig 3. Dot plot of differentially regulated gene ontology (GO) pathways in infected 615 
DGRP 399 male flies. A dot plot representation of the top differentially regulated GO pathways in galbut 616 
virus-infected DGRP 399 male flies as determined by gene set enrichment analysis (GSEA) using the R 617 
package “clusterProfiler”. Top 10 differentially regulated pathways are plotted in each GO category 618 
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(biological function, BF; cellular component, CC; molecular function, MF). All top differentially 619 
regulated pathways for these flies were upregulated (activated). Size of dots corresponds with number of 620 
differentially regulated genes (DEG; counts) identified in each specified GO pathway. Percentage of 621 
DEGs in a given GO pathway (number of DEGs divided by total number of genes listed the specified GO 622 
pathway) is plotted as gene ratio. 623 
 624 

 625 
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Supplemental Fig 4. Dot plot of differentially regulated gene ontology (GO) pathways in infected 626 
DGRP 517 female flies. A dot plot representation of the top differentially regulated GO pathways in 627 
galbut virus infected DGRP 517 female flies as determined by gene set enrichment analysis (GSEA) 628 
using the R package “clusterProfiler”. Top 10 differentially regulated pathways are plotted in each GO 629 
category (biological function, BF; cellular component, CC; molecular function, MF). All top differentially 630 
regulated pathways for these flies were upregulated (activated). Size of dots corresponds with number of 631 
differentially regulated genes (DEG; counts) identified in each specified GO pathway. Percentage of 632 
DEGs in a given GO pathway (number of DEGs divided by total number of genes listed under the 633 
specified GO pathway) is plotted as gene ratio. 634 
 635 
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 636 
Supplemental Fig 5. Dot plot of differentially regulated gene ontology (GO) pathways in infected 637 
DGRP 517 male flies. A dot plot representation of the top differentially regulated GO pathways in galbut 638 
virus-infected DGRP 517 male flies as determined by gene set enrichment analysis (GSEA) using the R 639 
package “clusterProfiler”. Top 10 differentially regulated pathways are plotted in each GO category 640 
(biological function, BF; cellular component, CC; molecular function, MF). All top differentially 641 
regulated pathways for these flies were upregulated (activated). Size of dots corresponds with number of 642 
differentially regulated genes (DEG; counts) identified in each specified GO pathway. Percentage of 643 
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DEGs in a given GO pathway (number of DEGs divided by total number of genes listed under the 644 
specified GO pathway) is plotted as gene ratio. 645 
 646 
Supplemental Table 1: Primers used for quantifying levels of galbut virus and microbiome constituents. 647 
 648 
 649 

Target Forward (5`-3`) Reverse (5`-3`) Original Citation 

Galbut virus 
CCGTGAAGCAAGGA
ATCAAT 

TGCCGATTTTCTGCTCT
TTT 

Cross et al: 
https://doi.org/10.1128/JVI.01070
-20 

RpL32 
TGCTAAGCTGTCGCA
CAAATGG 

TGCGCTTGTTCGATCC
GTAAC 

Cross et al: 
https://doi.org/10.1128/JVI.01070
-20 

Acetobacter spp. 
TAGCTAACGCGATAA
GCACA 

ACAGCCTACCCATACA
AGCC 

AM Early et al: 
https://doi.org/10.1371/journal.po
ne.0170332 

Lactobacillus 
brevis 

TCAGTTTTGAGGGGC
TTACCTCTCT 

GGCATCCACCATGCGC
CCTT 

AM Early et al: 
https://doi.org/10.1371/journal.po
ne.0170332 

Lactobacillus 
planatarum 

TGCGGCTGGATCACC
TCCTTTC 

ACTGGTTCGGTTCCAA
TGGGCC 

AM Early et al: 
https://doi.org/10.1371/journal.po
ne.0170332 

Corynebacterium 
spp. 

AAACGGGTACGCATC
ACG 

GGGTTGATATTCCCGT
ACCC This study 

Saccharomyces 
cerevisiae 

AGGAGTGCGGTTCTT
TG 

TACTTACCGAGGCAAG
CTACA 

H Chang et al: 
https://doi.org/10.1016/j.mimet.20
07.08.013 

deformed (dfd) 
GTAGCGAAGAAACC
CACCAA 

ACGCTCCACTCACCTC
ATTC 

AM Early et al: 
https://doi.org/10.1371/journal.po
ne.0170332 

 650 
 651 
 652 
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