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Shifted levels of sleep and activity during
the night as mechanisms underlying
ectoparasite resistance
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Parasites harm host fitness and are pervasive agents of natural selection capable of driving the
evolution of host resistance traits. Previously we demonstrated evolutionary responses to artificial
selection for increasing behavioral immunity to Gamasodes queenslandicus mites for Drosophila
melanogaster. Here, we report transcriptional shifts in metabolic processes due to selection for mite
resistance. We also show decreased starvation resistance and increased use of nutrient reserves in
flies frommite-resistant lines. Resistant lines exhibited increased activity, reduced sleep, and elevated
oxygen consumption during the night. Using a panel ofD.melanogaster lines exhibiting variable sleep
durations, we found a positive correlation betweenmite resistance and reduced sleep. Restraining the
activity of artificially selectedmite-resistant flies during exposure to parasites reduced their resistance
advantage relative to control flies. The results suggest that ectoparasite resistance in this system
involves increased activity during the scotophase and metabolic gene expression at the expense of
starvation resistance.

Parasites are ubiquitous, and parasite-mediated selection can represent a
strong evolutionary pressure that influences many host phenotypic traits
and ecological processes1–4. Defensive adaptations against parasites are
common in plant, animal, and microbial host populations, where genetic
variation in resistance is an essential component of host capacity to respond
evolutionarily to parasite pressure5–9. Drosophila and the many parasites
that attack specieswithin this genus represent excellent systems to examine
mechanisms of resistance and the factors that promote and constrain their
evolution10–14. Specifically, associations between Drosophila and ectopar-
asitic mites15–19 are exceptional models for studies of ectoparasitism, as
many such systems that are naturally occurring are also experimentally
tractable, and the behavioral traits flies deploy against mites parallel those
seen in other animal hosts20. The benefits ectoparasitic mites may derive
from attaching to flies include increased nutrient intake and reproductive
output, and improved dispersal to new habitats21. The host is harmed
through damage to the cuticle and resource extraction along with costly
immune and repair responses5,15,18,22. The combined effects of mite-derived
damage negatively influence the function of male and female reproductive
tissues, mating success, and lifespan5,15,22. Other host behavioral and phy-
siological changes that occur in response to parasitismor parasite exposure
include adaptive shifts in male reproductive effort23, anti-mite defensive
behaviors24, oviposition site preference25, and rates of respiration26.

Drosophila melanogaster and other fruit fly species are parasitized by
Gamasodes mites in Asia (Taiwan and Thailand), and Australia17,19,22. The
extended geographic distribution and host range of Gamasodes mites
indicate that they are likely to be a pervasive selective force affecting many
aspects of fly biology. The behaviors that flies use to avoid infestation by
ectoparasitic mites include bursts of flight from the substrate, locomotor
responses, and vigorous grooming once themite has made contact with the
fly24,27. Whereas strong selection is likely to act on these first-line forms of
defense27,28, the molecular and physiological bases of these defensive traits
are yet to be established.

In the present study of D. melanogaster, RNA-seq and functional
studies revealed that metabolic activity increased in response to artificial
selection for increased behavioral resistance to Gamasodes mites27. The
increased metabolism was associated with reductions in nutrient reserves
and starvation resistance and was correlated with increased activity and
reduced sleep during the night. These results identify metabolic and activity
changes as a potential causal factor underlying ectoparasite resistance.
Resistance assays of an independent panel of Drosophila genetic lines with
variable sleep supported a link between decreased sleep and enhanced
parasite avoidance. The results suggest that increased activity and reduced
sleep could be critical factors in preventing ectoparasite attachment and that
this energetically costly behavioral immunity trades off with nutrient
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reserves and starvation resistance. This study enhances our understanding
of fundamental mechanisms that maintain genetic variation mediating a
naturally occurring host-parasite symbiosis.

Results
Increased resistance coincided with transcriptional changes
associated with metabolism
Previously we performed artificial selection for increasing resistance to
Gamasodes queenslandicus mites in male D. melanogaster for 16
generations27, which we continued in the present study for a total of 22
generations. The selection program resulted in significant evolutionary
responses, yielding three replicate selection lines that were significantly more
behaviorally resistant to ectoparasiticmites than theirunselectedcounterparts
(Fig. 1A). At the terminus of the 16 generations of selection, transcriptional
analyses revealed that 108 genes were significantly differentially expressed in
selection lines (68 genes up-regulated and 40 down-regulated) relative to
control lines (there were three biological replicates of each of the three
replicate lines per selection treatment) (Table S1). Gene ontology enrichment
analyses revealed increased oxidoreductase activity in selection lines relative
to controls along with increases in other factors, such as three genes involved
in glycolysis (aldolase, acetyl-CoA synthetase, and phosphoglycerate kinase)
(Fig. 1B, Table S1). These results suggest that potential differences in meta-
bolism occur in flies as a result of selection for mite resistance.

Starvation resistance decreased with increased metabolism
during the night
The observed upregulation of metabolism-associated factors in resistant
lines relative to controls suggests that a trade-off exists between resistance
and host nutrient reserve management. Consistent with this hypothesis,
starvation resistance in ectoparasite-resistant lineswas reduced compared to
control lines (Fig. 2A). This apparent trade-off was corroborated by the
observation of greater reductions in body lipid and protein reserves after
36 h of starvation in resistant lines relative to controls (Fig. 2B, C). This
difference in levels of nutrient stores suggests relatively increased lipolysis
and proteolysis in the resistant lines. Thus, there are discernible metabolic
phenotypes that co-evolved with ectoparasite resistance under artificial
selection, identifying a potential cost of ectoparasite resistance as a reduction
in host survival resulting from accelerated reduction in body condition
under nutrient deprivation.

To further probe this potential metabolic trade-off, we analyzed
oxygen consumption of flies during a daily cycle. Surprisingly, oxygen
consumption was not different between control and selected lines during
the photophase (Fig. 2D). However, when oxygen consumption was
assessed in scotophase, it was significantly higher in the resistant lines
compared to controls (Fig. 2D). This result indicates that the metabolic
costs of ectoparasite resistance may primarily manifested during the
scotophase.

Activity during the night was greater in ectoparasite-
resistant lines
As oxygen consumption was increased under night conditions, we tested
whether fly activity and sleep profiles were altered following selection
throughout a daily cycle of day and night conditions (Fig. 3A). As with
oxygen consumption, activity and sleep levels were not significantly dif-
ferent during the day. However, resistant lines did show a significant
increase in activity and a decrease in the duration of sleep bouts during the
scotophase relative to controls (Fig. 3B, C)—two traits that are certainly
related but not necessarily one in the same. Tohelp establish if reduced sleep
and increased activity profiles were associated with resistance to ectopar-
asitism, we exposed an independent panel of inbred fly lines that differed in
activity and sleep levels to ectoparasitic mites29. There was a significant
relationshipbetween the level of sleepduring thenight and theproportionof
flies parasitized by mites (Fig. 3D). This result supports the possibility that
sleep and activity levels are causal factors affecting ectoparasite resistance in
flies. Notably, the mites showed increasing activity during the scotophase,
suggesting that the frequency offly-mite interactionsmaynormally increase
during this time (Fig. S1).

Movement restriction of flies and assay under photophase con-
ditions reduced ectoparasite resistance
To confirm in another way the causal role of activity and sleep-like behavior
in mediating ectoparasite resistance, we manipulated activity by restraining
flies. We found that selected lines no longer showed improved mite resis-
tance during the night relative to controls when restrained (Fig. 4A),
matching a previous study showing that flight restriction erodes mite
resistance in Drosophila27. Secondly, we performed mite parasitism assays
under light and dark conditions during the photophase and showed that
resistancedivergence between selected and control lineswas reduced in light
relative to dark conditions (Fig. 4B). These results support the conclusion
that increased activity and reduced sleep-like behavior during the night are
important factors mediating host response to selection for improved mite
resistance.

Discussion
This study indicates that declining sleep and increased activity are sig-
nificant mechanisms for preventing ectoparasitism in fruit flies. Following
artificial selection for resistance27, specific metabolic transcriptional path-
ways associated with increased monooxygenase activity along with a mul-
titude of other factors such as specific genes underlying glycolysis (e.g.
aldolase, acetyl-CoA synthetase, and phosphoglycerate kinase) were up-
regulated. Metabolic activity increased at the expense of starvation resis-
tance in flies behaviorally resistant tomite parasitism. This findingmatched
increased activity and reduced sleep during the night in selected versus
control flies, which is one likely factor governing the evolution resistance to
ectoparasitic mites. We provided experimental confirmation that altered

Fig. 1 | Selection increases resistance to mites and
RNA-seq studies reveal altered metabolism-
associated factors following selection for ecto-
parasite resistance. A Artificial selection for mite
resistance resulted in significantly reduced suscept-
ibility tomites in selected (S) versus control (C) lines
after 21 generations. * denotes significance at
P < 0.05 between control and selected lines
(F = 16.24, d.f. = 2,5, P = 0.001). Error bars represent
the 95% confidence intervals. B Gene ontology
categories enriched in differentially expressed genes
between S and C from a full analysis of all samples
(nested within the replicate, revealing factors gen-
erally associated with metabolism, FDR, P < 0.05).
There were three biological replicates of RNA-Seq
data for each treatment (S and C) of the three arti-
ficial selection replicates.
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sleep and activity profiles are important for ectoparasite resistance in
experiments where fly activity was prevented and by using fly lines
expressing variable sleep levels.

Sleep and host-parasite dynamics have been studied in multiple sys-
tems, but these have predominantly involved endoparasites such as
malaria30,31. In general, the response to internal parasites involves a robust

immune response,where increased sleepmay support optimal expressionof
immune factors30,31. In contrast, host sleep (or lack thereof) could influence
ectoparasite resistance differently, as behavioral resistance, rather than
immune response, is of greater importance to avoid infestation. Here, we
confirmed that among resistant lines, sleep decreased and activity increased
during the scotophase, which is when sleep predominantly occurs in D.

Fig. 3 | Sleep and activity profiles are altered in
selected lines. A Daily activity profile for control
and selected fly lines, all lines combined. Shaded
areas represent the 95% confidence intervals.
N = 40–45 individuals per line. B Sleep duration
decreased during the dark cycle for lines selected for
resistance (F = 19.291, d.f. = 1,4, P < 0.001). The line
within the data points represents the mean. Other
aspects of sleep, such as bouts or duration of bouts,
are not significantly different between selected and
control lines (P > 0.05 in all cases). C Activity is
increased during the night for lines selected for
resistance (F = 15.98, d.f. = 1,4, P = 0.002). Each
point represents the activity of a single fly. The line
in the middle represents the mean. D A significant
interaction occurs between an independent panel of
eight inbred lines with different sleep levels29 and
susceptibility to mites (F = 3.021, d.f. = 7,40,
P = 0.012). N = 6 for each line was assayed for
parasitism.

Fig. 2 | Flies with increased resistance have higher
metabolism during the night. A Death due to
starvation was increased following selection in all
three lines. Kaplan-Meier survival analysis, gen-
eralized Wilcoxon test, Chi-square = 18.234,
P < 0.001 for control compared to selected for each
line, N = 150 individuals per line. No differences
were noted between the control and base popula-
tions (P > 0.05). B, C Lipolysis (F = 11.84, d.f. = 2,5,
P = 0.031) and protein (F = 11.08, d.f. = 2,5,
P = 0.001) breakdown was increased following
selection in all lines. N = 3 groups of three flies
examined per line. D Oxygen consumption was
increased in the selected flies under scotophase
compared to photophase conditions (F = 10.47, d.-
f. = 1,4, P = 0.009). N = 15 flies measured per line
when selected and control lines are compared
without light.
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melanogaster32,33. The pattern of reduced sleep likely allows the flies to be
more responsive during encounterswithmites during the night There could
bedifferences in sleep occurringduring theday, but these differencesmaybe
less important as D. melanogaster sleeps much less during the day32,33.
Interestingly, as the artificial selection was conducted spanning the diurnal
transition27, this raises the possibility that a small change in sleep patterns or
activity in the night could have been a direct target of selection that yielded
the increased resistance to mite infestation. The altered sleep and activity
profiles during the night are likely to be a general phenomenon that occurs
among animals in the presence of ectoparasites. Parasitism has been noted
inbirds andbats to be associatedwith shifts in sleep and rest behavior during
nest cleaning and grooming34,35. Changes in sleeping patterns in primates
have also been suggested to reduce exposure to ectoparasites36. The present
study is unique in revealing potential causal links between reduced host
sleep, increased activity, and improved resistance to ectoparasites. Recently,
phototaxis effects have been noted during fly-mite interactions37, where
Drosophila nigrospiracula exposed to parasitic mites under light conditions
had lower mite parasitism than those held in the dark with mites. Fur-
thermore, flies will reside more in lighted areas after exposure tomites37. As
light exposure increases fruit fly activity and reduces sleep32,33, the studies on
D. nigrospiracula provide additional support for our observations in D.
melanogaster that activity and sleep influence fly-mite interactions.

Whereas parasite resistance confers fitness benefits in terms of
avoiding or countering the effects of parasitism per se, parasite resistance
may be associated with fitness reductions in the absence of parasites. Such
costs include reduced stress tolerance and damaged fecundity identified in
multiple animal systems2–4 including other fly-mite systems5,27. Costs of
resistance to a given parasite also may occur as increased susceptibility to
other parasites, as suggested in the present study by the finding that two
prophenoloxidae genes (ppo1 and ppo2, TableS1) were significantly down
regulated in selection lines relative to controls. Prophenoloxidase catalyzes
early steps ofmelanin production and is activated by signals associatedwith
endo-parasite invasion and tissue damage11. The increased expression of

metabolism-associated genes and altered starvation resistance in artificial
selection lines suggest thatmite resistance is likely to bemetabolically costly,
whichwedemonstrated through the assessmentof host lipid reserves during
starvation, and altered oxygen consumption. Our artificial selection
experiment succeeded to drive the evolution ofmite resistance despite these
metabolic costs likely because the ad libitum food conditions provided to
flies during culturing reduced the strength of antagonistic selection stem-
ming from nutrient management issues. On the other hand, when beha-
vioral defenses of the flies fail, parasitism by mites induces a prominent
immune response5,22, and significantly reduces host egg production and
lifespan23,38. Thus, the optimal degree of metabolically demanding mite
resistance behaviors in nature is likely determined by the balance of parasite
pressure versus resource limitation and nutrient management, which could
vary temporally, geographically and taxonomically.

The finding that altered sleep patterns impact ectoparasite resistance
represents a novel form of host resistance, similar to those involved in
predator-prey dynamics. Indeed, many ectoparasites such as blood-feeding
flies andmites have been classified as micropredators39,40, and differences in
sleep have been associated with predation levels41–43 such that animals with
increased exposure to predators have reduced or lighter sleep42,44. Here, we
showed that reduced sleep-like behavior in D. melanogaster was a target of
selection for parasite resistance, providing evidence that sleep behavior can
evolve as a result of interactions with an ectoparasite. In this system,
behavioral phenotypes confer ectoparasite resistancewith a directmetabolic
cost that could act to constrain the evolution of behavioral immunity to
mites in natural populations, especially when parasitism rates are low and
nutrients limited.

Materials and methods
Flies, mites, and selection for resistance
The flies (Drosophila melanogasterMeigen) and mites (Gamasodes queen-
slandicus Halliday and Walter) were collected at Cape Tribulation,
Queensland, Australia27. The artificial selection protocol for increasing

Fig. 4 | Factors that alter sleep status shift ectoparasite resistance. A Restraining
flies reduces the resistance of selected lines compared to controls, (F = 28.66, d.-
f. = 1,4, P < 0.002). B The effect of selection on mite resistance is more profound
when flies are exposed to mites under dark conditions. N = 4 parasitism assays per

line (F = 11.839, d.f. = 1,3, P = 0.016). C Summary of dynamics between sleep and
activity in relation to resistance to ectoparasitic mites. Created in BioRender. Benoit,
J. (2025) https://BioRender.com/g03v547. This highlights that altered sleep and
activity patterns are associated with resistance to parasitism.
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resistance to mites, which is described in detail elsewhere24,27, significantly
increased resistance in response to 16 generations of sustained selection. At
generation 16, a significant and consistent divergence in mite resistance
occurred between selected lines and their unselected control lines27,45. Even
though selection was only conducted on males, both sexes showed increase
resistance27. Furthermore, increased cross-resistance to anothermite species
(Macrocheles subbadius Berlese) was shown27, indicating that the defensive
mechanisms thatwere selected are likely general to ectoparasiticmites. Lines
of D. melanogaster with varying levels of sleep were acquired from the
Bloomington Stock Center29. Male flies were used in these analyses.

Mite infestation experiments
Mite infestation experiments were conducted according to previously
developedmethods5,22,24,38 that allow for determining infestation differences
betweenfly lines. Thesewere assays similar to thoseused for selection,where
flies were exposed to mites in a jar containing media used to rear G.
queenslandicus22,24,38. Each assay measured ectoparasitism in each fly line
relative to its paired control line across a set of replicate infestation cham-
bers. Groups of flies (i.e., selected and control) equal in size were aspirated
into a given chamber (total flies per chamber ranged between 40 and 50
flies). Minute wing clips at the tip of each wing were used to distinguish
groups (≤ 3% of the wing). Clips have been previously shown to have no
impact onfly susceptibility tomites22,24, and clippingwas alternated between
groups across chambers. A recovery period of 24 h was used after clipping
the wing under CO2. Flies were extracted from chambers after 6–8 h and
examined under a strereomicroscope, and the presence of mites, scars and
wing clips were recorded. These assays were conducted on the selected and
control lines after 21 generations and for flies from the sleep inbred panel.
For the sleep inbredpanel, vialswithfly lines fromthepanelwere intermixed
among the positions in the activity monitors during the assays to allow for
random comparisons between each line.

For susceptibility tests under restraint, flies were transferred to shor-
tened 200-µl micropipette tips, a confined space that severely limits fly
movement45,46, and exposed to two mites, effectively mimicking periods of
sharply reduced activity. After two hours in the dark, the flies were removed
and examined for attached mites or mite-induced scars. This assay was
conducted on the selected and control lines after 20 generations of artificial
selection. Lastly, light and dark conditions weremanipulated to assess if the
reduction in light and lower activity impacted mite-fly interactions. To do
so, flies were moved to scotophase conditions (dark) or allowed to remain
under photophase conditions for 1 h before being exposed to mites in jars
with media used to rear G. queenslandicus22,24,38 under light or dark condi-
tions. These light and dark assays were conducted 6 h into the photophase.

RNA-seq analysis following selection
Flieswere collected after 16 generations of selection for theRNA-seqstudies.
RNA was extracted from whole flies as previously described22 in three
biological replicates per line. The flies were collected at the day-to-night
transition periods (dusk). Illumina sequencing was conducted at Novogene
on an Illumina NovaSeq Hiseq platform. Illumina datasets are available at
the National Center for Biotechnology Information’s Sequence Read
Archive: Bioproject PRJNA999910. Differential expression of genes was
determined basedonmethods previously described22,47,48. Briefly, the quality
and presence of adapters were determined with FASTQC49, followed by a
filtering/trimming procedure with Trimmomatic v.0.36 using default
settings50. At least 30million reads were available for each sample following
trimming. Reads were mapped to the transcript assembly release 6.10 from
Flybase51 usingKallistov0.48.0with recommended settings52 summarized to
the gene level using tximport v1.12.353. Differential gene expression analysis
was performedwithDESeq254 with the read counts generated fromKallisto.
Filtering in DESeq2 was conducted to remove predicted transcripts with
fewer two mapped reads. Selection-specific effects to identify overlapping
differences among lines were determined by a nested analysis that included
each line and replicates. An adjusted p-value of ≤ 0.01 was used to identify
genes as differentially expressed. Specific enriched gene ontology (GO)

categories were determined using g:Profiler with gene sets increased and
decreased during selection analyzed separately55 and treemaps to visualize
the GO was generated with REVIGO56.

Starvation assay, nutritional reserve levels, oxygen consumption
Flies were collected following 18–22 generations of selection for these dif-
ferent assays. Flieswere transferred to 1%agar vials to providewaterwithout
nutrients (1 or 3 males per vial, no difference was noted in the duration of
starvation between the two groups, and the results were combined), and the
number of dead flies was noted every eight hours until all flies were dead.
Nutrient reserve levelsweremeasuredduring starvationbasedonpreviously
usedmethods22,57, which use spectrophotometric assays to establish the lipid
and protein levels in relation to the drymass of flies and relative to a protein
or lipid standard. Differences in oxygen consumption between selected and
control lines were determined using a microrespirometer57–59. In brief,
individual flies were placed in microrespirometers were positioned in a
water bath (25 °C) and were allowed 15min to equilibrate before mea-
surements.CO2production,measured through themovement ofKOH,was
measured every hour for 6 h.Assuming that onemole ofO2 is consumed for
every mole of CO2 released, oxygen consumption was calculated using the
distance traveled by the KOH and expressed as μl O2 mg dry mass−1 h−1.

Sleep and activity assessment
The rest-activity rhythms of the flies (control, selected, and sleep lines) were
quantified with the aid of a Locomotor Activity Monitor 25 (LAM25) sys-
tem (TriKinetics Inc., Waltham, MA, USA) and the DAMSystem3 Data
Collection Software (TriKinetics). Flies were collected after 19–31 genera-
tions of selection and those from the sleep inbred panel29 were used for these
assays. Individuals were loaded into 25 × 150mm clear glass tubes with
access toflymediaprovidedad libitum. Theglass tubeswere thenpositioned
horizontally in the LAM25 system, allowing the simultaneous recording of
32 individuals in an “8 × 4” horizontal by vertical matrix. For measuring a
single Drosophila, the area of movement for each fly was reduced to only
1 cm on each side of the IR beam by adjusting the cotton plug distance to
yield a smaller area between the plus and fly media. Replicates were inter-
mixed between trials to allow for randomization. The entire set-up was
placed in a light-proof incubator supplied with its own lighting system at
24 °C, 70–75% RH, under a 12 h:12 h L/D cycle. Following the acclimation
of individuals for 48 h, activity level was measured in 1min bins (as the
number of times an individual crosses an infrared beam), and sleep was
defined as 5min of continuous inactivity29,32. This allows for the determi-
nation of sleep bouts, duration of bouts (how long each of the sleep bouts
lasted past the five minute period), and total sleep. Data collected with the
DAMSystem3 was processed using the Rethomics platform in R with its
associated packages including behavr, ggetho, damr and sleepr60. No dif-
ferenceswerenoted in the sleepboutsor total sleep, but thedurationof bouts
were significantly different between control and selected lines. Although
sleep is related to activity, there are distinct differences in the quantification
of activity and sleep, and sleep levels are not directly an inverse of general
activity levels.

Mite activity assayswere performedbyfilling half of 25 × 150mmclear
glass vials with mite media22 and placing the vials vertically in a
LAM25 system.During visual observation,miteswere observedmoving out
of the media into the open space during the day and night. The infrared
beams from the LAM25 systemwere placed 3mmabove themedia to track
mites as they moved out of the media. The system was placed under the
same light, temperature, and humidity conditions as used in the fly assay.
These assays serve as a proxy formite emergence from themedia to interact
with the fruit flies.

Statistical analyses
For all analyses, we used the R software61 and plots were generated with
ggplot. Survival analyses were determined with a Kaplan-Meier test and
comparedwith a generalWilcoxon test. General linearmodels were used to
examine the interactions between selection status and response variables
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where replicates for each selection and control lines are nested as a random
effect within the selection and control treatments to establish that effects are
significant among control and selected groups. Statistical outputs and
replicate numbers are provided within the figure legends.

Data availability
Illumina datasets are available at the National Center for Biotechnology
Information’s Sequence Read Archive: Bioproject PRJNA999910. Beha-
vioral and physiological datasets are available at https://doi.org/10.5061/
dryad.ghx3ffbzc.

Received: 20 September 2024; Accepted: 21 February 2025;

References
1. Scott, M. E. & Dobson, A. The role of parasites in regulating host

abundance. Parasitol. Today 5, 176–183 (1989).
2. Ewald, P. W. The evolution of virulence: A unifying link between

parasitology and ecology. J. Parasitol. 81, 659–669 (1995).
3. Windsor, D. A. Controversies in parasitology, most of the species on

Earth are parasites. Int. J. Parasitol. 12, 1939–1941 (1998).
4. Fitze, P. S., Tschirren, B. & Richner, H. Life history and fitness

consequences of ectoparasites. J. Anim. Ecol. 73, 216–226 (2004).
5. Luong, L. T. & Polak, M. Environment-dependent trade-offs between

ectoparasite resistance and larval competitive ability in the
Drosophila–Macrocheles system. Heredity 99, 632–640 (2007).

6. Henter,H. J. &Via, S. Thepotential for coevolution in a host-parasitoid
system. I.Genetic variationwithin anaphidpopulation in susceptibility
to a parasitic wasp. Evolution 49, 427–438 (1995).

7. Combes, C. The Art of Being a Parasite. (University of Chicago Press,
2020).

8. Rausher, M. D. Co-evolution and plant resistance to natural enemies.
Nature 411, 857–864 (2001).

9. Mazé-Guilmo, E., Loot, G., Páez, D. J., Lefèvre, T. & Blanchet, S.
Heritable variation in host toleranceand resistance inferred fromawild
host–parasite system. Proc. R. Soc. B: Biol. Sci. 281, 20132567
(2014).

10. Jaenike, J. & Perlman, S. J. Ecology and evolution of host-parasite
associations: mycophagous Drosophila and their parasitic
nematodes. Am. Nat. 160, S23–S39 (2002). Suppl 4.

11. Lemaitre, B. & Hoffmann, J. The host defense of Drosophila
melanogaster. Annu. Rev. Immunol. 25, 697–743 (2007).

12. Fellowes, M. D., Kraaijeveld, A. R. & Godfray, H. C. Trade-off
associated with selection for increased ability to resist parasitoid
attack in Drosophila melanogaster. Proc. Biol. Sci. 265, 1553–1558
(1998).

13. Neyen, C., Bretscher, A. J., Binggeli, O. & Lemaitre, B. Methods to
study Drosophila immunity.Methods 68, 116–128 (2014).

14. Campbell, E. O. & Luong, L. T. Mite choice generates sex- and size-
biased infection in Drosophila hydei. Parasitology 143, 787–793
(2016).

15. Polak, M. & Markow, T. A. Effect of ectoparasitic mites on sexual
selection in a Sonoran desert fruit fly. Evolution 49, 660–669 (1995).

16. Halliday, R. B. The Australian species of Macrocheles (Acarina :
Macrochelidae). Invertebr. Syst. 14, 273–326 (2000).

17. Halliday, R. B., Walter, D. E. & Polak, M. A new species ofGamasodes
Oudemans from Australia (Acari: Parasitidae). Zootaxa 1001, 17
(2005).

18. Perez-Leanos, A., Loustalot-Laclette, M. R., Nazario-Yepiz, N. &
Markow, T. A. Ectoparasitic mites and their Drosophila hosts. Fly 11,
10–18 (2017).

19. Yao, M.-Y., Guo, J.-J., Michal, P., Yi, T.-C. & Jin, D.-C. A new species
and new record of Gamasodes (Mesostigmata: Parasitidae) from
China. Syst. Appl. Acarol. 25, 1299–1318 (2020).

20. Hart, B. L. & Hart, L. A. How mammals stay healthy in nature: the
evolution of behaviours to avoid parasites and pathogens. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 373, 20170205 (2018).

21. Walter, D. E. & Proctor, H. C. Mites and Biological Diversity. inMites:
Ecology, Evolution&Behaviour: Life at aMicroscale (eds.Walter, D. E.
& Proctor, H. C.) 447–459 (Springer Netherlands, Dordrecht, 2013).

22. Benoit, J. B., Bose, J., Bailey, S. T. & Polak, M. Interactions with
ectoparasitic mites induce host metabolic and immune responses in
flies at the expense of reproduction-associated factors. Parasitology
147, 1196–1205 (2020).

23. Polak, M. & Starmer, W. T. Parasite–induced risk of mortality elevates
reproductive effort inmaleDrosophila.Proc.R.Soc. Lond.Ser.B:Biol.
Sci. 265, 2197–2201 (1998).

24. Polak, M. Heritability of resistance against ectoparasitism in the
Drosophila-Macrocheles system. J. Evol. Biol. 16, 74–82 (2003).

25. Horn, C. J., Mierzejewski, M. K., Elahi, M. E. & Luong, L. T. Extending
the ecology of fear: Parasite-mediated sexual selection drives host
response to parasites. Physiol. Behav. 224, 113041 (2020).

26. Brophy, T. & Luong, L. T. Ectoparasite-induced increase inDrosophila
host metabolic rate. Physiol. Entomol. 46, 1–7 (2021).

27. Polak, M., Bose, J., Benoit, J. B. & Singh, H. Heritability and pre-adult
survivorship costsof ectoparasite resistance in thenaturally occurring
Drosophila-Gamasodesmite system. Evolution 77, 2068–2080
(2023).

28. Schmid-Hempel, P.&Ebert,D.On theevolutionary ecologyof specific
immune defence. Trends Ecol. Evol. 18, 27–32 (2003).

29. SerranoNegron,Y. L.,Hansen,N. F. &Harbison, S. T. Thesleep inbred
panel, a collection of inbred Drosophila melanogaster with extreme
long and short sleep duration. G3 8, 2865–2873 (2018).

30. Lungato, L., Gazarini, M. L., Paredes-Gamero, E. J., Tufik, S. &
D’Almeida, V. Paradoxical sleep deprivation impairs mouse survival
after infection with malaria parasites.Malar. J. 14, 183 (2015).

31. Opp,M.R. Sleeping to fuel the immunesystem:mammalian sleepand
resistance to parasites. BMC Evol. Biol. 9, 8 (2009).

32. Dubowy, C. & Sehgal, A. Circadian rhythms and sleep in Drosophila
melanogaster. Genetics 205, 1373–1397 (2017).

33. Shafer, O. T. & Keene, A. C. The regulation of Drosophila sleep. Curr.
Biol. 31, R38–R49 (2021).

34. Christe, P., Richner, H. & Oppliger, A. Of great tits and fleas: sleep
baby sleep. Anim. Behav. 52, 1087–1092 (1996).

35. Giorgi, M. S., Arlettaz, R., Christe, P. & Vogel, P. The energetic
groomingcosts imposedbyaparasiticmite (Spinturnixmyoti) upon its
bat host (Myotis myotis). Proc. Biol. Sci. 268, 2071–2075 (2001).

36. Hausfater, G. & Jean Meade, B. Alternation of sleeping groves by
yellow baboons (Papio cynocephalus) as a strategy for parasite
avoidance. Primates 23, 287–297 (1982).

37. Horn, C. J., Wasylenko, J. A. & Luong, L. T. Scared of the dark?
Phototaxis as behavioural immunity in a host–parasite system. Biol.
Lett. 18, 20210531 (2022).

38. Polak,M. Ectoparasitic effects on host survival and reproduction: The
Drosophila- Macrocheles association. Ecology 77, 1379–1389
(1996).

39. Lafferty, K. D. & Kuris, A. M. Trophic strategies, animal diversity and
body size. Trends Ecol. Evol. 17, 507–513 (2002).

40. Raffel, T. R.,Martin, L. B. & Rohr, J. R. Parasites as predators: unifying
natural enemy ecology. Trends Ecol. Evol. 23, 610–618 (2008).

41. Acerbi, A. & Nunn, C. L. Predation and the phasing of sleep: an
evolutionary individual-based model. Anim. Behav. 81, 801–811 (2011).

42. Tisdale, R. K., Lesku, J. A., Beckers, G. J. L., Vyssotski, A. L. &
Rattenborg, N. C. The low-down on sleeping down low: pigeons shift
to lighter forms of sleep when sleeping near the ground. J. Exp. Biol.
221, jeb182634 (2018).

43. Lima, S. L., Rattenborg, N. C., Lesku, J. A. & Amlaner, C. J. Sleeping
under the risk of predation. Anim. Behav. 70, 723–736 (2005).

https://doi.org/10.1038/s44323-025-00031-7 Article

npj Biological Timing and Sleep |            (2025) 2:15 6

https://doi.org/10.5061/dryad.ghx3ffbzc
https://doi.org/10.5061/dryad.ghx3ffbzc
www.nature.com/npjbioltimingsleep


44. Lesku, J. A. et al. Predator-induced plasticity in sleep architecture in
wild-caught Norway rats (Rattus norvegicus). Behav. Brain Res. 189,
298–305 (2008).

45. Luong, L. T., Heath, B. D. & Polak, M. Host inbreeding increases
susceptibility to ectoparasitism. J. Evol. Biol. 20, 79–86 (2007).

46. Luong, L. T., Penoni, L. R., Horn, C. J. & Polak, M. Physical and
physiological costs of ectoparasitic mites on host flight endurance.
Ecol. Entomol. 40, 518–524 (2015).

47. Scott,M. J. et al. Genomic analyses of a livestockpest, theNewWorld
screwworm, find potential targets for genetic control programs.
Commun. Biol. 3, 424 (2020).

48. Hagan, R. W. et al. Dehydration prompts increased activity and blood
feeding by mosquitoes. Sci. Rep. 8, 6804 (2018).

49. Andrews, S. et al. FastQC: a quality control tool for high throughput
sequence data. https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/ (2010).

50. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30, 2114–2120 (2014).

51. Thurmond, J. et al. FlyBase 2.0: the next generation. Nucleic Acids
Res 47, D759–D765 (2019).

52. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal
probabilisticRNA-seqquantification.Nat.Biotechnol.34,525–527 (2016).

53. Soneson, C., Love, M. I. & Robinson, M. D. Differential analyses for
RNA-seq: transcript-level estimates improve gene-level inferences.
F1000Res 4, 1521 (2015).

54. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2.GenomeBiol.
15, 550 (2014).

55. Reimand, J., Kolde, R. & Arak, T. gProfileR: Interface to the’g:
Profiler’Toolkit. R package version 0. 6 7, (2018).

56. Supek, F., Bošnjak,M.,Škunca,N. &Šmuc, T. REVIGOsummarizes and
visualizes long lists of gene ontology terms.PLoSOne 6, e21800 (2011).

57. Rosendale, A. J., Dunlevy, M. E., McCue, M. D. & Benoit, J. B.
Progressive behavioural, physiological and transcriptomic shifts over
the course of prolonged starvation in ticks.Mol. Ecol. 28, 49–65
(2019).

58. Fieler, A. M. et al. Larval thermal characteristics of multiple ixodid
ticks. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 257,
110939 (2021).

59. Benoit, J. B. et al. Cold hardening improves larval tick questing under
low temperatures at the expense of longevity. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 257, 110966 (2021).

60. Geissmann, Q., Garcia Rodriguez, L., Beckwith, E. J. & Gilestro, G. F.
Rethomics: An R framework to analyse high-throughput behavioural
data. PLoS One 14, e0209331 (2019).

61. Core Team, R. &Others. R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing.
Available (2013).

Acknowledgements
The research was supported by National Science Foundation (NSF) grant
1654417 (to M.P. and J.B.B.). Partial funding for reusable equipment was
provided indirectly by the United States Department of Agriculture
2018–67013 and the National Institute of Allergy and Infectious Diseases,
award numbers R01AI148551 and R21AI166633 to J.B.B.We thank Rachel
Black and Hannah Tran for their excellent assistance in media preparation.

Author contributions
O.L.M., J.B., D.L., H.T., and A.W. performed experiments. Data was
analyzed by J.B.B., D.L., M.P., and K.G. J.B.B. and M.P. wrote the main
manuscript text and J.B.B., D.L., M.P., and O.M.A. prepared figures. All
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44323-025-00031-7.

Correspondence and requests for materials should be addressed to
Joshua B. Benoit.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s44323-025-00031-7 Article

npj Biological Timing and Sleep |            (2025) 2:15 7

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/s44323-025-00031-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjbioltimingsleep

	Shifted levels of sleep and activity during the night as mechanisms underlying ectoparasite resistance
	Results
	Increased resistance coincided with transcriptional changes associated with metabolism
	Starvation resistance decreased with increased metabolism during the night
	Activity during the night was greater in ectoparasite-resistant lines
	Movement restriction of flies and assay under photophase conditions reduced ectoparasite resistance

	Discussion
	Materials and methods
	Flies, mites, and selection for resistance
	Mite infestation experiments
	RNA-seq analysis following selection
	Starvation assay, nutritional reserve levels, oxygen consumption
	Sleep and activity assessment
	Statistical analyses

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




