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Climate change is compounding the threats to the future of biodiversity, already impacted by habitat loss, invasive species
and diseases. In the Hawaiian Islands, many of the endemic species have narrow habitat ranges that make them especially
vulnerable to climate change. The Hawaiian Drosophila, a remarkably diverse group of species with 11 listed as federally
endangered, are thought to be sensitive to temperature changes. To examine the species differences in sensitivity of Hawaiian
picture-wing Drosophila to temperature changes, wild populations of Drosophila sproati, a relatively common species, and
Drosophila silvestris, a rare species, were collected from two locations on Hawaii Island and bred in common laboratory condi-
tions. Adult flies were exposed to hot and cold temperatures and compared with adult flies at control temperatures. Drosophila
silvestris adults were less tolerant to heat stress than D. sproati for both survival and sperm mobility. In contrast, D. silvestris
adults were more tolerant to cold stress than D. sproati for adult survival. The expression of 4950 Gene Ontology annotated
gene transcripts was also analysed in high-temperature-treated and control males to identify candidate genes related to heat
tolerance. There were more than twice as many transcripts differentially expressed after high temperature treatment for
D. silvestris (246 transcripts) as for D. sproati (106 transcripts), with 13 Gene Ontology terms enriched between temperatures
for D. silvestris and merely three in D. sproati. The combined results are consistent with D. sproati occurring more widely today
as well as occurring at lower elevations than D. silvestris and with a genetically based temperature response, which is more
severe in D. silvestris at high temperatures than that in D. sproati. These experiments demonstrate the potential for different
capacities of species to adapt to future climate change conditions as well as providing an explanation for historical changes in
the distribution of species.
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Introduction (Bale et al., 2002; Parmesan, 2006; Tewksbury et al., 2008;

Rodriguez-Trelles et al., 2013). Global studies of tropical and
The impact of global warming is likely to have important con-  temperate ectotherms have found that climate change may be
sequences for tropical species, especially for tropical insects more deleterious for some tropical species because of their

© The Author 2015. Published by Oxford University Press and the Society for Experimental Biology. 1
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



Research article

typically narrower critical maximal and minimal temperature
tolerances, especially for those that live in less seasonally vari-
able environments (Parsons, 1989; Deutsch et al., 2008).
Climate change may have additional impacts by altering the
critical environmental cues required by insects throughout their
life cycle during key developmental stages and to maintain syn-
chrony with their host plants (Uvarov, 1931; Bale ez al., 2002;
Robinet and Roques, 2010). Thus, it is important to determine
how tropical insects are affected by temperature in order to
understand better how climate change may alter tropical insects
and the ecological communities in which they live.

Hawaii is home to a diverse community of endemic and
indigenous species that have been negatively impacted by
habitat changes, recently introduced species and the disrup-
tion of ecological communities over the past centuries. This
has resulted in numerous species extinctions and a high num-
ber of threatened and endangered species (Vitousek er al.,
1987; Woodworth et al., 2005; Price and Muir, 2008; Asner,
2013). Climate change has further potential to impact the
endemic flora and fauna in Hawaii negatively. In the past
30 years, the air temperature in Hawaii has been increasing
steadily (Giambelluca et al., 2008), with projected greater
warming at high elevations (Lauer et al. 2013). In 1960, the
atmospheric CO, concentration measured at the Mauna Loa
Observatory in Hawaii was below 320 ppm. Since then, it has
increased steadily, reaching 401 ppm in 2014 (http://www.
esrl.noaa.gov/gmd/ccgg/trends/). Climate models yield esti-
mates that CO, concentrations will continue to increase at the
rate of ~1.9 ppmv/year (IPCC, 2007). Environmental changes
in Hawaii are already affecting some groups of organisms. For
example, most Hawaiian honeycreepers have been forced to
move to higher elevations to escape the advance of mosquitos
carrying avian malaria (Jokiel and Brown, 2004; Atkinson
and LaPointe, 2009). The Haleakala silverswords
(Argyroxiphium sandwicence) have also recently been shown
to experience climate-associated mortality in alpine habitat
zones (Krushelnycky et al., 2013). In addition, warming tem-
peratures threaten to disrupt the predator—prey relationship
of Hawaiian damselflies (Megalagrion calliphya) and invasive
southern house mosquitos (Culex quinquefasciatus) in
Hawaiian anchialine pools, which favours the mosquitos by
releasing aquatic larvae from predation pressure by predatory
nymph damselflies (Hobbelen ez al., 2013). However, the
effect of climate change on many organisms, such as endemic
Hawaiian Drosophila, are largely uncertain due to incomplete
knowledge of temperature tolerances and future changes in
the many interacting components of ecosystems.

Hawaiian Drosophila are a group of endemic insects that
have experienced significant declines in overall densities and
number of species in many habitats and currently, one threat-
ened and 11 endangered species are in the US Federal
Endangered species list (United States Fish and Wildlife
Service, 2013 Endangered Species Database). In the past
30 years, a decline in Hawaiian picture-wing Drosophila spe-
cies diversity was documented in the Olaa wet rainforest on
Hawaii Island. Four of 14 species of picture-wing Drosophila
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that were present in the 1971-1972 survey were not observed
in the 1992-1993 survey, including Drosophila heteroneura,
a federally listed endangered species, and Drosophila silves-
tris. Conversely, Drosophila sproati was more frequently
observed in the 1992-1993 survey but less observed in the
earlier surveys, 1971-1972 (Foote and Carson, 1995). A simi-
lar situation can also be observed in the Saddle Road area in
the east side of the Hawaii Island, where D. sproati is substan-
tially more common than D. silvestris (K. L. Uy and D. K.
Price, personal observation). Competition between cosmo-
politan Drosophila species and endemic Drosophila species,
predation from introduced western yellow jackets (Vespula
pennsylvanica) and host plant decline due to feral ungulates
are some factors that may have caused the decline in species
diversity (Foote and Carson, 19935). In addition, the warming
seen in Hawaii over the past 30 years (Giambelluca ez al.,
2008) could contribute, in combination with the above fac-
tors, to the observed shift in species composition and decline
of some Hawaiian Drosophila species.

It is well known that many Drosophila are affected by
changes in temperature. The genus is known to develop adap-
tive shifts in distribution that lead to species differentiation
from exposure to temperature extremes (Parsons, 1989;
Hoffmann et al., 2003). An extensive laboratory study on
Drosophila buzatii and Drosophila simulans found that heat-
related traits are under strong selection for local adaptation
(Sarup et al., 2009). Other Drosophila species are sensitive to
small changes in temperature. For example, tropical popula-
tions of Drosophila melanogaster and D. simulans are more
susceptible to heat and cold stress than their temperate coun-
terparts. This is likely to be due to adaptation to more con-
stant temperatures in tropical environments (Hoffmann,
2010). Drosophila pseudoobscura has also been shown to
exhibit chromosomal inversion polymorphism patterns that
reflect warm-climate gene arrangements that are increasing in
frequency in European as well as American populations asso-
ciated with the rise in temperatures due to global warming
(Rezende et al.,2010) and in a heat wave in 2011 (Rodriguez-
Trelles et al., 2013).

The Hawaiian montane cloud forests, home to many pic-
ture-wing Drosophila, including D. sproati and D. silvestris,
are considered to be sensitive to environmental changes. Small
changes in climactic patterns dramatically influence tempera-
ture and humidity within the forest (Loope and Giambelluca,
1998). However, it is unclear how Hawaiian Drosophila are
reacting to the changes in temperature and humidity. One spe-
cies, D. silvestris, has been shown to have chromosome inver-
sion pattern changes associated with elevation changes that
may reflect differential adaptation to temperature (Craddock
and Carson, 1989). In D. sproati, a more common Hawaiian
Drosopbhila, there is preliminary evidence of differential adap-
tation to clinal variation between populations found at differ-
ent elevations (Eldon, 2010). This suggests that climactic
variables associated with elevation may play a role in the ecol-
ogy and evolution of the Hawaiian Drosophila. Therefore,
it is important to determine whether the warmer climate expe-
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rienced over the past 30 years in Hawaii, and which is likely to
continue to change in the near future, with greater warming at
high elevations, could alter the species diversity of Hawaiian
Drosophbila. In this study, we tested the hypothesis that D. spro-
ati, a common and currently more widespread species, is more
heat tolerant than D. silvestris, which has been declining in
abundance and is currently a rare species. To test this hypothe-
sis, we examined several physiological traits and overall gene
expression patterns to identify key traits and genes that may be
indicators of temperature tolerance in the two species.

Materials and methods

Drosphila silvestris and D. sproati were collected from natural
populations on the eastern (Saddle Road; SR) and western
(South Kona Forest Reserve; SKFR) sides of Hawaii Island
from April to September 2010. Flies were captured on fer-
mented banana and mushroom-baited sponges that were hung
from trees or tree ferns 1-2 m off the ground (Carson, 1982).
All flies were captured alive using aspirators and transported
in glass vials to the University of Hawaii at Hilo, where they
were placed in a common laboratory environment and allowed
to breed. Geographical co-ordinates were determined with a
global positioning system as follows: from the eastern side of
Hawaii Island, Saddle Road (N19 40.202,W155 20.142); and
from the western side, South Kona Forest Reserve (N19
18.447,W155 49.098) in wet forest habitat at 1400-1500 m
elevations. The SR collection site is located in an area with
average annual rainfall of 2683.5 mm and average tempera-
ture of 12.5°C (range 3.6-25.8°C in September and 0.0-
22.0°C in February). The SKFR area receives 798.8 mm
average annual rainfall and has an average temperature of
14.4°C (range 5.4-25.8°C in August and 0.0-21.8°C in
February; Giambelluca et al., 1986, 2014; http://climate.geog-
raphy.hawaii.edu/interactivemap.html). Both locations are
populated with large Ohia trees (Metrosideros polymorpha),
providing shade and cooler atmosphere, as well as large tree
ferns (Cibotium spp.) covering most of the understory. The
SKER location is more open and less wet than the SR location.
Both east and west collection sites harbour Olapa trees
(Cheirodendron trigynum), which are known to be the host
plant of both D. silvestris and D. sproati. Breeding females
deposit eggs in decaying Olapa bark (Magnacca et al., 2008).
The SKFR location, besides the abundance of Olapa trees, also
harbours semi-woody Clermontia clermontioides, another
known host plant of D. silvestris. Drosophila sproati are
known to be monophagous to the family Araliaceae, while
D. silvestris have been found to breed in both Araliaceae and
Campanulaceae (Magnacca et al., 2008). Both sites represent
different populations of both species; therefore, comparison of
these populations provides replicate population measures of
differential thermal tolerance for each species. Collection from
these two locations was chosen because there is evidence of
differentiation between the east and west populations for both
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species. Carson (1996) demonstrated that east and west popu-
lations of D. silvestris are two different races, with different
numbers of rows of bristles on the front legs of males in the
two races that are used in courtship displays. There is also evi-
dence that D. sproati located on the east and west side of the
island are genetically distinct populations (Eldon et al., 2013).

Drosophila silvestris and D. sproati are long-lived Drosophila,
with generation times ~3 months and adults reaching sexual
maturity at approximately 1.5-2 weeks post-eclosion for
males and 3 weeks post-eclosion for females when raised in
laboratory conditions at 16-18°C, standard temperatures for
raising Hawaiian picture-wing Drosophila (Craddock and
Boake, 1992; Boake and Hoikkala, 1995). In the laboratory,
the wild-caught flies were used to initiate laboratory popula-
tions reared in a common controlled-environment room. The
flies were cultured at 16-17°C with 70% humidity and
13 h-11 h light—dark cycle. Forty-three D. sproati (20 males
and 23 females) and 30 D. silvestris (16 males and 14 females)
from the SR population and 36 D. sproati (17 males and 19
females) and 15 D. silvestris (seven males and eight females)
from the SKFR population were used as breeders to initiate
the laboratory populations. Flies were allowed to breed in
3.78 litre glass jars containing moist sand. Oviposition
occurred in vials containing Wheeler—-Clayton medium and a
folded moist paper towel coated with Olapa tea made from
distilled water and the crushed bark of the host plant, Olapa.
The larvae were provided with a standard cornmeal medium
with dry yeast three times per week. Vials with third instar
larvae were placed in glass emerging jars containing moist-
ened coarse sand, which larvae use to burrow and pupate.
Emerging adult flies crawl back out after eclosion. Adults
were aspirated and sexed between 1 and 7 days after emer-
gence using light CO, anaesthesia. Adult female and male flies
were separated and placed into 1.89 and 0.94 litre glass jars
with moist sand and adult-food vials. Flies used in the experi-
ments were bred within two or three generations after collec-
tion from the wild to prevent confounding factors such as age,
food type, acclimation to temperatures in the wild and mater-
nal effects and to avoid prolonged laboratory adaptation. The
adult flies used in heat- and cold-tolerance experiments were
3—4 weeks post-eclosion, which is a typical age for conducting
phenotypic studies of adult Hawaiian picture-wing
Drosophila (Boake and Hoikkala, 19935; Price et al., 2014).

The heat-stress experimental design involved placing 8-10
adult flies in 5 cm x 5 cm X 2 cm transparent plastic cham-
bers, with males and females in separate chambers. After the
adult flies had been placed in the chambers, they were moved
to a covered, insulated water bath at 32.5°C for 2 h. The num-
ber of individuals awake (walking or standing up) and
knocked out (KO; those on their backs at the bottom of the
box) was recorded. Between 24 and 30 flies in three different
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chambers were observed for each combination of species,
population and sex.

Sperm mobility was scored in 3- to 4-week-old sexually
mature virgin male flies to ensure that the males were fully
mature (Craddock and Boake, 1992). Each male was placed in
a Petri dish (3.5 cm x 1.5 ¢cm) that was lined with filter paper
and then placed in a water bath with a water temperature of
30 (treatment) or 16°C (control) for 1 h. There were up to
10 males observed for each combination of species and popu-
lation. The high-temperature treatment for the sperm mobility
experiment was set below the adult survival heat-treatment
temperature because male fertility has been shown to be more
sensitive to high-temperature stress (Hoffmann, 2010). The
sperm mobility of each male was determined following a pro-
tocol slightly modified from Chakir ez al. (2002). After each
male had been dissected, the testes were placed in 20 pul of
Drosophila Ringer solution (182 mm KCI, 46 mm NaCl,
3 mMm CaCl, and 10 mm Tris—=HCI) on a microscope slide.
A coverslip was placed over the testes and, after the seminal
vesicle had been visually located, slight pressure was applied
to the coverslip, causing the seminal vesicle to break open. The
testes were viewed within 3 min of dissection at X100 magni-
fication under a compound microscope, and sperm mobility
was quantified using the following scoring system: 0 for no
visible sperm moving; 1 for <5% of the sperm observed mov-
ing; 2 for >5% but <80% of the sperm observed moving; and
3 for >80% of the sperm observed moving.

The chill-coma recovery protocol, modified from Sarup ef al.
(2009), involved placing each mature fly, 3-4 weeks old, in a
separate Petri dish (3.5 cm x 1.5 ¢cm). The flies in the Petri
dishes were then placed on top of a slushed-ice bath, in which
the air temperature was 2°C. The Petri dishes containing the
flies were removed from the slushed-ice bath after 1.5 h and
placed in the controlled-temperature room (16-17°C), where
the flies were observed for 60 min. Those flies alive (standing
upright) 1-3 min after removal from the slushed-ice bath were
recorded as ‘survived’ and those remaining on their backs
were counted as ‘knocked out’ as they fell into a chill coma.
All flies recovered from the chill coma after 60 min. A total of
30-31 flies were measured for chill-coma recovery for each
combination of sex, species and population.

The protocol used for heat treatment in gene expression
assays was derived from Sarup et al. (2009) and Serensen
et al. (2001). Mature adult male flies, 3—4 weeks old, were
subjected to a high-temperature treatment at 25°C or control
temperature at 16°C for 1 h in a covered, insulated water
bath. The lower temperature of 16°C was chosen to reflect
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typical high temperatures in the wild where the original popu-
lations were collected. The high-temperature treatment of
25°C for the gene expression experiment was chosen to reflect
a temperature that was slightly above the typical temperatures
found in the wild at these locations but could occur in the near
future due to climate change in Hawaii. Each fly was aspirated
into an individual Petri dish (3.5 cm x 1.5 cm) lined with filter
paper. After 1 h of exposure to heat or control temperature,
each fly was aspirated into an RNAse-free 1.5 ml microcentri-
fuge tube and flash frozen in liquid nitrogen followed by stor-
age in a —80°C freezer.

Total RNA extraction

Total RNA was extracted with NucleoSpin® RNA II Kit with
DNAse treatment from Macherey Nagel GmbH & Co. KG,
Germany. Whole frozen flies were homogenized manually with
an RNAse-free microcentrifuge pestle ina 1.5 pul tube contain-
ing 350 ul of RA buffer 1 and 3.5 pul of B-Mercaptoethanol.
The RNA was eluted with 40 pul of double-distilled water. The
concentration of RNA was measured using NanoDrop
Spectroscopy (Thermo Scientific, Washington, DE, USA).

Microarray analysis

Probes for the Agilent microarray slides were made using a
closely related species, Drosophila grimshawi genome (Agilent
Technologies, Santa Clara, CA, USA). There was a total of six
to eight arrays on eight slides, and the individual samples
from different species, populations and treatments were ran-
domized on the arrays to avoid any systematic bias that might
occur between locations on the microarray slides. The RNA
from a total of 62 individuals was extracted for this experi-
ment, with six to 10 males from each population, species and
treatment. After extraction of total RNA, the samples were
normalized to a concentration of 30 ng/ul and kept frozen at
—80°C until shipment to John A. Burns School of Medicine at
the University of Hawaii at Manoa core genetics facility for
subsequent reverse transcription to cDNA and microarray
analysis. The low-input quickAmp Labeling kit (Agilent
Technologies) protocol was closely followed. The labelled
samples were then hybridized into the Agilent microarray
slides (Agilent Technologies) overnight at 65°C. The next day,
the microarray slides were washed at room temperature
(37°C) for 1 min each using Agilent wash buffers, after which
the microarray slides were scanned using Agilent scanner
G2565CA. The intensities of the adherent dye were recorded
using Feature extraction software (Agilent Technologies).

Microarray bioinformatics

The initial array was not annotated for use on D. sproati and
D. silvestris. The workflow in Fig. 1 was used to associate Gene
Ontology (GO) annotations with the array probes, detect dif-
ferential expression and identify GO terms that where enriched
between the differentially expressed genes. The commercial
array contained 14 850 probes, of which 14 792 had previ-
ously been mapped to D. grimshawi Flybase transcript identi-
fiers. These were converted to Flybase Gene IDs using the
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Figure 1: Bioinformatics workflow used to detect enriched Gene Ontology (GO) terms between 16 and 25°C treatments of Hawaiian picture-
wing Drosophila. Drosophila grimshawi GO annotations were associated with the microarray probes using OrthoDB6. These values were then
associated with array intensities, and a hierarchical linear model was used to generate the list of significant differentially expressed probes. These
results were used in BINGO to identify enriched GO terms. * The analysis was done with the original 14 792 probes and with the 7227 probes that

had 90% identity between D. silvestris and D. grimshawi.

Flybase ID Conversion tool (http:/flybase.org/static_pages/
downloads/IDConv.html). Of these, 13 157 could be mapped
with OrthoDB E06 (Flybase 2013_01) to D. melanogaster,
and 12 915 of these D. melanogaster gene identifiers could be
associated with GO terms. At the time of analysis, 13 812 D.
melanogaster genes were annotated with at least one GO term.
This resulted in a custom GO annotation file with 9723 GO
annotated probes. Each probe was filtered to identify those
probes on the array that could be GO annotated using the
custom GO annotation file. Filtering was done for sequences
with a 90% identity between identical sequences in D. silves-
tris and D. grimshawi (L. Kang, R. Settlage, W. McMahon, K.
Michalak, E. Stacy, D. Price and P. Michalak, unpublished
data). Independently, probe intensities were calculated by sam-
ple group. Table 1 lists the number of separate arrays for which

Table 1: Number of separate arrays by species, population
and temperature

Abbreviations: SKFR, South Kona Forest Reserve; SR, Saddle Road.

intensities were determined. This resulted in 4950 probes for
which there was an intensity reading for each sample and for
which GO annotations could be assigned.
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Statistical analyses of adult heat-stress survival and cold-
stress survival were computed using binary logistic statistics,
with species (D. silvestris or D. sproati), population location
(SKFR or SR) and sex (male or female) as main factors along
with the interaction terms between the main factors in the
model. Individuals that survived were counted as 1 and
those that did not survive as 0. Statistical analyses of sperm
mobility were computed using ordinal logistic regression,
with species and population as main factors and the interac-
tion between species and population location in the model.
Both binary and ordinal logistic regression analyses were
computed using the statistical program MiniTab® version 16
(Minitab Inc., State College, PA, USA). Statistical signifi-
cance for the microarray data was computed as follows. For
each species, the 4950 GO annotated probe intensities were
compared between temperature levels using hierarchical lin-
ear models (proc mixed in SAS, The SAS Institute Cary, NC,
USA; SAS scripts are available in the Supplemental data).
For each species, for each probe, there was an analysis to test
for a fixed difference in expression level between the two
temperature levels, considering each site as a random factor
and each array as an independent measure. The results for
each species were corrected according to Benjamini and
Hochberg (1995). This resulted in 246 differentially
expressed GO annotated probes for D. sproati and 106 for
D. silvestris. These were then analysed for GO enrichment
using BINGO 2.44 within Cytoscape 2.8.3. Over-
representation of GO terms was determined using a
Benjamini and Hochberg 0.05 false discovery rate (FDR)
corrected hypergeometric test.

Results

Overall, the binary logistic regression analysis for the full
model with species, population and treatment and all two-
way and three-way interactions for the proportion of adult
survivors in the heat-tolerance experiment was highly signifi-
cant (Fig. 2A). The results show that D. sproati recovered
from heat stress at 32.5°C significantly better than D. silvestris
(D. silvestris, x=0.25, 1 SEM =0.0367, n=140; and
D. sproati, % = 0.76, 1 SEM = 0.0370, n=132; P = 0.021).
A significantly higher mean proportion of D. sproati females
and males than D. silvestris females and males survived after
heat stress (P =0.021, 7=272). There was a significant spe-
cies-by-population interaction (P =0.036, n=272), owing
mostly to the difference in the mean proportion alive from the
two D. sproati populations, with the SR population having
slightly lower survival than the SKFR population. The propor-
tion of D. silvestris from SR that survived was not signifi-
cantly different from that of D. silvestris from SKFR
(P=0.427). The proportion of adults that survived differed
significantly between test dates (P =0.031, n=272). The
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three-way interaction of species by population by sex was not
significant (P =0.826,7=272).

The results of the ordinal logistic regression analysis on sperm
mobility scores for the full model with species, population and
treatment and all two-way and three-way interactions was
highly significant (Fig. 2B). The main results show signifi-
cantly less mobile sperm after heat treatment at 30°C for both
species (16°C, x =2.03, 1 SEM =0.182, n = 34; and 30°C,
x=1.30, 1 SEM=0.181, n=43; P=0.010). For heat-
treated individuals, D. sproati had slightly more mobile sperm
than D. silvestris (P = 0.064,n = 43). In fact, the sperm mobil-
ity score for D. sproati (16°C, x =2.231, 1 SEM =0.257,
n=13; and 25°C, x =1.905, 1 SEM =0.257, n=21) after
heat stress was closer to control scores than the scores for D.
silvestris (16°C, x =1.905,1 SEM =0.248,7=21;and 25°C,
x=0.727 ,1 SEM =0.188, 7 =22). There was no significant
difference between SR and SKFR populations (P =0.835).
None of the two-way interactions or three-way interaction
between species, population and treatment was significant for
sperm mobility (P = 0.229-0.903).

The results of the binary logistic regression analysis and mean
proportion of adult flies that survived the cold treatment for
the full model with species, population and sex and all two-
way and three-way interactions was highly significant
(Fig. 2C). The main results show a significant difference in
cold-stress survival between the two species. More D. silvestris
were alive and moving after the cold treatment compared with
D. sproati. There was no significant difference in cold-stress
survival between sexes (P =0.574). None of the two-way
interactions and three-way interaction between species, popu-
lation and sex was significant for cold-stress survival

(P=0.111-0.298).

The overall change in gene expression for both D. sproati
and D. silvestris for individuals exposed to a high tempera-
ture (25°C) in comparison to individuals at the control tem-
perature (16°C) indicates that both species had significantly
altered gene expression patterns (Fig. 3A and B). Overall,
there was a strong positive correlation between the differ-
ence in gene expression in D. sproati and D. silvestris at
these two temperatures for all genes (Fig. 3C; F=4038.1;
d.f.=1, 14 850; P <0.0001). The GO analysis showed a
total of 13 GO terms to be enriched between temperatures in
D. silvestris (Fig. 4A-C) compared with only three in
D. sproati (Fig. 4D). In Tables 2 and 3, the GO terms are
listed with statistically significant tests for over-representa-
tion between 16 and 25°C samples. All ANOVA calculations
were done using SAS proc mixed (SAS Institute, Cary, NC,
USA) with restricted maximum likelihood estimations, and
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Figure 2: The temperature tolerance of D. silvestris and D. sproati. (A) Proportion of Hawaiian picture-wing Drosophila that survived after heat
stress for males and females from the Saddle Road (SR) and South Kona Forest Reserve (SKFR) for each species. Flies that were standing and walking
after exposure were counted as survivors. More D. sproati survived the heat stress compared with D. silvestris (overall model, G=91.116, d.f. =9,
P-value < 0.001, n = 272). (B) Sperm mobility scores of sexually mature males from both populations in control (16°C) and heat (30°C) treatments.
Sperm from D. sproati were more mobile than D. silvestris sperm after heat treatment (overall model, G = 29.171, d.f. = 8, P-value < 0.001, n = 77).

(€) Proportion that survived after cold stress at 2°C for 1.5 h (overall model, G = 43.088, d.f. = 7, P-value < 0.001, n = 243). Flies that were standing
and walking after exposure were counted as survivors. More D. silvestris survived the cold shock compared with D. sproati (D. silvestris, X = 0.68,

1 SEM = 0.0424, n = 122; and D. sproati, x = 0.28, 1 SEM =0.0410, n = 121; P =0.022). The mean values £ 1 SEM are reported.

type 3 sums of squares. A hierarchical linear model was used
to test for differences in mean probe intensity between the
two temperatures for each species, while allowing each sam-
ple site to have its own overall mean. Each P-value of the
resulting 4950 D. silvestris and D. sproati F tests was cor-
rected for multiple testing with an FDR of 0.05 (Benjamini
and Hochberg, 1995). In total, 246 D. silvestris and 106 D.
sproati probes were significantly different between tempera-
ture levels with an FDR of 0.05. The significant GO terms
for D. sproati were primarily associated with protein folding
(e.g. heat-shock proteins) and cellular metabolism.
Surprisingly, D. silvestris had a substantially greater number
of significant GO terms with genes associated with uridine
kinase activity, regulation of translation processes, regula-
tion of ribosome assembly and protein folding. These gene
expression results are consistent with physiological stress
experiments indicating that D. silvestris exhibits a greater
heat stress response than D. sproati. Supplemental Tables S1

and S2 contain the ANOVA results for all GO annotated
probes analysed.

Discussion

The results reported in this paper indicate that temperature
tolerances differ in the laboratory for several traits between
two Hawaiian picture-wing Drosophila species. The more
common species, D. sproati, exhibited greater tolerances to
high temperature, while the less common species, D. silvestris,
exhibited reduced tolerance to high temperature and greater
tolerances to cold temperature. The temperatures used in this
study were cooler than temperatures typically used in experi-
ments with other Drosophila species (Serensen et al., 2001;
Sarup et al., 2009) and reflect the relatively cool temperatures
where these species are found in the upper elevation (1400-
1500 m) Hawaiian wet rainforests (see Materials and
methods; Giambelluca et al., 2014). The differences in
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Figure 3: Volcano plots from microarray gene expression analysis for D. silvestris males (A) and D. sproati males (B). The x-axes on the volcano
plots are the log, fold-change of the differences in gene expression for flies exposed to 25°C for 1 h compared with control flies exposed to
normal temperature for these species at 16°C for 1 h. The y-axes show the negative of the log,, corrected P-values (Benjamini and Hochberg,
1995) of the comparison of the two treatments for the same microarray probe. (C) Scatterplot of the correlation between the log, fold-change
in gene expression between heat-treated (25°C) and control (16°C) D. silvestris and D. sproati males.

temperature tolerance found in this study between these two
species suggest that D. sproati may be a relatively warmer
adapted species and D. silvestris may be a colder adapted spe-
cies. The results are consistent with the wider elevation range
where D. sproati is currently found on Hawaii Island in com-
parison to D. silvestris (D. K. Price, personal observation).

In the heat-stress experiment, both female and male
D. sproati were found to be more heat tolerant at 32.5°C
than the sympatric congenera, D. silvestris. Likewise, in the
sperm mobility test at 30°C for 1 h, D. sproati males from
both populations had significantly higher sperm mobility
scores than D. silvestris males (Fig. 2A and B). Fertility traits
may be especially sensitive to temperature changes because
the upper temperature limits for these traits typically occur
below the temperature range that causes mortality

(Hoffmann, 2010). The differences in sperm mobility may
indicate that overall fertility of male D. silvestris could be
affected by higher temperatures, which may limit their distri-
bution. In the cold-stress survival experiment, D. silvestris
was significantly more tolerant to cold temperatures than
D. sproati (Fig. 2C). This is consistent with the higher eleva-
tion and thus colder environments, where D. silvestris is cur-
rently found in nature. These differences in temperature
tolerance were determined by performing replicated experi-
ments involving two natural populations of both D. sproati
and D. silvestris. Interestingly, there was little difference in
the traits measured between populations, which suggests
that there has been little evolutionary change between popu-
lations in these traits despite the other differences between
these two populations for both species (Carson, 1996; Eldon
et al.,2013).
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Figure 4: The relationship between GO terms enriched in the annotated microarray probes between 16 and 25°C treatments. Yellow filled circles
are terms that are enriched in the results with an FDR of <0.05, while open circles represent non-enriched terms that connect the enriched terms
within a cluster. (A-C) Results for D. silvestris. (A) Two clusters under the molecular function root term. (B and C€) More complex biological process
clusters. (D) Relationship of the three significantly enriched GO terms in D. sproati.

Table 2: Over-represented Gene Ontogeny terms in D. sproati

Description
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Abbreviation: GO-ID, gene ontology identification.

Overall, these results indicate that D. sproati may be more
tolerant to higher temperatures, which could suggest that they
may be able to breed in the wild even during relatively hot days
and at lower elevations than D. silvestris. Laboratory studies
have shown success in producing more heat-tolerant
Drosophila populations compared with control lines within
five generations of lines selected for thermal resistance (Parsons,
1989). Hoffmann (2010) argued that heritability in heat-stress-
resistant traits is low in the laboratory setting (10-20%) and
less likely to be experienced in the field. He also suggested that
in some populations, genetic variation may not be enough to
counter physiological limits because of strong trait and gene
interactions. If species have limited ability to evolve heat toler-
ance, this could suggest that D. silvestris will not be able to
adapt easily to increasing temperatures. Future studies on ther-
mal stress resistance of female fertility, such as number of eggs
laid after heat stress, should also be carried out. This will shed
light on the potential impacts in natural populations on female
reproduction after exposure to future warmer temperatures.

The high temperatures of 30.0 or 32.5°C are not likely to
occur in the near future where these species are found because
the current average air temperature in the area is 12.8-14.4°C,
with a high of 25.8°C and low of 0.0°C (Giambelluca et al.,
2014). However, knowing that D. sproati can survive such
heat stress for a short length of time (i.e. during hottest days
of the year) indicates that they may be better able to withstand
higher than normal temperatures brought about by climate
change. These differences in heat tolerance could be com-
pounded with other ecological threats, such as predation by
the introduced yellow jacket wasp, which might dispropor-
tionally affect D. silvestris once it is slowed down by heat

stress (Foote and Carson, 1995). The D. silvestris and
D. sproati populations are less likely be impacted negatively
by host-plant distributions than some other Hawaiian picture-
wing Drosophila because they both use the same host plant,
Olapa (C. trigynum), which is a common understory tree in
the wet rainforests on Hawaii Island (Magnacca er al., 2008).
Drosopbhila silvestris also uses plants in the genus Clermontia,
of which there are many currently rare species. It is not clear
how the various ecological factors may combine to limit the
distribution and abundances of the different Hawaiian
Drosopbhila species.

Heat tolerance of Hawaiian Drosophila during other life
stages could also be important in their adaptation to climate
change. Natural temperatures at the egg, larval and pupal
stages are likely to fluctuate less than during the adult stage
because eggs and larvae for these Hawaiian picture wings live
in decaying bark and pupae are in the soil and leaf litter, which
should be more buffered from changes in temperature.
However, given that these life stages are less mobile they may
be more prone to heat stress because, unlike adults, they have
limited abilities to thermoregulate behaviourally during hot
weather. Depending on the intensity and length of hotter days
in the future, studies are needed to address the importance of
fluctuating temperatures for different life stages.

Gene expression

What mechanisms might allow D. sproati to tolerate higher
temperatures than D. silvestris? An answer may be that heat
tolerance is gene related or partly due to the expression level
of heat-shock proteins, other metabolic or other gene products.
Higher levels of hsp70 expression in adult D. buzatii were
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related to a higher intensity of stress and less tolerance to heat
(Serensen et al., 2001). Experimentally increasing copies of
hsp70 slowed the growth and development of D. melanogas-
ter (Krebs and Feder, 1997). Therefore, the amount of hsp70
expression in the Drosophila could directly result in the abil-
ity to survive or tolerate heat stress.

In this study, D. sproati and D. silvestris males were sub-
jected to a mild temperature increase to 25°C or left at the con-
trol temperature of 16°C for 1 h, and gene expression profiles
were analysed using Agilent microarray slides. Those microar-
ray probes that could be annotated with GO functionality were
used for detecting GO enrichment. Figure 3 shows the relation-
ship between GO terms enriched in the set of genes with statis-
tically significant differences for the temperature main effect,
with an FDR = 0.05. In other words, several of these GO terms
appear more frequently in the set of annotated probes showing
a temperature main effect then would be predicted by chance
alone. For D. silvestris, there is clearly a response in protein
metabolism (Fig. 4A and B), and much of this response appears
to be a stress response (Fig. 4C). The response in D. sproati is
much less pronounced (Fig. 4D). The microarray results
revealed a suite of heat-shock protein genes very highly
increased in expression after mild heat stress. The most upregu-
lated gene was hsp70, which had a 5-fold increase in expression
at 25 compared with 16°C and indicates that both species may
have experienced heat stress at 25°C. Drosophila silvestris
showed a slightly greater change between temperature treat-
ments in hsp70 expression compared with D. sproati. This is
consistent with other research on D. buzatii thermal tolerance,
where hsp70 expression was higher for populations least toler-
ant to stress. In the D. buzatii experiment, flies that survived
better after heat shock at 41°C also expressed hsp70 at lower
levels after exposure to 37 and 39°C (Serensen et al., 2001).
hsp70 expression is an important defence mechanism in cells.
Heat stress, metal contaminants, cold stress and oxidative stress
result in the misfolding of proteins, and hsp70 binds to these
misfolded proteins to prevent further unfolding and aggrega-
tion that would otherwise cause apoptosis. Small amounts of
hsp70 are beneficial to organisms because they prevent
unwanted cell death, but overexpression of this protein could
cost the organism growth and development activity (Krebs and
Loeschcke, 1994; Kregel, 2002). Therefore, priority to produce
hsp70 and other heat-shock proteins instead of normal cell activ-
ity, in conjunction with apoptosis, may be one cause of the lower
survival in D. silvestris after heat shock.

A surprising result from this study is the differences in the
change in gene expression between these two species at this
mildly elevated temperature (25°C) compared with the con-
trol temperature (16°C). Growth, development and immune
response genes were upregulated in D. sproati but downregu-
lated in D. silvestris. In contrast, metabolic activity and pro-
tein transport were upregulated in D. silvestris. This suggests
that D. sproati is only mildly affected by the 25°C heat stress,
because D. sproati individuals were able to focus their energy
on growth and development while D. silvestris individuals
were making more hsp70 and may only have been able to
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process metabolic activity to produce enough energy for the
heat-shock response. A study on D. melanogaster females
showed physiological conditioning, which occurs when flies
are exposed to mild heat stress several times during the insect’s
lifespan, resulting in increased ability to tolerate hotter tem-
peratures, but at the same time, decreased ability to produce
eggs (Krebs and Loeschcke, 1994). It would be valuable to
measure reproductive ability and population viability across
multiple generations in combination with gene expression
experiments at the mildly increased temperature of 25°C that
is likely to occur in the near future in many of these mid-ele-
vation habitats in Hawaii. This could determine the relation-
ship between the changes in different sets of genes with
important survival and reproductive traits at temperatures
relevant for natural populations (Serensen, 2010).

Two genes that were highly upregulated in D. sproati after
heat stress but not in D. silvestris were hsp26 and hsp22.
Experimental evidence demonstrates that the function of these
small heat-shock proteins is related to the response to heat and
the determination of adult lifespan (Tweedie ez al., 2009). In
general, small heat-shock proteins are involved in preserving
actin and cytoskeletal structures as well as preventing capsase-
dependent apoptosis (Colinet et al., 2010). Unlike other small
heat-shock proteins, hsp26 is activated only during elevated
temperatures (Haslbeck et al., 1999). The expression of hsp26
and hsp22 in high amounts in D. sproati may be the reason for
their greater resistance to heat stress. In D. melanogaster, ele-
vated hsp70 expression has been shown to reduce develop-
mental abnormalities associated with temperature stress
(Roberts and Feder, 1999), and it may be possible that these
small heat-shock proteins operate in conjunction with hsp70
to promote normal expression and regulation of other genes
and mediate normal cell activity and function, permitting
D. sproati to tolerate higher temperatures.

It is possible that some of the apparent differences in gene
expression between D. silvestris and D. sproati found in this
study may be due differences in cross-species hybridization
because the microarray probes were designed using
D. grimshawi genome (Bar-Or et al., 2006). Drosophila
grimashawi, the only Hawaiian picture-wing Drosophila spe-
cies that has been sequenced to date (Drosophila 12 Genomes
Consortium et al., 2007), is more closely related to D. sproati
than to D. silvestris (Magnacca and Price, 2012; K. M. Magnacca
and D. K. Price, unpublished data). This might suggest that
additional genes that were not detected in this study may be
important in temperature tolerances in D. silvestris or D. sproati.
Another potential concern in cross-species hybridization stud-
ies is changes in binding ability of cDNA from one or both of
the species to the microarray probes (Bar-Or et al., 2006). It
might be expected that D. silvestris would show fewer changes
in gene expression due to the greater evolutionary time for
changes to accumulate in regions of the genes that impact
binding to the probes. However, D. silvestris exhibited more
gene expression changes, 246 genes and 13 GO terms, com-
pared with D. sproati, 106 genes and three GO terms. In other
studies of cross-species hybridization of microarray probes,
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there has not been a correspondence between the hybridization
of probes and genetic relatedness of the species (Bar-Or et al.,
2006). Future studies that examine specific candidate genes
or genome-wide RNA-sequencing experiments could address
this concern and potentially identify additional genes or
GO terms to be important in temperature tolerance in these
species.

Drosophila are useful monitors of environmental change.
They are widely distributed and relatively easy to collect in
nature, many can be raised in the laboratory, and they can be
good indicator species of forest degradation (Parsons, 1989;
Hoffmann, 2010). On a continental scale, gene arrangements
associated with warm climate are increasing in frequency in
populations of D. pseudoobscura in both the Americas and
Europe, indicating that there is genetic variation and evolu-
tion of temperature tolerance (Rezende et al., 2010).
Comparison of Drosophila species from different regions of
the world indicates that both heat and cold tolerance may be
due to adaptation to climate differences at the location of spe-
cies origin (Hoffmann et al., 2003). In Hawaii, Foote and
Carson (1995) first noted the decline in species diversity of
Hawaiian picture-wing Drosophila in the Olaa Rainforest on
Hawaii Island. They observed several species that declined in
abundance and are currently extinct locally, including D. sil-
vestris, and several other species that increased in relative
abundance, including D. sproati. The decline in abundance
and occurrence of some Hawaiian Drosophila species may be
due to several factors, namely degradation of forests by ungu-
lates, predation by the introduced yellow jacket wasp (Vespula
pennsylvanica), decline of host plants and/or competition with
cosmopolitan species. It is also possible that climate change is
contributing to the change in species diversity of the Hawaiian
Drosophila. Recent reports indicate that temperature has
increased over the last 30 years in Hawaii, especially at higher
elevations (Giambelluca et al., 2008). It is not clear whether
the temperature changes that have occurred in Hawaii could
lead to changes in the distribution and abundances of
Hawaiian Drosophila or ectothermic animals in general. The
results from this study, showing greater heat tolerance of D.
sproati, are consistent with the increased abundance in some
habitats of D. sproati and reduced abundance of the less heat-
tolerant D. silvestris.

Future studies should focus on determining the tempera-
ture tolerances of the many rare and declining species in com-
parison with the more common Hawaiian Drosophila in
order to manage their conservation better, as well as using the
observations of different species as an indicator of change in
temperature in the environment. The Hawaiian picture-wing
Drosophila living in high-elevation wet forest habitat may
experience changes in distribution because many of them live
in similar wet forest or mesic forest habitat (1200 m and
above). The Hawaiian picture-wing Drosophila are connected
to the community-level food webs involving species-specific
host plants and other potential species interactions in the
Hawaiian forest. The decline in diversity of Hawaiian
picture-wing Drosopbhila should continue to be investigated
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because they are good indicators of the health of the Hawaiian
terrestrial environment.

The story does not need to end with the demise of cold-
adapted Hawaiian picture-wing Drosophila. Out of the
approximately 120 picture-wing species (O’Grady ef al.,
2011; Magnacca and Price, 2012), there is hope for species to
survive global warming. The more warm-tolerant picture-
wings, such as D. sproati, may survive in the mid-elevation
habitats, while other species will probably need to move to
higher elevations. To promote the longer-term survival of
Hawaiian Drosophila species, habitat restoration efforts
should include establishing host plants of these native insects
at higher elevations.

Supplementary material

Supplementary material is available at Conservation
Physiology online.
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