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Distinct TRP channels are required for warm and cool
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The ability to sense and respond to subtle variations in environ-
mental temperature is critical for animal survival. Animals avoid
temperatures that are too cold or too warm and seek out temper-
atures favorable for their survival. At the molecular level, members
of the transient receptor potential (TRP) family of cation channels
contribute to thermosensory behaviors in animals from flies to
humans. In Drosophila melanogaster larvae, avoidance of exces-
sively warm temperatures is known to require the TRP protein
dTRPA1. Whether larval avoidance of excessively cool tempera-
tures also requires TRP channel function, and whether warm and
cool avoidance use the same or distinct TRP channels has been
unknown. Here we identify two TRP channels required for cool
avoidance, TRPL and TRP. Although TRPL and TRP have previously
characterized roles in phototransduction, their function in cool
avoidance appears to be distinct, as neither photoreceptor neurons
nor the phototransduction regulators NORPA and INAF are re-
quired for cool avoidance. TRPL and TRP are required for cool
avoidance; however they are dispensable for warm avoidance.
Furthermore, cold-activated neurons in the larvae are required for
cool but not warm avoidance. Conversely, dTRPA1 is essential for
warm avoidance, but not cool avoidance. Taken together, these
data demonstrate that warm and cool avoidance in the Drosophila
larva involves distinct TRP channels and circuits.
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Proper behavioral responses to temperature are critical for
animal survival. At the molecular level, temperature per-
ception in animals from flies to humans involves the action of
transient receptor potential (TRP) family cation channels (1, 2).
TRPs, a large family with 28 members in humans and 16
members in Drosophila, can be divided by sequence similarity
into seven major subfamilies, including the TRPA, TRPC,
TRPM, and TRPV subfamilies (3). Although TRPs participate
in diverse sensory processes including the perception of odor,
vibration, and chemicals, the activity of a subset of TRP channels
(drawn from the TRPA, TRPM, and TRPV subfamilies) are
highly sensitive to temperature and are dubbed “thermoTRPs”
(2). ThermoTRPs are expressed in tissues known to be temper-
ature responsive and are activated at characteristic temperatures
(2). In mammals, for example, distinct thermoTRPs can be
activated by painfully hot (noxious) temperatures (TRPV1 and
TRPV2) (4, 5), by moderately warm (innocuous) temperatures
(TRPV3, TRPV4) (6-10), by moderately cool temperatures
(TRPMS) (11, 12), and possibly by painfully cold temperatures
(TRPA1) (13-15). It has thus been proposed that a series of TRP
channels mediate temperature perception in animals (1, 2).

Despite the identification of multiple thermal sensors, there
remain important gaps in our understanding of thermosensation.
In mice, for example, sensory neurons can respond to painfully
high temperatures even without expressing TRPV1 or TRPV2
(16). In addition, how mammals perceive noxious cold, and
whether TRPAL1 is involved in cold sensation, remain contro-
versial (17-20). Such findings indicate that additional regulators
of thermosensation remain to be discovered.
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Drosophila melanogaster larvae and adults exhibit robust be-
havioral responses to temperature, avoiding excessively warm or
cool temperatures (21-23). To date, three putative Drosophila
thermoTRPs, all of which are TRPA subfamily members, have
been identified: namely, PYREXIA, PAINLESS, and dTRPAL.
PYREXIA (PYX) is activated at temperatures greater than
~35°C and has been proposed to protect flies from heat-induced
paralysis (24). PAINLESS is required for larval and adult
high-temperature nociception (25, 26) and is implicated in
facilitating neuronal activation at temperatures greater than
42°C (25). Finally, dTRPA1 is activated by warming to more than
~25°-29°C (27).

We have previously shown that RNA interference (RNAI)-
mediated knockdown of dTRPA1 expression disrupts larval
avoidance of moderately elevated temperatures (=~31-35°C)
(22). Interestingly, the circuits for avoidance of excessively warm
temperatures (herein referred to as warm avoidance) by larvae
and high-temperature nociception appear distinct, as dTRPA1-
expressing neurons in the central brain are required for warm
avoidance but not high-temperature nociception, whereas mul-
tidendritic neurons within the PNS are required for nociception
but not for warm avoidance (22). Larval sensation and avoidance
of excessively cool temperatures requires yet another distinct
group of neurons, which are located in the terminal organ at the
larval anterior (23). However, the molecules that regulate such
cold-dependent behavior have not been identified.

Here we identify two TRP channels required for avoidance of
excessively cool temperatures (herein referred to as cool avoid-
ance), the Drosophila TRPC subfamily proteins Transient Re-
ceptor Potential-like (TRPL) and Transient Receptor Potential
(TRP). We find that these two channels, previously shown to be
critical for vision, are important for cool avoidance but are not
necessary for warm avoidance. Interestingly, TRPL and TRP
mediate cool responses independent of the phospholipase C
NORPA, a molecule essential for vision. In contrast, we find that
dTRPAI, previously implicated in warm avoidance, appears
dispensable for cool avoidance. Thus, distinct TRP channels are
required for warm and cool avoidance. At the circuit level, we
also find distinctions between cool and warm avoidance, with the
cold-activated neurons of the terminal organ specifically re-
quired for cool avoidance. These findings provide the first
evidence for involvement of TRPC-family members in control-
ling temperature-dependent behaviors. They also provide initial
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insight into the molecules mediating cool avoidance in Drosoph-
ila and the functional relationship between warm and cool
avoidance circuits.

Results

dTrpA1 Mutants Are Defective for Warm Avoidance Behavior. We
previously showed that RNA interference (RNAi)-mediated
knockdown of dTRPA1 causes warm avoidance defects in Dro-
sophila larvae (22). To further test the function of dTRPAL1 in
larval behavior, we examined animals containing loss-of-
function mutations in the dfrpA1 gene. We recently described the
creation of dirpA 1™, a strong loss of function allele generated by
homologous recombination-mediated ends-in gene targeting
(28). Using dtpAI™s as a starting point, ICrel-based intragenic
recombination was performed to create an additional allele,
dirpA1% (29) (supporting information [SI] Fig. S1). derpA1F is
identical to the wild-type locus except for a 2-base pair insertion
predicted to truncate the protein near its amino terminus, within
the 39 ankyrin repeat and before the transmembrane regions. In
addition, the ICrel-based intragenic recombination also gener-
ated a genetically matched wild-type control strain (dtrpA1R) in
which the wild-type dirpAl locus was regenerated from the
dtrpA1™s starting chromosome (Fig. S1).

The warm avoidance behavior of dtrpA1 mutants was exam-
ined as previously described (22). Consistent with prior RNAi
results (22), both dirpA 1™ and dirpA I* mutants exhibited severe
warm avoidance defects (Figs. 14-C), whereas the dirpAIVR
control strain exhibited wild-type avoidance (Fig. 1C). Consis-
tent with dtrpAI1™ and dirpA1” acting as strong loss-of-function
alleles, similar phenotypes were observed when these alleles
were either homozygous or in trans to a chromosomal deficiency
lacking dtrpA1 (Fig. 1 B and C). The dtrpA1 mutant avoidance
defect was largely rescued by expressing a dTrpAl cDNA in the
dirpA1 mutant background (Fig. 14). Together, these results
confirm that dTRPA1 is required for larval warm avoidance
behavior. In contrast, strong loss-of-function mutations in either
pyrexia or painless, which encode the two other heat-activated
Drosophila TRP channels, showed wild-type warm avoidance
(Fig. 1A), indicating that dTRPA1 does not require these
proteins to mediate the moderate warmth avoidance tested in
this assay.

dtrpA1 Is Specifically Required for Warm Avoidance. Although
dtrpAl is required for warm avoidance, the molecular basis of
cool avoidance has been unknown. To examine cool avoidance,
we created an assay similar in design to that used to assess warm
avoidance (see Materials and Methods) (Fig. 24). When placed
on a thermal gradient (within an ~18-20°C release zone),
wild-type 1t instar larvae exhibited robust cool avoidance,
rapidly migrating away from the cooler half of the plate into the
warmer zone of the thermal gradient. (Cool avoidance initiates
in the low 20-degree range, with even a shallow 21.1° to 21.9°C
release zone gradient promoting robust avoidance [AI =0.§,
M.R., unpublished]). Although dfrpA 1™ larvae showed slightly
reduced cool avoidance at the 2-minute time point, the effect was
not statistically significant and dirpAI™ mutants went on to
exhibit extremely robust cool avoidance as the assay progressed
(Fig. 2B). The TRPAS painless and pyrexia were also not required
for cool avoidance (Fig. 2B). Thus, dfrpA1 is essential for warm
avoidance but dispensable for cool avoidance in our assay.

We examined whether dtrpA1 is required for other sensory
behaviors such as chemotaxis and phototaxis. dfrpA1% mutant
larvae avoided the repellent odor n-octyl acetate at least as well
as wild-type (Fig. S24) and showed no significant defects in
responses to the attractant odor propionic acid (Fig. S2B).
Furthermore, phototaxis of late 1t and early 2™ dtrpA 1™ instar
larvae was indistinguishable from the wild-type (Fig. S2C).
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Fig. 1. dTRPAT1 is required for warm avoidance. (A) Warm avoidance of
wild-type (n = 10 assays), dtrpA1"s (n = 35), UAS-dTRPAT control (UAS-
dTRPA1/+; UAS-dTRPAT,dtrpA1ins/dtrpA1ins) (n = 7), Actin-Gal4 control (Ac-
tin-Gal4/+; UAS-mCD8-GFP,dtrpA1ns/dtrpA1ins) (n = 6), dTrpA1 cDNA rescue
(Actin-Gal4/UAS-dTRPAT, UAS—mCD8—GFP,dtrpA1’”‘/UAS-dTRPA1, dtrpA7’”5)
(n =9), pyx3 (n = 6) and pain? (n = 6). (B) Warm avoidance of wild-type (n =
11), dtrpA1ins (n = 9) and dtrpA1ns/Df(trpAT) (n = 8). (C) Warm avoidance of
wild-type (n = 6), dtrpA1"s (n = 7), dtrpA15IDf(trpA1) (n = 4), dtrpA1%s (n =
4), dtrpATWtR (n = 4), and dtrpATWRIDf(trpAT) (n = 4). **, P < 0.01, signifi-
cantly different from wild-type (Tukey-Kramer HSD).

These data support a selective requirement for dtrpA1 in warm
avoidance.

TRPL and TRP Are Involved in Cool Avoidance. As dTRPA1 function
was largely dispensable for cool avoidance, we examined the
involvement of other TRP family proteins. We found that larvae
mutant for two TRP channels with partially redundant functions
in phototransduction, TRPL and TRP, were severely defective
for cool avoidance (Fig. 2 C and D). Unlike wild-type larvae,
which robustly avoided the cooler regions, trpP%;trp3# double
mutant larvae migrated into both cooler and warmer regions
(Fig. 2 C and D).

Both #rpl and trp contributed to cool avoidance, as single
mutations in either gene disrupted cool avoidance behavior.
Multiple frpl allelic combinations were used to test the require-
ment for #pl in cool avoidance. trplP%? homozygotes and trpl3%?/
Df(trpl) larvae showed cool avoidance defects similar in severity
to trplitrp double mutants (Fig. 2 C and D). Furthermore,
trpIMB3075 homozygotes, which contain a Minos transposon
insertion in the 1t intron of #rpl, and rpIMB%3973/Df (trpl) animals
were also significantly defective in cool avoidance (Fig. 2C).
These data indicate a significant and nonredundant requirement
for trpl in cool avoidance.
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TRPL and TRP, but not dTRPA1, are required for cool avoidance. (A) Cool avoidance apparatus. (8) Cool avoidance of wild-type (n = 8), dtrpA1"s (n =

8), pain? (n = 6) and pyx? (n = 7). (C) Cool avoidance of wild-type (n = 8), trp/3%2 (n = 8), trplF%2/Df(trpl) (n = 6), trplP%/+ (n = 4), trp/MBI3075 (n = 11) and
trpIMBO3075/Df(trpl) (n = 7). (D) Cool avoidance of wild-type (n = 8), trpl%;trp343(n = 6), trp3*3 (n = 10), trpMB93672 (n = 11), trp343/trpMBO3672 (n = 10),
trp343/trpMB03672 [K129 trp rescue] (n = 8), trp’ at 25-27°C (n = 12), trp’ at 18°C (n = 7), and trp343/Df(3R)Exel6213 (n = 7). **, P < 0.01, significantly different from

wild-type (Tukey-Kramer HSD).

Animals mutant for #rp also exhibited significant cool avoid-
ance defects, although the defects were less severe than in trp/
single mutants or #rplitrp double mutants (Fig. 2D). Animals
homozygous for either rp*# or pMB03672 (which contains a
Minos insertion within the 4t exon of #rp) were defective in cool
avoidance (Fig. 2D); trp>#/orpMB03672 animals also exhibited
significant defects, which could be rescued using a #rp minigene
([K129 "prescue]y (30) (Fig. 2D). In addition, the temperature-
sensitive frp allele trp’ showed significant cool avoidance defect
when grown at the restrictive temperature (25-27°C) but not
when grown at the permissive temperature (18°C) (Fig. 2D).
Together these data support a role for trp in cool avoidance.
Surprisingly, trp>#/Df(3R)Exel6213 animals did show significant
cold avoidance, even though Df(3R)Exel6213 lacks the trp gene
and failed to complement the visual phototransduction pheno-
type of rrp?#3 (K.J.K. and P.A.G. unpublished work). However,
as Df(3R)Exel6213 deletes 24 or more genes in addition to #p,
these additional genetic alterations may ameliorate the trp
mutant phenotype. Nonetheless these data indicate that, at least
in some genetic backgrounds, trpl can support significant cool
avoidance without assistance from #rp. Taken together, our data
indicate that #rpl is essential for cool avoidance, whereas #rp also
exerts a significant effect.

Cool Avoidance and Phototaxis Are Mechanistically Distinct Behav-
iors. The cells and the molecular pathways through which TRPL
and TRP contribute to phototransduction have been extensively
studied. To test whether the same cells mediate phototransduc-

14670 | www.pnas.org/cgi/doi/10.1073/pnas.0805041105

tion and cool avoidance, the effects of eliminating the larval
photoreceptor neurons of the Bolwig Organ were examined.
Larvae that express the pro-apoptotic protein Hid in their
photoreceptors (GMR-Hid animals) or are mutant for the tran-
scription factor GLASS (e.g., gl°” mutants) lack larval photo-
receptors and are defective for phototaxis (31-36). However,
GMR-Hid larvae exhibited wild-type cool avoidance (Fig. 34).
The gl*” larvae were also largely normal for cool avoidance (Fig.
3B), although gl°” mutants showed a modest deficit at the two
minute time point (P = 0.024). The small, early thermotaxis
defect in g/°” mutants may reflect the effects of GLASS expres-
sion in cells outside the visual system (33). These data suggest
that larval light sensing organ is not required for temperature
perception.

At the molecular level, activation of TRPL and TRP during
phototransduction depends on NORPA, a phospholipase C
which acts downstream of fly opsins (37, 38). However, animals
homozygous for the norpA null allele norpAP#! exhibited no
deficit in cool avoidance (Fig. 34). In addition, the transmem-
brane protein INAF is important for normal TRP expression and
phototransduction in the adult photoreceptors (39, 40). How-
ever, animals homozygous for the inaF null allele inaF P15 (Fig.
34) also failed to show cool avoidance defects. These data
indicate that TRPL and TRP mediate cool avoidance by func-
tioning outside the larval photoreceptor neurons and without
relying on these critical elements of the phototransduction
cascade.

Rosenzweig et al.
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GH86-Gal4-expressing neurons contribute to cool avoidance. (A) Cool avoidance of wild-type (n = 8), trpP%;trp3% (n = 8), GMR-Hid (n = 7), norpAP#' (n =

7), and inaFf1%X (n = 8). (B) Cool avoidance of wild-type (n = 8), trpl?%2;trp3#3(n = 6), trplP% (n = 8), and g/f% (n = 8). (C) Cool avoidance of wild-type (n = 8), GH86-Gal4/Y
or +;,UAS-TNTE/+ (n = 7), GH86-Gal4 (n = 8), and UAS-TNTE (n = 8). *, P < 0.05, **, P < 0.01, significantly different from wild-type (Tukey-Kramer HSD).

TRP and TPRL Are Not Required for Warm Avoidance. To further
examine the molecular relationship between cool avoidance and
warm avoidance, we tested whether #rpl and trp were required for
warm avoidance. In contrast to their robust defect in cool
avoidance, trpPP%%;trp3# double mutant animals were normal for
warm avoidance (Fig. 44). Thus, TRPL and TRP are required
for cool avoidance, but not warm avoidance.

We also noticed that warmth avoidance of norpA™# and
inaFP1% mutant larvae was normal (Fig. 44), suggesting that
visual system signal transduction is dispensable for thermotaxis
at elevated temperatures. The lack of requirement of NORPA
for warmth avoidance is particularly intriguing as NORPA is
important for the synchronization of the Drosophila circadian
clock by elevated temperature (41).

Although we found no requirement for larval photoreceptor
neurons in cool avoidance, prior work has identified a set of
cold-activated thermosensors located in the larval terminal
organ (23). Consistent with a role for these terminal organ cold
sensors in cool avoidance behavior, expression of tetanus toxin
light chain (TNT-E), which blocks synaptic vesicle release (42) in
the terminal organ neurons under the control of GH86-Gal4 (23,
43), caused a robust cool avoidance defect in our assay (Fig. 3C).
However, the function of these neurons appears specific for cool
avoidance, as GH86-Gal4>UAS-TNTE animals showed normal
warm avoidance (Fig. 4B). Thus, distinct circuits are involved in
warm and cool avoidance.

Discussion

Drosophila melanogaster exhibit strong temperature preferences
and robustly avoid thermal environments that are too warm or
too cool (21-23, 44). Here we demonstrate that larvae avoid
environments that are too warm or too cool using distinct
molecules and circuits. As we previously reported using RNAi
(22), we confirm here using classical genetic mutations that
dTRPAL is essential for larval warm avoidance. We extend these
previous findings to show that cool avoidance does not require
dTRPA1. Rather, we discover that cool avoidance depends on
the TRPC family members TRPL and TRP. Although these two
TRP channels also have critical functions in phototransduction,
larval cool avoidance and phototransduction are distinct, as
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[EnorpAP41
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o o o o
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Fig. 4.

Cltrpi302:rp343

neither larval photoreceptors nor the phototransduction mole-
cules NORPA and INAF are required for cool avoidance.

TRPL and TRP belong to the TRPC family of TRP channels.
The TRPC family is evolutionarily conserved, with seven mem-
bers in mammals (45, 46). Although individual members of the
TRPV, TRPM, and TRPA families are known to be tempera-
ture-activated ion channels, an involvement for TRPC proteins
in mediating temperature perception has not been previously
demonstrated, and it will be interesting to learn whether mam-
malian TRPCs also contribute to thermosensation. Here we
demonstrate a clear requirement for the Drosophila TRPCs
TRPL and, to a lesser extent, TRP in cool avoidance. However,
in contrast to classic thermoTRPs such as dTRPA1, which
exhibits strong warmth activation when ectopically expressed in
oocytes (27), neither TRPL nor TRP showed detectable cool
activation in oocytes in our hands (K.J.K. and P.A.G., unpub-
lished). In addition, whereas expression of TRPL and TRP was
readily detected in the larval photoreceptors using RNA in situ
hybridization, expression could not be detected in the putative
cold receptor neurons of the terminal organ (M.R., unpub-
lished). Thus, whether these TRPC proteins participate directly
in thermotransduction or affect thermosensory behavior by
acting at a downstream step remains to be determined. Although
the mechanism by which TRPL and TRP mediate cool avoidance
is not clear, it appears distinct from the mechanisms by which
TRPL and TRP channels mediate visual system signal transduc-
tion, as the latter rely on NORPA (37, 38) and INAF (39, 40),
which are dispensable for cool avoidance (Fig. 3C).

We have also found that that the neural pathways for cool and
warm avoidance are distinct. Whereas the larval cold sensors,
located in the terminal organ, are essential for larval cool
avoidance, they are not necessary for warm avoidance. As for the
larval warm sensors, we previously implicated a set of dTRPA1-
expressing neurons in the brain in warm avoidance in third instar
larvae (22). Unfortunately, it is not yet technically possible to
assess the function of these cells in cool avoidance, as available
promoters for manipulating these dTRPA1-expressing neurons
are expressed too late to effectively manipulate neuronal func-
tion in first and second instar larvae, the stages at which cold
avoidance is most robust (M.R. and P.A.G., unpublished).
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TRPL, TRP, and GH86-Gal4-expressing neurons are not required for warm avoidance. (A) Warm avoidance of wild-type (n = 9), trp/f%;trp3%3 (n = 6),

norpAP4! (n = 8), and inaFP1%X (n = 6). (B) Warm avoidance of wild-type (n = 10), GH86-Gal4/Y or +;UAS-TNTE/+ (n = 9).
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Together our data indicate that Drosophila use distinct TRP
channels and neurons to respond to different, discrete ranges of
temperature. The channels TRPL and TRP and the neurons of
the terminal organ are specifically involved in the avoidance of
cool temperatures, whereas dTRPA1- and dTRPA1-expressing
neurons are required for the avoidance of moderately warm
temperatures. At even higher temperatures, PAINLESS medi-
ates avoidance by acting in multiple-dendritic neurons, whereas
PYREXIA has a potentially general neuroprotective effect
possibly reflecting its broad neuronal expression (24-26). Thus,
Drosophila melanogaster possesses a suite of thermosensory
detection pathways, each of which responds at specific temper-
atures and promotes a characteristic set of behavioral responses,
ranging from gradual migration away from moderately warm or
cool temperatures to immediate withdrawal from extreme tem-
peratures that cause rapid tissue damage. As mammals also use
distinct sensors for detecting different portions of the thermal
spectrum (1, 2), these studies support a fundamental similarity
in the logic of thermosensation in both mammals and insects,
with both types of animals sensing the range of temperatures
they encounter using a series of TRPs and thermosensory cells,
with different sensors tuned to different portions of the tem-
perature spectrum.

Materials and Methods

Fly Strains and Molecular Genetics. dtrpA1"s was recently described (28) and
contains two mutant copies of dtrpA1 flanking targeting vector sequences
(Fig. S1): one copy is deleted for the ion pore, 6t transmembrane domain and
C terminus, whereas the other copy lacks the putative promoter, exon 1
(including predicted translation start site), 15t intron, part of exon 2 and
contains a 2-base pair insertion creating an early translational frame-shift
(predicted D183->A, 27aa, STOP). Both dtrpA17 and dtrpA1%W!R were gener-
ated from dtrpA1is as previously described (29). The original dtrpA1is strain
was backcrossed to Canton S control for five generations before the cool
avoidance assays. Warm avoidance of original and backcrossed dtrpA7ins
strains were examined and were indistinguishable (Fig. S2D). Fig. 1 experi-
ments used original dtrpA17sstrain. UAS-dTRPAT (22) used for rescue contains
dTRPATH408R cDNA (28). [K129 tre rescue] (gift of W. Pak) contains a trp cDNA
flanked by trp genomic sequences, corresponding to P[trp(7124)] in (30). Tar-
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Bloomington Stock Center. Deficiencies uncovering dtrpA1 (Df(dtrpAT):
Df(3L)ED4415 and Df(3L)ED4416) were obtained from Szeged Stock Center.

Behavioral Assays. white;Canton S was control. Larvae for behavioral assays
were raised on molasses plates. Warm avoidance examined as described (22),
except with a release zone of ~33.5° to 30.2°C rather than ~35° to ~31°C
(=140 late 15¥early 2"9 instar larvae used per assay). Cool avoidance assays
were similar to (23) but with different temperatures and 1%t instar larvae (23).
Cool avoidance was assayed on 2% agarose (25 ml) in lids from 150 X 15-mm
Petri plates (VWR 25384-139) covered with a glass slab. The release zone was
positioned midway between a room temperature metal slide warmer and a
cold plate (set for 10°C; AHP-301CP, TECA), which were ~14 mm apart. The
cold plate surface was covered with black plastic to ease scoring (34.3-um-
thick RNW 4050 bags [Office Depot]). Agarose surface was equilibrated >60
min before assay (covered by a glassslab). As described (22), at each time point,
larvae migrating out of the release zone were counted to calculate an avoid-
ance index (Al) = (humber of larvae on RT side — number of larvae on cooled
side)/(number of larvae on the RT side + number of larvae on cooled side).
Surface temperatures were monitored with Fluke 5211 thermometer with dual
K-type flat probes (VWR). Each cool assay used ~100 to 150 15t larvae, and
assays were performed in the dark. Further details are available upon request.
Larvae distributed evenly in the absence of a temperature gradient.

Chemotaxis assays were as described (22, 43). Phototaxis was assayed on
90-mm plastic Petri dish with four light/dark quadrants as described (47),
except for using clear 2% agarose with dark quadrants generated using black
electrical tape on dish bottom. Light was applied from underneath with
TW-26 transilluminator (VWR), and plate was raised ~12.5 cm above the light
to minimize heating. Late 15/early 2"d instar larvae were assayed. The number
of larvae migrating out of the release zone to stimulus zone (odor or light) and
no stimulus zone (no odor or dark) were counted to calculate Al.

Data are mean =+ SEM and were analyzed with one-way analysis of variance
(ANOVA) followed by Tukey-Kramer HSD tests using JMP 5.0 software (SAS),
with P = 0.05 considered significant. Where differences between genotypes
are noted, one-way ANOVA probability >F was <0.0001.
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