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Suitable alterations in gene expression are believed to allow
animals to survive drastic changes in environmental condi-
tions. Drosophila melanogaster larvae cease eating and exit
moist food to search for dry pupation sites after the foraging
stage in what is known as the wandering stage. Although the
behavioral change from foraging to wandering causes desicca-
tion stress, the mechanism by which Drosophila larvae protect
themselves from desiccation remains obscure. Here, we identi-
fied a gene, CG14686 (designated as Desiccate (Desi)), whose
expression was elevated during the wandering stage. The Desi
expression level was reversibly decreased by transferring wan-
dering larvae to wet conditions and increased again by trans-
ferring them to dry conditions. Elevation of Desi expression
was also observed in foraging larvae when they were placed in
dry conditions. Desi encoded a 261-amino acid single-pass
transmembrane protein with notable motifs, such as SH2 and
PDZ domain-binding motifs and a cAMP-dependent protein
kinase phosphorylation motif, in the cytoplasmic region, and
its expression was observed mainly in the epidermal cells of
the larval integuments. Overexpression of Desi slightly in-
creased the larval resistance to desiccation stress during the
second instar. Furthermore, Desi RNAi larvae lost more weight
under dry conditions, and subsequently, their mortalities sig-
nificantly increased compared with control larvae. Under dry
conditions, consumption of carbohydrate was much higher in
Desi RNAI larvae than control larvae. Based on these results, it
is reasonable to conclude that Desi contributes to the resis-
tance of Drosophila larvae to desiccation stress.

A wide variety of stressful stimuli change patterns of gene
expression, which enables animals to adapt to stress, and such
changes in gene expression are believed to allow them to sur-
vive drastic environmental changes. Activation of heat shock
protein genes (4sp) is a typical example; all organisms express
a particular set of /isp genes in response to stressors such as
temperature extremes, aversive chemical application, anoxia,
and many other environmental injuries (1, 2). Hsp proteins
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are generally divided into three families: the 90-kDa, 70-kDa,
and small heat shock proteins (3). It has been reported that a
nonlethal desiccation at 0% relative humidity (RH)? enhanced
transcriptional levels of the two hsp genes, hsp70 and hsp23,
in pupae of the flesh fly Sarcophaga crassipalpis (4). Although
the two Asp transcripts were up-regulated in response to des-
iccation, the up-regulation was less dramatic than that elicited
by heat shock, and desiccation failed to generate tolerance to
high or low temperatures. Recently, it has been also reported
that dehydration elicited expression of /sp70 in three mos-
quito species, Aedes aegypti, Anopheles gambiae, and Culex
pipiens, but hsp90 expression levels remained fairly constant.
Furthermore, injection of dsSRNA to knock down expression
of hsp70 and hsp90 significantly decreased survival rates of

A. aegypti under dehydration (5). Exposure of adult male Dro-
sophila melanogaster to desiccation enhanced transcriptional
levels of Frost and senescence marker protein-30 (smp-30) but
did not change those of isp70Aa and hsp23 (6). Although
these previous studies demonstrated desiccation-induced
gene expression, we do not know whether the up-regulation
of the gene expression levels confers desiccation resistance on
animals.

Drosophila melanogaster, like all holometabolous insects,
undergoes complete metamorphosis to reach adulthood. Each
phase of the life cycle is characterized by a coordinated pro-
gram of developmental events and behavioral transitions that
have evolved to promote fitness and survival (7, 8). In Dro-
sophila larvae, the essential midthird instar transition from
foraging (feeding) to wandering (nonfeeding) behavior occurs
prior to pupariation and metamorphosis. Although this be-
havioral transition imposes desiccation stress on the larvae, it
is unknown not only whether there is a specific mechanism
responsible for providing the larvae with desiccation tolerance
but also how the tolerance of the larvae is enhanced during
the wandering stage. In this study, we sought a gene whose
expression was elevated by desiccation stress and identified
Desiccate (Desi). Desi expression in the larvae is dependent on
relative humidity; desiccation enhanced its expression, and
conversely, humidification repressed its expression. Desi en-
coded a single-pass transmembrane protein and expressed its
transcripts actively in epidermal cells of the integument. Fur-
thermore, Desi expression specifically increased during the

2 The abbreviation used is: RH, relative humidity.
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wandering stage and the survival rates of Desi RNAi larvae
significantly declined under the dry condition.

EXPERIMENTAL PROCEDURES

Drosophila Culture and Stocks—Fly cultures and crosses
were grown on cornmeal-glucose-yeast medium at 25 °C. The
RNAI stocks (UAS-dsDesi (dsCG14686)) strains were ob-
tained from the Vienna Drosophila RNAi Center (Vienna,
Austria).

UAS-Desi Constructions and Transgenic Fly Generations—

A 786-bp Desi cDNA fragment containing the signal peptide
and Desi-coding sequence was obtained by PCR and was
cloned into Notl/Kpnl sites of pUAST vector to yield the
PpUAST-Desi construct. After verifying the construct by DNA
sequencing, it was injected into embryos, and UAS-Desi
transgenic lines were generated by P-element-mediated germ
line transformation of a w™ strain (9).

Differential Display RT-PCR and Sequence Analysis of
Cloned Gene—Total RNAs were prepared from whole bodies
of control and stressed Drosophila larvae, which were put un-
der a desiccated condition (15% RH) for 5 h. Differential dis-
play RT-PCR was performed on total RNAs by using the
GeneFishing™ DEG Premix kit according to the manufactur-
er’s instructions (Seegene, Inc., Rockville, MD). Five micro-
grams of total RNA were converted to cDNA by reverse tran-
scription using 2 ul of 10 um anchor primer (dT-annealing
control primer 1). Synthesized cDNA was amplified with a
combination of arbitrary primers (annealing control primers
1-120) in the above kit (10). The cDNA bands preferentially
expressed in either control or stressed larval samples were
directly cloned into pGEM-T vector (pGEM-T Vector System
I, Promega, Madison, WI) and sequenced by a 310 DNA se-
quencer (Applied Biosystems, Foster City, CA). To obtain
full-length cDNA, 5’ rapid amplification of cDNA ends (5’
rapid amplification of cDNA ends) was performed using 5’
rapid amplification of cDNA ends kit (Invitrogen) as de-
scribed previously (11). Computer-assisted sequence analyses
were performed by GENETYX-MAC (version 13.1.7; Soft-
ware Development Co., Tokyo, Japan).

Quantitative RT-PCR—Two micrograms of total RNA iso-
lated from whole bodies or indicated tissues of control, and
test larvae was reverse transcribed with oligo(dT) primer us-
ing ReverTra Ace (Toyobo, Osaka, Japan). Real-time quantita-
tive PCR was carried out with the reverse transcription prod-
ucts in a 20-ul reaction volume of LightCycler Fast DNA
Master SYBR Green I (Roche Applied Science), using the
Light-Cycler 1.2 instrument and software (Roche Applied
Science,). RT-PCR data were normalized to rp49 expression,
and the message abundance of each gene was compared with
that in control samples (12). Specific primers used for the
PCR analysis were as follows: Desi-Fw, GATAGCCATAAGT-
TCTATGCG; Desi-Rv, GCCTCCTTAATAGCCGTTCCG;
rp49-Fw, GATCGTGAAGAAGCGCACCAAG; and rp49-Ry,
CCGGATTCAAGAAGTTCCTGGTG.

In Situ Hybridization—Digoxigenin-labeled RNA fragment
synthesized from a Desi cDNA template (coding region, 1-782)
was used as probes for in situ hybridization. Hybridization and
washes were carried out as described previously (13).
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Preparation of Anti-Desi [gG—The cDNA containing the
OREF of Desi (residues 1-781) was cloned into pET32a(+)
(Novagen) and expressed in Escherichia coli strain
BL21(DE3)pLys. The recombinant GST-Desi fusion protein
was purified by a glutathione-Sepharose column (GE Health-
care). The purified protein was emulsified by Titer Max Gold
(CytRx Corp.) and injected to immunize a rabbit. Anti-Desi
IgG was precipitated by adding ammonium sulfate to 40%
saturation and further purified by an affinity column of pro-
tein G-Sepharose (GE Healthcare).

Western Blotting and Immunocytochemistry—Western
blotting and immunocytochemical analyses using anti-Desi
IgG were performed as described previously (14).

Extraction and Analysis of Epicuticular Hydrocarbon—Epi-
cuticular hydrocarbons were extracted from 100 third instar
larvae with hexane for 5 min. The extract was concentrated to
dryness with N,, dissolved in hexane, and applied to gas chro-
matograph (GC-2014, Shimadzu) with capillary column (in-
ner diameter, 25 m X 0.25 mm, Ulbon HR-SS-10, Shinwa
Chemical Industries, Ltd.). Helium was used as the column
carrier gas. The column oven temperature was held at 50 °C
for 2 min, increased to 150 °C at 36 °C/min, increased at 8 °C/
min to 220 °C, and held at 220 °C for 10 min (15).

Quanatitative Analyses of Carbohydrate and ATP
Concentrations— After washing Drosophila larvae with phos-
phate-buffered saline (8 mm Na,HPO,, 1.5 mm KH,PO,, 137
mMm NaCl, 2.7 mm KCl, pH 7.2), larvae were put in ice-cold 1%
(w/v) trichloroacetic acid (10 ul/larva) and homogenized in
Artek Sonic Dismembrator (20 pulses at 50 watts). The ho-
mogenate was centrifuged at 20,000 X g for 5 min at 4 °C, and
the supernatant was collected. Carbohydrate concentration in
the supernatant was determined by the anthrone/sulfuric acid
method as described previously (16). ATP concentration was
measured with luciferin-luciferase reagent by the method of
Stanley and William (17).

RESULTS

Survival Rates of Drosophila Larvae under Dry Condition—
The onset of wandering changes the habitat of Drosophila
larvae from wet to dry environments for normal metamor-
phosis. This behavioral change was interpreted to imply that
the resistance of larvae to dry conditions is increased during
the transition from foraging to wandering stages. To verify
this possibility, we examined the survival rates of larvae that
were moved to a dry condition at different developmental
stages from foraging to late stage wandering. When larvae
were placed under 0% RH for 5 h, the survival rates were pro-
gressively increased with larval growth; the survival rate of
late stage wandering larvae was considerably greater than
those of foraging and early stage wandering larvae (Fig. 14).
These results suggested that foraging and early stage wander-
ing larvae were much more sensitive to dry conditions than
late stage wandering larvae.

Identification of Desi (CG14686)—To identify genes whose
expression is enhanced by desiccation, we performed differ-
ential display RT-PCR on total RNAs prepared from control
early third instar (foraging) Drosophila larvae and desicca-
tion-stressed foraging larvae using a set of 120 different prim-
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FIGURE 1. Survival rates of Drosophila larvae under desiccation and identification of CG74686. A, survival rates of Drosophila larvae at different devel-
opmental stages, foraging, early wandering stage (soon after onset of wandering), and late wandering stage (~4 h after onset of wandering). The test lar-
vae were placed under 0% RH for 5 h and thereafter put on water absorbed cotton in a Petri dish. Survival rates were checked soon after this transfer. Data
are given as means = S.D. for seven separate measurements using 30 larvae each. * and **, significantly different from the value of foraging larvae (*, p <
0.05; **, p < 0.01, Tukey’s honestly significant difference (HSD)). B, differential display RT-PCR on total RNAs prepared from whole bodies of control (non-
stressed) and stressed larvae under desiccation at 15% RH for 5 h. A DNA band indicated by an arrow coded CG14686. C, nucleotide and deduced amino
acid sequences of cloned cDNA for Desi. The putative signal peptide and transmembrane domain are boxed. Src family and STAT5 SH2 domain-binding mo-
tifs are underlined and double underlined, respectively. Class Il PDZ domain-binding motifs and the protein kinase A phosphorylation site are dotted and
underlined and shaded, respectively. These motifs were searched against the Eukaryotic Linear Motif Database.

ers (annealing control primers 1-120, Seegene, Inc.). Of these,
one primer (annealing control primer 94) revealed desicca-
tion-dependent transcriptional enhancement of one DNA
band encoding a fragment of CG14686, whose molecular
function is unknown (Fig. 1B). CG14686 encoded a 261-
amino acid protein with a putative signal peptide sequence in
the N terminus and a single-pass transmembrane domain at
positions 72 to 95 (Fig. 1C). Because RT-PCR showed
CG14686 expression in S2 cells, its immunocytochemical lo-
calization in the culture cells was examined to confirm that
this gene product is present as a transmembrane protein (Fig.
2A). Although immunoreaction signals were detected in the
cytoplasm as well as in the plasma membrane (Fig. 2B), the
former signals were expected to be derived from CG14686 in
the membranes of organelles. This expectation was confirmed
by the discovery of immunoreactive proteins only in the insol-
uble fraction of the cell extract (Fig. 2C).
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Sequence analysis showed that the cytoplasmic tail of
CG14686 cDNA contained several conserved motifs, such as
SH2 domain-binding motifs, a cAMP-dependent protein ki-
nase (protein kinase A) phosphorylation site, and a PDZ do-
main-binding motif, implying the contribution to intracellular
signal transduction (Fig. 1C). Most of these motifs were found
to be conserved in orthologous genes identified in a broad
range of insect species such as mosquitoes, bees, and beetles
(supplemental Fig. 1). Because the desiccation-induced eleva-
tion of this gene expression was confirmed by RT-PCR with
specific primers (Fig. 2D), we designated it Desiccate (Desi).

Spatiotemporal Expression Pattern of Desi—Quantitative
real-time PCR was carried out to measure Desi expression
levels in various tissues of Drosophila larvae during the forag-
ing stage with and without desiccation stress (15% RH). Al-
though Desi expression was detected in all of the tissues
tested, it was highest in the integument and its desiccation-

JOURNAL OF BIOLOGICAL CHEMISTRY 38891


http://www.jbc.org/cgi/content/full/M110.168864/DC1

A Drosophila Gene Contributing to Desiccation Resistance

Marker Larval body S2 cell Anti-Desi IgG Control IgG

C D Wet Desiccated

Desi
S2 cell — .

rp49

FIGURE 2. CG14686 (Desiccate (Desi)) expression in S2 cells and its desiccation-dependent expression in Drosophila larvae. A, RT-PCR analysis of CG14686
expression in Drosophila larval body and S2 cells. Sequence analysis of the amplified DNA fragments showed that these bands encoded an identical part of
CG14686. B, Immunocytochemical analysis of CG14686 product in S2 cells. CG14686 was visualized with anti-CG14686 IgG and an Alex 488-conjugated secondary
antibody. Signals indicate nuclei containing DNA conjugated with DAPI. Nonimmunized rabbit IgG was used as control IgG. Scale bar, 10 um. C, distribution of
CG14686 in cell fractions extracted from S2 cells. sup, soluble cytoplasmic fraction; ppt, insoluble membrane fractions of S2 cells. D, RT-PCR analysis of Desi expres-
sion in whole bodies of control larvae on water-absorbed cotton in Petri dish and stressed larvae were put in a desiccated Petri dish (15 RH) for 5 h.
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FIGURE 3. Desi expression in the integuments of Drosophila larvae. A, real-time quantitative RT-PCR analysis of Desi expression in various tissues with
and without desiccation stress. Data are given as means for six separate measurements using 15 larvae each. BR, brain; IT, integument; MG, midgut; MT, Mal-
pighian tubules; FB, fat body. ***, significantly different from the value of larvae under wet condition (p < 0.001, Tukey’s HSD). B, elevation of Desi expres-
sion in the larval integuments during desiccation stress. Foraging second instar larvae were transferred from moist food to desiccated condition (15% RH) at
0 h. Data are given as means for six separate measurements using 20 larvae each. * and **, significantly different from the value of foraging larvae at 0 h (¥,

p < 0.05; **, p < 0.01, Tukey's HSD). C, humidity-dependent changes in Desi expression in the larval integuments. After foraging second instar larvae were
placed at indicated humidities for 6 h, Desi expression in the larval integuments was measured. Each point represents a single determination.

dependent enhancement was also observed only in the integu-  the expression levels were measured at various time points

ment (Fig. 34). To confirm the humidity-dependent expres- after the initiation of desiccation. The results showed that
sion of Desi in the integument of same-aged foraging larvae, Desi expression increased continuously and that 8-h desicca-
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FIGURE 4. Desi mRNA and protein expression in the integuments of Dro-
sophila larvae. A, in situ hybridization of Desi mRNA probed with antisense
or sense probe of Desi RNA. Tissue sections were prepared from larvae dur-
ing wandering stage. Note that hybridization signals are detected in the
epidermal cell layer. Scale bars, 30 um. B, immunocytochemical staining of
Desi protein with anti-Desi IgG. Nonimmunized rabbit IgG was used as con-
trol I9G. Bars, 30 um. G, distribution of Desi in cell fractions extracted from
the larval integument. sup, soluble cytoplasmic fraction; ppt, insoluble
membrane fractions of the integument.

tion elevated Desi expression by 4-fold (Fig. 3B). Furthermore,
we demonstrated that Desi expression levels were approxi-
mately quadrupled as RH decreased from 100% to 15% (Fig.
3C). In contrast, desiccation-induced elevation of Desi expres-
sion was not observed in Drosophila adults (supplemental Fig.
2).

In situ hybridization showed that Desi mRNA is expressed
in the epidermal cells (Fig. 4A4). Furthermore, immunocyto-
chemistry using anti-Desi IgG showed that Desi immunoreac-
tivities were detected in both the cytoplasm and plasma mem-
brane (Fig. 4B). Like the immunocytochemical observation of
Desi in S2 cells, immunoreaction signals in the cytoplasm
were expected to be derived from Desi in the membranes of
organelles. This interpretation was supported by localization
of immunoreactive proteins only in the insoluble fraction of
the integument extract (Fig. 4C).

Stage-dependent Expression Pattern of Desi—When Dro-
sophila larvae enter the wandering stage after the foraging
stage, they leave moist food to search for dry pupation sites.
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FIGURE 5. Desi expression in the integuments of Drosophila larvae dur-
ing development. A, stage-dependent changes in Desi expression in the
larval integuments. Shown are early wandering (EW.L3), within 1 h after ini-
tiation of wandering, and late wandering (LW.L3), ~8 h after initiation of
wandering. L2, second instar larvae; FL3, foraging 3rd instar larvae; PP, pu-
pariated larvae; P, pupae. Data are given as means for six separate measure-
ments using 16 animals each. ***, significantly different from the value of
second instar larvae (p < 0.001, Tukey’s HSD). B, environment-dependent
changes in Desi expression in the larval integuments. Wandering larvae
were continuously placed in a dry (15% RH) Petri dish (filled bars) or wet
condition (on water absorbed cotton in Petri dish) (open bars). Some wan-
dering larvae were transferred to the wet condition at the early wandering
stage and thereafter returned to the dry condition (gray bar). Desi expres-
sion levels in wet condition were not changed with or without nutrition.
Desi expression in the integuments of the larvae was measured at indi-
cated time. * and **, significantly different from the value of wandering
larvae (¥, p < 0.05; **, p < 0.01, Tukey’s HSD). Other explanations are as
described in A.

We investigated whether alteration of Desi expression levels
depended on this stage-specific behavioral change. The re-
sults showed that the Desi expression level was elevated >3-
fold around the time of the initiation of wandering and that
the high expression level was maintained throughout the
wandering stage (Fig. 54). We then examined whether this
elevation of the Desi expression level was due to desiccated
condition. After the larvae in a dry place were returned to a
wet place (on water-absorbed cotton), Desi expression levels
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FIGURE 6. Effects of Desi overexpression and knockdown on survival rates and weights of Drosophila larvae. A, survival rates of Desi overexpression
and knockdown third instar larvae under desiccated conditions. Transgenic lines carrying UAS-Desi or UAS-dsDesi on second chromosome (/) or third chro-
mosome (/ll) were used for Desi overexpression and knockdown. Every mutant foraging larva was placed under desiccated condition (15% RH) for 8 h and
then transferred to normal diet medium. Survival rates were checked 24 h after this transfer. Data are given as means for seven separate measurements
using 50 larvae each. ***, significantly different from the value of control line larvae (p < 0.001, Tukey’s HSD). B, survival rates of Desi overexpression second
instar larvae. Control and Desi overexpression larvae were put under desiccated condition for indicated periods and then transferred on normal diet me-
dium, and survival rates were checked 1 h after this transfer. *, significantly different from the values of control line larvae (*, p < 0.05, Tukey’s HSD). Other
explanations are as described in A. C, changes in Desi knockdown larval weights under desiccated condition for indicated periods. Note that weights of Desi
knockdown larvae were significantly lower than those of control line larvae after a 5-h desiccation. * and **, significantly different from the value of control
line larvae (*, p < 0.05; **, p < 0.01, Tukey’s HSD). Other explanations are as described in A. D, survival rates of Desi knockdown larvae, in which Desi dsRNA

Time after initiation of desiccation (hr)

was preferentially expressed in the epidermal cells using NP5798 driver, under desiccated condition (15% RH) for 10 h. **, significantly different from the
value of control larvae UAS-dsDesi (p < 0.01, Tukey’s HSD). Other explanations are as described in A.

in the larvae reversibly declined within a few hours (Fig. 5B).
Furthermore, the decline in Desi expression was reversed by
transferring larvae to a dry condition, indicating that the ele-
vation of Desi expression observed in the wandering stage
larvae was mainly due to the environmental change from a
wet to a dry condition. This interpretation was supported by
the observation that the onset of wandering was not advanced
by the overexpression of Desi under the direction of the /s-
Gal4 driver in the second instar larvae (supplemental Fig. 3).
Effects of Manipulation of Desi Expression Levels on Dro-
sophila Larvae—To determine whether Desi contributes to
the protection of Drosophila larvae from desiccation, we es-
tablished transgenic Desi overexpression and knockdown
lines under the direction of an Actin-Gal4 driver (supplemen-
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tal Fig. 4). When both transgenic third instar larvae were put
in a dry environment (15% RH) during the foraging stage, the
survival rates of the Desi knockdown larvae significantly de-
creased after 8 h of desiccation, whereas those of Desi overex-
pression larvae did not change (Fig. 6A4). However, second
instar larvae overexpressing Desi showed a slight but signifi-
cant increase in their survival rates when they were put in the
dry environment (Fig. 6B). Neither manipulation of Desi ex-
pression affected the mortalities of test transgenic larvae dur-
ing the foraging stage under a wet condition at all (supple-
mental Fig. 5). The reduction of resistance to desiccation in
Desi knockdown larvae was found to be mainly due to an ex-
cessive loss of internal water because the desiccation-induced
decreases in body weight of the knockdown larvae were sig-
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FIGURE 7. Effects of Desi knockdown on survival rates of Drosophila pu-
pae and adults. A, survival rates of Desi knockdown pupae under desic-
cated condition (35% RH) for 6 h. Transgenic line carrying UAS-dsDesi on
third chromosome (lll) was used for Desi knockdown. Data are given as
means for seven separate measurements using 50 larvae each. **, signifi-
cantly different from the value of control pupae Actin-Gal4 (p < 0.01,
Tukey's HSD). B, survival rates of Desi knockdown adults under desiccated
condition (15% RH) for 18 h. Note that Desi RNAi did not change survival
rates of test adults. Other explanations are as described in A.

nificantly greater than those in control larvae, including UAS
lines and the Actin-Gal4 line (Fig. 6C). This interpretation
was confirmed by the results showing that the weight losses of
the Desi-overexpressing second instar larvae under the dry
condition (15% RH) were significantly smaller than those of
the control transgenic larvae (supplemental Fig. 6). Desicca-
tion-induced mortality was also observed in Desi knockdown
larvae in which Desi dsRNA was preferentially expressed in
the epidermal cells using the NP5198 driver (Fig. 6D).

When the Desi knockdown wandering larvae were put in a
35% RH environment, which is lower than the normal humid-
ity of ~60% RH in which they habitually pupariate, they were
able to pupariate, but their mortality rates were significantly
higher than those of the control insects before eclosion (Fig.
7A). In contrast, the survival rates of the Desi RNAi adults
were not changed under a dry condition (Fig. 7B), indicating
that Desi preferentially functions in larvae and pupae for pro-
tection from desiccation stress before eclosion.

Biological Role of Desi—W'e examined whether the Desi
knockdown-induced increase in loss of internal water was due
to changes in hydrocarbon components of the cuticular wax
layer. Analysis of epicuticular hydrocarbons of control and
Desi RNAI larvae did not show any significant difference be-
tween the larvae (Fig. 84). Furthermore, preliminary weight
measurements of epicuticle hydrocarbons extracted from
control and the RNAI larvae showed no significant difference
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between both larvae (data not shown), indicating that Desi
does not contribute to regulating hydrocarbon synthesis.

Although the excessive loss of internal water of the Desi
RNAI larvae is thought to be one of the main causes of their
early death, we further investigated changes of metabolites
such as carbohydrates and ATP in the Desi RNAI larvae under
a dry environment. Quantitative analyses showed that the
concentrations of carbohydrates were significantly decreased
in the RNAI larvae compared with those of control larvae af-
ter desiccation (Fig. 8B). In contrast, ATP concentrations in
both the RNAi and control larvae were increased under a dry
condition, implying that larvae exposed to the desiccation
stress elevated the metabolic rate. However, no significant
differences in ATP concentrations were determined between
RNAi and control larvae either before or after desiccation
(Fig. 8C), suggesting that Desi is not involved in ATP produc-
tion in response to desiccation.

DISCUSSION

Water conservation is especially essential for the survival of
holometabolous insect larvae because they have less lipidic
cuticles than pupae and adults. Despite this, Drosophila larvae
change their habitat from wet to arid environments during
the midthird instar for normal metamorphosis. Although it
was recently reported that the sensory neuron of the de-
generin/epithelial sodium channel subunit, Pickpocket!, con-
tributes to regulation of the behavioral transition of Drosoph-
ila larvae from foraging to wandering stages (18), we do not
know how they adapt to the rapid change of habitat from wet
to arid conditions. To elucidate the key physiological mecha-
nisms underlying the desiccation resistance that they must
acquire around the time of initiation of the wandering stage,
we conducted differential display RT-PCR to seek a gene
whose expression is enhanced by desiccation. One gene, Des-
iccate (Desi), that we identified in this study encoded a 261-
amino acid single transmembrane protein. The cytoplasmic
tail of Desi contains several notable motifs such as SH2 (Src
homology 2) domain-binding motifs, a cAMP-dependent pro-
tein kinase (protein kinase A) phosphorylation site, and PDZ
domain-binding motifs. One of the SH2 domain-binding mo-
tifs is a GRB2-like SH2 domain-binding motif (19) and the
other is a STAT5-family SH2 domain-binding motif (20). The
PDZ domain-binding motifs in Desi are categorized as a class
III PDZ domain-binding motif (21). Both binding motifs for
SH2 domains and PDZ domains are found in signaling mole-
cules through binding with other component proteins of sig-
nal transductions. Furthermore, it has been reported that pro-
tein kinase A-induced phosphorylation regulates activities of
some receptors, including acetylcholine receptors (22) and
N-methyl-p-aspartate receptors (23). Therefore, the presence
of the conserved motifs in the Desi cytoplasmic tail suggested
the possibility that Desi transmits signals of extracellular des-
iccation stress to the intracellular signaling pathway. It is
worth emphasizing the fact that most of these motifs are con-
served in the orthologous genes identified in the EST data
bases of mosquitoes, bees, and beetles.

To demonstrate the biological significance of this gene, we
established transgenic Drosophila larvae whose Desi expres-
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surements using 30 larvae each. **, significantly different from the value of larvae before desiccation (**, p < 0.01, Tukey’s HSD). C, ATP contents in control
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sion was either up-regulated by expressing a functional Desi
c¢DNA (UAS-Desi) or down-regulated by expressing Desi
dsRNA (UAS-dsDesi). Although a significantly positive effect
on desiccation-resistance by overexpression of Desi during
the third larval instar was not apparent, the same treatment
slightly but significantly increased the survival rates of the
second instar larvae under the desiccated condition. This
stage-dependent difference in the effect on stress resistance
must be due to the difference in the endogenous expression
levels of Desi; Desi expression is basically higher in third instar
larvae than second instar larvae. Furthermore, it is often ob-
served that larvae repeatedly crawl up and down the food es-
pecially at the end of the foraging third instar. Because eleva-
tion of Desi expression seemed to have begun already during
this stage, it was difficult to detect the positive effect on desic-
cation-resistance by Desi overexpression in the third instar
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larvae. Therefore, the overexpression-dependent increase in
the survival rates under the desiccated condition occurred
only in second instar larvae. Desi knockdown, in contrast, sig-
nificantly decreased desiccation resistance even during the
third larval instar, indicating the contribution of Desi to

the protection of Drosophila larvae from desiccation stress. The
high mortality rate in Desi RNAi larvae was likely due to in-
creased water loss because the RNAi larvae were the only
ones that lost significantly more weight than control larvae
after 5 h of desiccation treatment (Fig. 5C). Serensen et al.
(24) reported changes in gene expression in D. melanogaster
selected for ecologically relevant environmental stress resis-
tance traits including desiccation, starvation, and cold resis-
tance. However, CG14686 (Desi) was not on the list of genes
whose expression was changed in such stress-resistant flies.
Furthermore, Telonis-Scott and Hoffmann (25) have reported
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a desiccation-resistant mutant of D. melanogaster that
showed 2-fold higher resistance than control flies when flies
were placed under desiccation stress. They had a higher water
concentration after desiccation treatment due to decreased
rates of water loss but showed no change in body mass, glyco-
gen concentration, hemolymph volume, or the water concen-
tration at death from desiccation. Although the mutant allele
is mapped to chromosome 2, specific gene(s) attributed to
desiccation resistance have not been identified yet. Although
we cannot deny certain functional similarities between the
gene(s) mutated in this line and Desi, we recognize a clear
difference between the two mutant lines. Although the desic-
cation resistance of this mutant line was demonstrated using
adults, the repressed resistance of Desi transgenic lines to des-
iccation stresses was demonstrated only in its RNAi larvae.
Because there was no significant difference in desiccation re-
sistance between the control and Desi RNAi adults, it is rea-
sonable to expect that the prompt adaptation to desiccation
stress in the integument via Desi is more important in larvae
than adults.

The proximal causes of mortality from desiccation stress
are not well understood. It has been suggested that hemo-
lymph volume and hemolymph solute concentrations are im-
portant for the enhancement of desiccation resistance in
D. melanogaster (26). Furthermore, Marron et al. (27) re-
ported that the rates of lipid and protein metabolism in Dro-
sophila flies were similar during starvation and desiccation
but that carbohydrate metabolism was several times higher
during desiccation. This observation is consistent with the
previous report that concluded that lower overall rates of wa-
ter loss in the flies are achieved by reduction of respiratory
losses (28). The present study indicated a remarkable decrease
in internal water and carbohydrates in the Desi RNAi larvae
under a dry condition compared with control larvae. In con-
trast, ATP concentrations in both the RNAi and control lar-
vae were increased under a dry condition, although no signifi-
cant differences in ATP concentrations were determined
between RNAI and control larvae either before or after desic-
cation. It is possible to interpret these results to mean that the
Desi RNAI larvae lost excess amounts of the internal water
needed to enhance the metabolic rate by producing ATP mol-
ecules that are used by these animals to maintain homeosta-
sis. To evaluate the desiccation resistance of Drosophila, the
importance of recovery processes from desiccation stress was
also pointed out. Folk and Bradley (29) showed that the great-
est desiccation resistance in a Drosophila population with
enhanced desiccation resistance is associated with the resto-
ration of all tested somatic components, whole-body water,
dry mass, and sodium concentrations, suggesting the impor-
tance of nutrition during rehydration in determining recovery
time. Sinclair et al. (6) indicated that up-regulated expression
of Frost, a Drosophila stress-responsive gene, was more obvi-
ous during recovery from desiccation than during desiccation.
These results indicate that temporal factors are involved in
desiccation resistance. Although the functional role of Frost
was characterized during the adult stage, Desi contributed to
enhancing desiccation resistance during the larval stage. To
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clarify the mechanism underlying the desiccation resistance of
insects, it is important to consider the different life stages.

Analyses aimed at revealing the molecular function of Desi
will lead to an enhanced understanding of desiccation resis-
tance in adults as well as larvae of Drosophila. The outcome of
this type of study can develop a better knowledge of the ef-
fects of desiccation stress not only on insects but also on
vertebrates.
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