The Journal of Experimental Biology 204, 3323-3331 (2001)
Printed in Great Britain © The Company of Biologists Limited 2001
JEB3523

3323

Water acquisition and partitioning in Drosophila melanogastereffects of
selection for desiccation-resistance

Donna G. Folk*, Christine Han and Timothy J. Bradley
Department of Ecology and Evolutionary Biology, University of California, Irvine, CA 92697-2525, USA
*e-mail; dfolk@uci.edu

Accepted 28 July 2001

Summary

We examined physiological features related to water
balance in five replicate populations of Drosophila
melanogasterthat have undergone selection for enhanced
resistance to desiccation (D populations) and in five
replicate control (C) populations. Adult D flies contain
34 % more water than the control flies. We examined two
hypotheses for increased water acquisition in the D flies:
(i) that they accumulate more water early in development
and (ii) that they have a reduced post-eclosion diuretic
water loss. We found no evidence of differential water or
dry mass acquisition between the C and D populations
prior to adulthood. We also found no evidence of
differential post-eclosion diuresis, i.e. both C and D groups
showed insignificant changes in water volume in the 4h
period immediately after eclosion. In addition, we
quantified water content in the intra- and extracellular
compartments of the C and D populations and were able
to identify the hemolymph as the primary storage site of
the ‘extra’ water carried by the desiccation-resistant flies.
We estimated that 68% of the increased water volume

observed in the D flies was contained in the hemolymph.

Desiccation-resistance was strongly correlated with
hemolymph volume and only weakly with intracellular
water volume. Survival during desiccation was also
strongly related to the carbohydrate content of the D flies.
It has been presumed that the D flies accumulate
carbohydrate primarily as intracellular glycogen, which
would result in a significant increase in intracellular water
volume. We found that carbohydrate content was weakly
correlated with intracellular water volume and more
strongly with hemolymph volume. The carbohydrate pool
in the D flies may, therefore, be contained in the
extracellular compartment as well as in cells. These results
are suggestive of the importance of modifications in
hemolymph volume and hemolymph solute concentrations
in the evolution of enhanced desiccation-tolerance in
populations of Drosophila melanogaster

Key words: Drosophila melanogasterwater acquisition, water
partitioning, desiccation-resistance, carbohydrate,
laboratory selection, water balance.

Introduction

hemolymph,

Regulation of water content is essential for all organisms. Iprimarily by a reduction in the rate of cuticular water loss and
insects, water can be gained through consumption, absorptiby an increase in body water content (Hoffman and Parsons,
of atmospheric water vapor and production of water during993; Gibbs et al., 1997; Djawdan et al.,, 1998). Some
metabolism (Hadley, 1994). Simultaneously, water is losadditional features, whose functional significances are
through the processes of excretion, cuticular and respiratogurrently unclear, appear to play a role in the evolution of
transpiration and in bodily secretions. When living indesiccation-resistance irosophila melanogaster These
desiccating environments, insects must be able to maintainclude changes in the respiratory pattern and behavior during
water balance by restricting water loss (Edney, 1977). Watatehydration as well as modifications of the rate of development
conservation is especially challenging fdbrosophila and of the carbohydrate-to-lipid ratio of storage products
melanogasterin which there is no absorption of water from (Williams et al.,, 1998; Williams and Bradley, 1998;
the atmosphere and net water loss occurs even in atmosphe@sppindale et al., 1998; Djawdan et al., 1998).
exhibiting greater than 90% relative humidity (Arlian and On the basis of the above studies, a model has been proposed
Eckstrand, 1975). describing the processes by whibinosophila melanogaster

Investigators  studying physiological responses irresponds to desiccation (Gibbs et al., 1997; Chippindale et al.,
populations oDrosophila melanogastethat have undergone 1998; Bradley et al.,, 1999). At 4 days post-eclosion,
laboratory selection for enhanced desiccation-tolerance hawesiccation-resistant adults are larger than control adults
proposed that resistance to dehydration is increased in aduliscause of an increased water content. This increase in stored
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water, coupled with a reduction in the rate of water loss, istorage of energy in this form allows the concurrent storage of
thought to be responsible for all of the increased desiccatiomnvater of hydration associated with glycogen. During periods
resistance observed in desiccation-selected populatiom$ dehydration, water of hydration might be released as
relative to their control populations. There is no difference irglycogen is metabolized, thus contributing to the maintenance
water content at death between the selected and contmf water balance. In this study, we estimated the carbohydrate
populations (Gibbs et al., 1997). and intracellular water content of the desiccation-resistant and
We have examined these same desiccation-selectedntrol flies. We hypothesized that, if glycogen serves as a
populations and their controls in further detail with regard tcsignificant form of water storage Drosophila melanogaster
four physiological characteristics: water acquisition duringwe should observe a correlation between the glycogen content
development, the role of post-eclosion diuresis in wateand intracellular water content of the flies.
balance, the anatomical site of water storage and the role
of carbohydrate storage in water partitioning. The first of
these involves the timing of water accumulation during
development. It has been posited that the most of the ‘extra’ Fly populations
water in desiccation-resistant adults is accumulated during Five large, outbred populations Dfosophila melanogaster
larval development and that the cost of increased resourdesignated B-Ds, have undergone laboratory selection for
acquisition leads to higher juvenile mortality (Chippindale etenhanced desiccation-resistance every generation since 1988
al., 1998; Gibbs, 1999). Because laboratory selection iRose et al., 1990; Rose et al., 1992). Control populations
imposed only on 4-day-old adults, differentiation in water(C1—Cs), paired with the D populations by subscript number,
content between the desiccation-tolerant and the control larvagave been concurrently maintained. At the time of this
pupae or immature adults would provide evidence that watexxperiment, all populations had gone through more than 200
balance in juveniles and immature adults is affected bgenerations. Each of the five/Dn pairs derived from one of
desiccation-selection, on the older adults. We wished tive ancestral populations {€0s) that had undergone selection
determine more precisely the stage at which the flies shofer postponed senescence since 1980 (Rose, 1984). For example,
differentiation in water content by examining third-instarthe O population is the direct, common ancestor of bathril
larvae, pupae, recently eclosed adults and mature adult flies (&, while & is the common ancestor op@nd D, etc.
4 days post-eclosion). Batches of eggs (60-80) were collected from each fly
Second, it has been shown that many holometabolous insegtspulation and placed into each of 30-50 30g food vials
release substantial quantities of water following eclosion andontaining approximately 5ml of banana-molasses food. The
prior to adult flight and, as a consequence, blood volumes mdljes were allowed to develop at 25 °C and under conditions of
be reduced by up to 66—75% during the hours following th&4 h light. Fourteen days following egg collection, all C and D
emergence of the imago (Lee, 1961; Cottrell, 1962; Mills andlies were transferred from food vials into designated
Whitehead, 1970; Nicolson, 1976; Strathie and Nicolsonpopulation cages made of Plexiglas. (Each cage has a single
1993; Chapman, 1998). We hypothesized that, if a similar postpen end.) At this time, all D populations were placed under
eclosion diuresis were to have occurred Dmosophila  desiccation-selection. To lower relative humidity, a desiccant
melanogasterthe desiccation-resistant populations may havéDrierite) was placed into each cage housing the D flies, and
blunted this diuresis as a means of conserving water fahe open end of the cage was covered with plastic wrap.
desiccation-resistance. Neither food nor water was supplied. Each D population was
Third, we wished to determine the location of the ‘extra’thus maintained until 80% mortality had been reached, at
water stored in the desiccation-selected populations but absemtich time the extant flies were provided with food, which was
from the control populations. In insects, pools of extracellulaa source of both nutrients and water.
water are stored at various sites, including the gut, salivary Prior to the selection treatment, the control populations had
glands, rectum and hemolymph, and are critical to maintenanteen maintained under identical conditions to the D
of homeostasis during bouts of water stress (for a review, s@epulations. At the time that the D populations were placed
Hadley, 1994). Generally, water is moved from the reservoiunder desiccation-selection, all C populations were placed
sites to dehydration-sensitive tissues to protect cells fromander a control selection regime. Differences between the C
irreversible damage during desiccation. Hemolymph, seconand D selection treatments were as follows: (i) C flies had
only to intracellular water in volume, is the largest extracellulaaccess to drinking water in the form of non-nutritional agar;
pool of water in insects. We hypothesized that hemolympkii) desiccant was not placed in cages housing the C flies and
might be the primary site of water storage in desiccation(iii) the open end of the C population cage remained covered
resistant flies. only with cloth, which allows cage humidity to equilibrate with
Finally, a significant increase in carbohydrate stores hammbient humidity. Each C population was released from the C
been observed in the desiccation-selectBdosophila  selection treatment (i.e. food was supplied) at the same time
melanogastepopulations (Graves et al., 1992; Chippindale ethat its paired D population was released from the D selection
al., 1998; Djawdan et al., 1998). It has been proposed that thi®atment. Following the period of selection and subsequent
carbohydrate exists principally in the form of glycogen and thateplenishment, eggs were collected from all C and D

Materials and methods
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populations for rearing of, and laboratory selection on, the nex stainless-steel surgical scalpel to ensure that the puparium
generation. was removed intact. Each pupa was then weighed, dried at
Prior to all experiments, C and D populations were remove@0°C for 24h and weighed again. To ensure complete
from the laboratory selection regimes for two generationsdesiccation of pupae, the pupal cases were cracked prior to
Eggs were collected from females within the secondglacing them in the drying oven. Wet mass and dry mass were
generation, and the offspring were reared and used in theeasured for 10 pupae from each of the five C and five D
experiments. By releasing the flies from the influence of strongopulations. Water content and percentage body content were
selection for two generations, we were able to conclude thatlculated as described above.
the observed differences between the C and D populations
were attributable to genetic differences and not tcAdults
grandparental or parental effects (resulting from stress of Immediately following eclosion, females were transferred to
selection) on offspring. fresh food vials and allowed to continue maturing for 10 min,
Rearing of flies for experiments began with the collection ofLh, 2h or 4h. After the prescribed time, each adult was
batches of eggs (60-80) from each population; the eggs froamesthetized with C£) decapitated and immediately weighed.
each batch (10 per population) were placed in 30g food vialg-lies were decapitated to eliminate escape following recovery
containing 5ml of food. Fourteen days after egg collectionfrom anesthesia.) The flies were dried at 60°C for 1h and
adults were transferred to Plexiglas cages; 3—4 days later, eggsighed again. Females used in the experiments involving
were collected from these adults for rearing of the nex#-day-old, mature adults were maintained in food vials until
generation. Two days prior to egg collection, flies were giveld4 days following the egg stage, at which time each was
a boost in nutrition by the addition of a yeast paste to themnesthetized with Cfand treated according to the protocol
regular food. Throughout development, flies were &l used for the younger flies. At each prescribed time point, the
libitum and maintained at 25°C and under conditions of 24 kvet body mass and dry body mass of 10 adults from each
light. Only females were used in all assays to eliminat@opulation were measured. Water content and percentage body
differences due to gender. Unless noted otherwise, experimentater were calculated as described above.
on adults were performed on females that had been permitted
to develop for 14 days following the egg stage, at which time  Blotting technique to measure hemolymph volume
the average female is a 4-day-old, mature adult. Ten 4-day-old, mature adult females from each of the five
, ) o C and five D populations were anesthetized with, @@d
Gravimetric method of estimating body water weighed. The abdomen of each was gently torn with surgical
Third-instar larvae and wanderers forceps. Hemolymph was blotted from the abdominal opening
Male larvae have relatively large, ovoid gonads that argvith a Kimwipe that had been slightly moistened with isotonic
visible through the integument and can be used fosaline (250 mosmott) (Singleton and Woodruff, 1994). Each
identification and culling of this gender. (Prior to ourfly was then reweighed, dried for 1h at 60 °C and weighed a
experiments, we ran trials in which we culled alleged mal¢hird time. Hemolymph volume was estimated by determining
larvae, allowed the remaining larvae to develop and thethe reduction in mass following hemolymph blotting
determined the gender of the adults. We had 100 % accura¢Richardson et al., 1931; Wall, 1970; Nicolson et al., 1974;
in culling out males.) On approximately day 4 after the eggohen et al., 1986). Percentage total body water attributable to
stage, third-instar female larvae were collected; femal@emolymph volume was also estimated.
wanderers (i.e. late third-instar larvae that ‘wander’ up the
inner surface of food vials prior to pupation) were collected Desiccation performance assay
1 day later. To remove adhering particles of food, each larva Four 4-day-old, mature adult females were briefly
was briefly rinsed in isotonic saline (350 mosm¥l bnd then  anesthetized with Cand transferred to an empty 30g vial.
blotted on an absorbent tissue for approximately 3-5s (RizkA foam stopper was placed approximately 3cm down into the
1978). Each was then weighed on a Cahn 29 automatigal, and approximately 4.5g of Drierite was placed on top of
electrobalance (Cerritos, CA, USA), dried at 60 °C for 1 h, andhe stopper. The open end of the vial was then sealed with
reweighed. Wet body mass and dry body mass were measuredrafiim. C flies were checked hourly for mortality, while D
in 10 third-instar larvae and in 10 wanderers from each of thiies were checked every 4 h. Mortality was determined by the
five C and five D populations. The mass of total body wateinability of the flies to resume an upright position after the vial
was calculated by subtracting dry mass from wet mass. Bodyad been shaken. Desiccation-resistance was expressed as
water was also expressed as a percentage of wet mass.  survival time (h) during dehydration and was estimated for 40
flies (10 vials, each containing four flies) from each C and D

Pupae population.
Five days following egg collection, third-instar female
larvae were identified, placed into fresh food vials and allowed Carbohydrate assay

to continue development for a further 3 days. At that time, the A modification of the colorimetric method of carbohydrate
pupae were carefully scraped from the inner vial surface usingktraction (Djawdan et al., 1998) was used to measure the
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carbohydrate content of five fly samples from each of the 1 24
populations (@&-Cs and D—Ds). Prior to sample preparation,

4-day-old adult females were anesthetized with,&itied for 21
45min at 60°C and then weighed to obtain dry mass. Eac 18

sample was prepared by grinding five flies in 0.5 ml of distillec ?

water for 1.5min using a battery-operated, handheld Konte L5

grinder. The homogenized samples, contained in 1.5n T 12| ---Cflies wet mass
. . . . Q ——D flies wet mass

microcentrifuge tubes, were placed in a boiling water bath fo &% "= -Cflies dry mass

20 min. Part of the sample (0.1 ml) was then added to 3ml ¢ é 091 _4 Dflies dry mass

anthrone reagent (150mg of anthrone per 100ml of 729 0.6
sulfuric acid). This solution was incubated in a water bath &

90°C for 20min, and absorbance was measured at 620ni 0.3
Carbohydrate concentration was estimated from a standa Ward 5 N e
; ; anderers Pupae ewly ults
curve prepared using known concentrations of glycogen. eclosedadiits  (day 4 of
adult life)

Statistical analyses

Differentiation between the C and D fly groups in WetFig. 1. Comparison of wet and dry masses of desiccation-selected

mass, dry mass, absolute and percentage body water conteﬂles (D flies) and their controls .(C flies) at four ph.ases of
development. Values are means of five populations from either the C

absolute hemolymph volume, pOSt'eCIO,S'on Water. volume. 8o D selection treatments s£.m. The asterisk denotes a significant
carbohydrate content was analyzed using analysis of varianjtterence between the C and D flies, which was observed only in
(ANOVA) with  Bonferroni correction for pairwise et mass at 4 days post-eclosi®x.001).
comparisons of means (SYSTAT Software). Because eac
Cn—Dn population pair shared ancestry (and populations wer
maintained as pairs throughout selection), common ancestfiyes within the four developmental phases examined:
was treated as a block in the ANOVAs. Blocks were treated aganderers, pupae, newly eclosed adults and mature 4-day-old
random effects, while selection treatment and developmentabults P=0.35, Fig. 1). Both C and D fly groups showed
phase were treated as fixed effects. Percentages waegignificant gains in dry massP<€0.001, both groups) as
transformed to arcsine values prior to inclusion in ANOVAs.wanderers metamorphosed into pupae and showed significant
To meet the assumptions of normality and homoscedasticitjgsses of dry mass$P€0.001, both groups) as young adults
hemolymph volume data were log-transformed. emerged from their puparia. Dry mass in all populations
Change in water content of the C and D fly groups duringncreased significantly P<0.001, both groups) as growth
the 4h post-eclosion period was analyzed using lineazontinued over the 4 days following eclosion.
regression. Each point in the regression represented the meaWithin the wanderer, pupal and immature adult phases, C
from either all five C or all five D populations (i.e. five and D flies did not differ in wet mas®x0.08, Fig. 1). As
populations per selection treatment). Correlations betweetievelopment proceeded within the C and D fly groups from
survival time during desiccation and hemolymph volumewanderer to pupa and then to newly eclosed adult, wet mass in
intracellular water volume and carbohydrate content, as wel and D flies declined steeply (by approximately 40 % for all
as correlations between carbohydrate content and hemolymfiles), primarily as a result of net water loss. Both groups had
and intracellular water volumes, were calculated using lineasignificant gainsF<0.001) in wet mass between eclosion and
regression. Each point in the regressions represented the meadays post-eclosion as a result of both an increase in dry mass
estimated from 10 individuals from each of the five C and fivand water accumulation. The wet mass of mature 4-day-old D
D populations. A two-tailed, paired Studenttest was used flies was significantly greateP€0.001) than that of C flies.
to examine carbohydrate content, normalized by total dry mas®n average, mature D-selected flies had an approximately
between C and D adult flies. The significance level for analysexl % greater wet mass than the non-selected flies.
was 0.05.
Total body water volume during development
There was no difference between the C and D flies in total
Results body water content at the wanderer, pupal and newly eclosed
To eliminate potential parental and grandparental effects, adldult stagesR=1.0). A significant increase in total body water
flies used in experiments were released from laboratory the D flies, relative to the C flies, was detected only in 4-
selection and reared under identical conditions for twalay-old adults®P=0.001).
successive generations. Offspring from the second-generationSignificant changes in total body water content were

parents were used in all experiments. observed between successive phases of development within the
C and D populations. Total body water declined significantly
Dry and wet masses (P<0.001, both groups) between the wanderer and pupal stage.

Dry mass did not differ significantly between the C and DOnly in the D flies was a significant increade<@.001)
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larvae @ days (10 min  of adult life) Fig. 3. Total body water volume measured at 10 min, 1 h, 2h and 4h
after hatching) post-eclosion) following eclosion. The slopes of the regressions were not

) ) . . significantly different from zero for either the C flié%=0.36) or the
Fig. 2. Comparison of percentage body water content of desiccatiop fjies (P=0.98). Values are meanss£.u. of five populations from
selected flies (D flies) and their controls (C flies) at five phases (jiher the C or D selection treatments.
development. Values are means of five populations from either the
or D selection treatments &£.M. The asterisk denotes a significant
difference between the C and D flies in percentage body watej dry mass in both groups as larvae metamorphosed into pupae
which was observed only at 4 days post-eclositi0(001). (Fig. 1). Unique to the D flies was a significant increase

(P<0.001) in percentage body water during the period between

observed as newly eclosed, immature flies matured into 4-dathe pupal and the newly eclosed adult stages. While both body

old adults. water volume and dry mass were lost between the two stages,
_ the proportion of dry mass (0.40) lost was almost twice that of
Percentage body water during development water (0.21), resulting in an overall increase in percentage

The percentage of total wet mass attributable to watehody water in the D flies.
expressed as percentage body water, was compared between
the C and D flies during the four phases of development Total body water post-eclosion
mentioned above and in non-wandering third-instar larvae. The data did not support the hypothesis that a reduction in
Measurements of non-wandering third-instar larvae were madeinary water loss at eclosion is a mechanism by which the
4 days after egg hatching. We could not be certain that the @esiccation-resistant populations differentially retain more
and D larvae developed at the same rate and were, therefobedy water. The rate of change in body water volume during
at exactly the same developmental phase. We have therefdhe period between 10min and 4h post-eclosion was not
decided to include the non-wandering third-instar larvae onlgignificantly different from zero for either the C and or the D
in the estimation of percentage body water. Percentage bodyoup £=0.36 andP=0.98, for C and D flies, respectively,
water was not significantly differenP$0.70) between the C Fig. 3). The C flies showed an average net loss of|0.08
and D flies during all stages prior to mature adults (Fig. 2)water, while the D flies showed an average net gain of0.03
Differentiation in percentage body water was observed only ivhich represents a change of only 3.7 % in total body water
mature, 4-day-old adult$€0.001), at which time percentage volume in both fly groups over the entire 4h period. In
body water content was approximately 66 % in the C flies andddition, the C and D populations did not differ significantly
73% in the D flies. Differentiation in percentage body watein body water volume at 10min, 1h, 2h or 4h following
between mature C and D flies was primarily a result of @&closion P=0.28).
significant increase in total body water volume in the D flies
and was not due to differences in dry mass between the two Hemolymph volume in C and D flies
fly groups. The hemolymph volume in desiccation-resistant flies

A significant change in percentage body water betwee(D.323+0.02711) was significantly greater than that of
successive phases of development within the C and D figontrol flies (0.078+0.008l, means 1s.e.m., N=10 flies per
groups was observed only at one stage within the C groupopulation,P<0.001). On average, D flies had 3.37+0.135
percentage body water decreased between the wanderer d@mdes (mean 1s.0.) more hemolymph than did C flies. The
pupal stagesR<0.001). A significant decreas®<0.001) in mean percentage of total body water contained within the
percentage body water was also observed in the D flies duritngmolymph pool ranged from 6 to 10 % in the C population
this same period. This decline in both fly groups resulted frommnd from 18 to 27% in the D population. Calculated
a decrease in absolute water volume and a concurrent incre@se [(Dhw—Cnv)/(Dtotalbw—Ctotaibw)100], we estimated that
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Fig. 4. Only a weak relationship was observed between survivéFig. 5. A strong relationship was observed between survival during
during desiccation and intracellular water volume?=(.34, desiccation and hemolymph volumé=0.85,P=0.0002). Each filled
P=0.054). Each filled circle represents the meas.gém.) from one  circle represents the mean values(m.) from one of the five D

of the five D populations, while each open circle represents the meipopulations, while each open circle represents the meare.(t)

(* seM.) from one of the five C populationdN£10 flies per value from one of the five C populatio$=10 flies per population).

population). Hemolymph data were log-transformed prior to statistical analyses.
approximately 68 % of the ‘extra’ body water (bw) volume 0.4
in the D flies could be accounted for by the increase i
hemolymph volume (hv). =7 03 *
§8 o3
Water partitioning and resistance to desiccation § > 0.5
There was a significant relationship between total bod %% '

water volume and tolerance to desiccati®nQ.00042=0.78, 55 99
y=90.74-70.85). We found a weak relationship between 'g“'c» 0.154
intracellular water content (calculated as total body wate % €
minus hemolymph volume) and desiccation-resistanc O & 0.11
(r2=0.34,P=0.054, Fig. 4). While intracellular water was only = 0.05;
mildly related to desiccation-tolerance, the relationshif 0
between extracellular water content, namely hemolympl C populations D populations

volume, and desiccation-resistance was highly significar*,;

. ig. 6. Comparison of carbohydrate level adjusted for total dry mass
(P=0.0002,r2=0.85,y=59.7% —146.3, Fig. 5).

between C and D populations at 4 days post-eclosion. Values are
means 1s.E.M. of five populations from either the C or D selection

Carbohydrate content treatments. The asterisk denotes a significant difference between the
When compared with control populations, the desiccationC and D flies in carbohydrate conteRt(.02).

resistant populations had more absolute carbohydrate per -

(P<0.001) and more carbohydrate adjusted for total dry mass

(P=0.02, Fig. 6). The C and D populations had an average ¢f°=0.35, P=0.074). In contrast, there was a significant
94pug and 16§1g carbohydrate per fly, respectively. Among correlation between hemolymph volume and carbohydrate
the five D-selected populations, the relationship betweeftores P=0.03,r?=0.48,y=3.71x+2.63).

desiccation-resistance and proportional carbohydrate content

(calculated as carbohydrate content/dry mass) was significant

(P=0.032,r2=0.77,y=6473x+41.39, Fig. 7). Our data suggest Discussion

that, in the desiccation-tolerant flies, the ability to endure Body water volume and wet mass

bouts of dehydration was correlated with carbohydrate It has been hypothesized that, relative to the control flies,
content. desiccation-selected flies have a slightly slower growth rate

While the correlation between carbohydrate stores (adjusteathd a longer egg-to-adult developmental time, which
for dry mass) and total body water volume among the Qurportedly lead to greater accumulation of resources
and D populations was significanP<0.004, r2=0.67, y= (including water) during larval development and result in
1.8%+0.83), a significant relationship was not found betweeirneavier adults (Chippindale et al., 1998). It has been further
the intracellular water volume and carbohydrate contenproposed that females, in particular, respond to selection for
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75- adulthood. We noted that flies from our laboratory-selected
- populations were capable of flight within 2 h following adult
< 70 eclosion; hence, we predicted that diuresis would not continue
5 past 4 h post-eclosion.
S 654 Flies from the C populations experienced a slight loss of
é water only between 1 and 2 h after eclosion. The gut contents
> 601 (i.e. meconium) were generally voided within 2h following
= adult emergence from the puparium. Urine mixed with
g 55 meconium may result in a slight loss of water when the
2 meconium is voided (Nicolson, 1976). The D flies had a very
5; 50 + slight loss of water during between 1 and 4h post-eclosion.
Despite the slight decline in body water volume, neither group
45 , , , , , of flies had a statistically significant net change in body water
015 020 025 030 035 04 content over the entire 4 h period (Fig. 3). Hence, we found no
Carbohydrate content (mg mdotal dry mass) evidence of significant post-eclosion diuresis in the C or D

Ropulations ofDrosophila melanogastemDiuresis following
adult ecdysis in drosophilids has not been carefully examined,
and it may not occur in this group. We suggest that the water

Fig. 7. The relationship between mean survival during desiccatio
and mean carbohydrate content adjusted for total dry mé&&77,
P=0.032). Each point is the mean values(gm.) from one of the

five desiccation-selected populatiohs=(0). loss fqr subsequent flight may occur during the larval—pupal
transition.
enhanced desiccation-resistance by increasing pre-adult Dry mass, lipid and carbohydrate

growth and resource acquisition. In the present study, we The chief metabolic storage product in the C flies is lipid,
examined differentiation in body water volume and total wetvhereas the D flies store metabolic reserves primarily as
mass (a measure of body size) between C and D females duriceybohydrate (Djawdan et al., 1998). In 1988,s@nd D5
development. populations were derived from five populations (i.e-gDof

In the late larval phase, the total body water content and wé&trosophila melanogastethat had undergone selection for
mass of the C and D wanderers did not differ. We concludpostponed senescence since 1980 (Rose et al., 1990; Rose et
that the D larvae do not acquire ‘extra’ water that could theal., 1992). The O populations have responded to selection for
be carried into adulthood. Percentage body water (76—79 %lelayed aging by increasing both lipid stores and glycogen
was also undifferentiated between the C and D larvaeontent. In addition, the C populations have endured mild
suggesting that proportionality of water content and dry masstarvation-selection (during the treatment regime, C flies are
does not differ between the two fly groups during larvabprovided with water but not food), which also results in an
development. We examined body water in pupae, in immatuiecrease in lipid storage iDrosophila melanogasteService,
adults at various times following eclosion (see below) and i1987). The lipid-dense phenotype in the C flies represents both
mature adults at 4 days (96 h) post-eclosion. Differentiation ithe ancestral response to selection for postponed aging and a
body water between the C and D flies occurred only in theesponse to mild starvation-selection.
mature adults. We established posteriori that the period In contrast, laboratory selection for enhanced desiccation-
between 4 and 96 h following adult ecdysis was the criticatesistance has resulted in a variant phenotype in which
period during which body water content diverged between thearbohydrate stores are greatly increased. Our results support

C and D adults. the hypothesis that the accumulation of carbohydrate is an
. _ evolutionary response to desiccation-selection of our five
Body water volume following eclosion desiccation-tolerant  populations because resistance to

In some holometabolous insects, large volumes of urine adehydration was significantly correlated with carbohydrate
eliminated during the hours following eclosion, resulting in acontent (Fig. 7). The consistency of the response within all the
significant reduction in hemolymph volume prior to first flight. D populations suggests that preferential storage of
Isolated Malpighian tubules @frosophila melanogastexdult ~ carbohydrates as metabolic fuel plays a role in desiccation-
females are capable of high rates of fluid secretion (Dow et atesistance. The mechanistic link between carbohydrate storage
1994), and we anticipated that the C and D populations woulaind tolerance to desiccation remains unclear.
void significant amounts of urine following eclosion. We
hypothesized that a dampening of post-eclosion diuresis might Carbohydrate and water content in desiccation-resistant
be a mechanism for the differential water retention observed Drosophila melanogaster
in the desiccation-resistant populations compared with the Individual D flies have, on average, approximately 80 %
control populations. Such a diminution in water loss mightmore carbohydrate than control flies. Various studies have
provide the D flies with a greater blood volume and arsuggested that the primary carbohydrate involved is glycogen
enhanced ability to resist stress of desiccation early i(Graves et al., 1992; Gibbs et al., 1997; Chippindale et al.,
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1998; Djawdan et al., 1998). Glycogen can bind 3-5 times itsan be removed and redistributed to cells. Yet removal of only
weight in water (Schmidt-Nielsen, 1997). Although the exactvater from the hemolymph would increase the osmotic
water-to-glycogen ratio in our populations has not beepressure as solutes became more concentrated. Hence,
established, it has been proposed that water of hydrationsmotically active solutes must be removed from the blood to
released during glycogenolysis, may help to maintain watenaintain a constant osmotic pressure if the volume is reduced.
balance during desiccation. In the present study, we examineThree general strategies are employed by insects during
this hypothesis further. bouts of desiccation: (i) toleration of the fluctuations in blood
Djawdan et al. (Djawdan et al., 1998) examined theosmotic pressure (simply ‘wait-it-out’), (i) excretory
evolution of lipid and carbohydrate storage in the C and D fliesegulation of blood osmotic pressure with the excretion of
and found that all five D populations traveled along the samsolutes as hemolymph volume is reduced and (iii) internal
evolutionary pathway, that of accumulating carbohydratesegulation of blood osmotic pressure during which solutes are
while reducing lipid content. It has been proposed that, bgequestered within the insect as blood volume declines (Wall,
increasing glycogen stores, the desiccation-resistant flie970; Arlian, 1979; Nicolson, 1980; Cohen et al., 1986; Naidu,
augment intracellular water volume. We observed that th&998). Of the two osmoregulatory strategies, the former is
desiccation-resistant flies had a significantly greatemore disadvantageous because solute removal is irreversible.
intracellular water volume than the C flies (data not shownThe animal must feed to replace excreted solutes.
P=0.03). However, we did not find a strong relationshipOsmoregulation of hemolymph coupled with internal storage
between intracellular water volume and carbohydrate contewnf osmotically active solutes allows blood osmotic pressure to
among the C and D populations. Furthermore, when weemain relatively constant despite significant reductions in
regressed resistance to desiccation against water volume withiolume, and then, upon rehydration, solutes can be transported
the cells, we found only a weak relationship (Fig. 4). Thdrom the storage sites and back into the blood. The insect is
absence of a strong correlation between carbohydrate level (#@sis freed from the necessity of finding a solute-laden resource.
well as desiccation-resistance) and intracellular water volume
led us to re-evaluate the assumption that glycogen is the Body size, water content and storage of metabolic fuel in
primary carbohydrate responsible for enhanced desiccation- Drosophila melanogaster
resistance. In response to selection for enhanced desiccation-resistance,
Although carbohydrate content and intracellular watemll five D populations have evolved a larger body size, increased
volume were not significantly correlated, we found thatwhole-body water content and elevated carbohydrate content.
carbohydrate content was strongly correlated with extracellularhere is evidence from other studies@msophilathat these
water, namely hemolymph volume. These results suggest thigiatures are genetically correlated (Clark and Doane, 1983;
the desiccation-resistant flies are accumulating (in addition tGlark et al., 1990) and may, therefore, be constrained to covary
glycogen) additional carbohydrate, which may be in thd¢o some degree in response to selection.
hemolymph. Trehalose is the most common sugar in insect Clark et al. (Clark et al., 1990) subjected a large outbred
blood (Chapman, 1998). It is also an important osmolyte angopulation ofDrosophila melanogasteto artificial selection
carbohydrate reserve. We posit that a portion of the largen lipid storage. The response to selection on lipid stores was
carbohydrate stores found in the desiccation-resistant flies magnfounded by an unexpected allometric relationship between
be trehalose. The desiccation-resistant flies have a hemolymifipid content and body mass, i.e. body size decreased when the
volume that is, on average, more than 300 % greater than tharcentage of body mass composed of lipid increased. A
of the C flies, so the increase in carbohydrate content in the fl@gression of lipid content on body mass resulted in a slope of
flies may reflect, in part, an increase in blood trehalose conteleiss than 1, indicating that, as body mass increased, the
in these flies. Precise measurement of trehalose and glycogamportion that was lipid decreased. A possible explanation for
levels in flies from both treatments will require the covariance of lipid level and body size is that larger flies
development of enzymatic procedures for analyzing intra- angenerally carry more water, and it has been shown that water
extracellular compartments. We are currently developing suckholume is inversely proportional to lipid contentinosophila
techniques for our future studies. (Clark and Doane, 1983; Clark et al., 1990). An inverse
relationship between body water volume (high) and lipid
High blood volume: implications for osmoregulation in  content (low) was found in our desiccation-resistant flies. If the
desiccation-toleranDrosophila melanogaster D flies respond to desiccation by increasing their water content,
The mature D-selected adults had 34 % more water volumege they constrained to reduce lipid content? Reductions in the
than the C-selected flies. Approximately two-thirds of thisstorage of calories as lipid may, by necessity, lead to a
‘extra’ water volume in the D flies was located in thesignificant increase in the storage of calories as carbohydrate.
hemolymph. During periods of dehydration, intracellular water It is interesting to note that the characters that have evolved
volume must be maintained. Excessive cellular water lossnder laboratory selection for enhanced desiccation-selection
can cause irreparable damage to and precipitation @fre not always identical to those that have differentiated in wild
macromolecules, resulting in cell death (Hadley, 1994). Theopulations from habitats varying in temperature and humidity
hemolymph presumably acts as a reservoir from which watéGibbs, 1999; Harshman and Hoffman, 2000). However, a
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positive correlation between body size and desiccatiorHarshman L. G. and Hoffman, A. A. (2000). Laboratory selection
tolerance has been found in wild populations of various €xperiments usingrosophila what do they really tell usPrends Ecol.

d hilid . includi hil | i Evol. 15, 32-36.
rosophilid species, includingDrosophila melanogaster ofman A A. and Parsons, P. A(1993). Direct and correlated responses

(Karan et al., 1998; Parkash and Munal, 1999). to selection for desiccation resistance: a comparisonDiafsophila
melanogasteandD. simulansJ. Evol. Biol.6, 643-657.
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