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1  | INTRODUC TION

An important focus of evolutionary research has been the elucida-
tion of how phenotypes affect survival and reproduction (e.g., see 
Abrahamson & Weiss,  1997). Differential survival that results from 
phenotypic differentiation should then lead to changes in the genetic 

structure of populations (Lewontin, 1974). Making the connection be-
tween genes and phenotypes has been one of the more difficult chal-
lenges in evolutionary biology except for traits under simple genetic 
control. Advances in DNA sequencing technology have now made it 
possible to follow changes in the entire genome due to selection es-
pecially in laboratory-selected populations (Schlötterer et al., 2014).
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Abstract
A collection of forty populations were used to study the phenotypic adaptation of 
Drosophila melanogaster larvae to urea-laced food. A long-term goal of this research is 
to map genes responsible for these phenotypes. This mapping requires large numbers 
of populations. Thus, we studied fifteen populations subjected to direct selection for 
urea tolerance and five controls. In addition, we studied another twenty populations 
which had not been exposed to urea but were subjected to stress or demographic 
selection. In this study, we describe the differentiation in these population for six 
phenotypes: (1) larval feeding rates, (2) larval viability in urea-laced food, (3) larval 
development time in urea-laced food, (4) adult starvation times, (5) adult desiccation 
times, and (6) larval growth rates. No significant differences were observed for desic-
cation resistance. The demographically/stress-selected populations had longer times 
to starvation than urea-selected populations. The urea-adapted populations showed 
elevated survival and reduced development time in urea-laced food relative to the 
control and nonadapted populations. The urea-adapted populations also showed re-
duced larval feeding rates relative to controls. We show that there is a strong linear 
relationship between feeding rates and growth rates at the same larval ages feeding 
rates were measured. This suggests that feeding rates are correlated with food in-
take and growth. This relationship between larval feeding rates, food consumption, 
and efficiency has been postulated to involve important trade-offs that govern larval 
evolution in stressful environments. Our results support the idea that energy alloca-
tion is a central organizing theme in adaptive evolution.
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Recent research has shown inferring gene–phenotype relation-
ships requires a large number of independent populations to achieve 
adequate statistical power (Baldwin-Brown et  al., 2014; Mueller 
et al., 2018). Most experimental evolution studies utilize just 6–10 
independent populations. In this study, we have assembled a collec-
tion of forty independent populations to measure important phe-
notypes. We assessed the phenotypic differentiation that occurs in 
populations adapted to urea. Our results allowed us to determine 
the extent to which populations that have been selected for stress 
resistance or age-at-reproduction show correlated changes in the 
same phenotypes. Future work will collect genomic data from these 
forty populations to make gene–phenotype inferences.

The 40 study populations can be broken into three different cat-
egories. (a) Fifteen populations studied have been directly selected 
for tolerance to high levels of urea in their larval food. An additional 
five populations served as their direct controls. This group of twenty 
populations will be referred to as the urea selection populations. 
(b) Another 10 populations were derived from populations selected 
for late reproduction, five were subjected to desiccation stress and 
five served as controls under mild starvation stress. This collection 
of 10 populations will be referred to as the stress-selected popu-
lations. (c) Finally, 10 populations were selected for late reproduc-
tion. These populations will be referred to as the demographically 
selected populations.

Selection for reproduction at later ages results in increased lon-
gevity as well as changes in a number of correlated traits (Partridge 
& Fowler, 1992; Service et al., 1985). Service et al.  (1985) showed 
that populations selected for reproduction at later ages also showed 
increases in adult starvation resistance, desiccation resistance, and 
ethanol tolerance. Further evidence of these correlations came from 
populations directly selected for desiccation resistance and starva-
tion resistance that also exhibited correlated increases in longevity 
(Rose et al., 1992). The stress-selected populations may show high 
levels of starvation resistance and desiccation resistance due to 
their derivation from populations selected for postponed selection 
or their direct history of desiccation selection. The demographically 
selected populations would be expected to show stress resistance 
due to selection on these correlated traits. It is unclear whether lar-
val stress selection will affect adult stress traits. We test that possi-
bility here with the urea-adapted populations.

Evolutionary studies using the model organism Drosophila 
melanogaster have often focused on the evolution of adult traits 
like behaviors (Mery & Kawecki, 2003), heat tolerance (Gilchrist & 
Huey,  1999), desiccation tolerance (Gibbs et  al.,  1997), starvation 
tolerance (Chippindale et  al.,  1996), and age-specific survival and 
fecundity (Rose, 1984). A number of studies have examined the evo-
lution of larval phenotypes like competitive ability (Mueller, 1988a), 
urea and ammonia tolerance (Borash et al., 2000), parasite tolerance 
(Fellowes et al., 1999), and low nutrition (Kolss et al., 2009). A com-
mon adaptation among the studies of larval adaptation is the evolu-
tion of larval feeding rates. Thus, crowded larval conditions result in 
the increase in larval feeding rates (Joshi & Mueller, 1988; although 
see also Nagarajan et al., 2016), while stresses like food laced with 

ammonia or urea (Borash et al., 2000) and larval parasites (Fellowes 
et al., 1999) result in decreased feeding rates.

Feeding rates have been shown to be correlated with larval com-
petitive ability (Burnet et al., 1977). However, Drosophila larvae can 
evolve increased competitive ability without changing their feeding 
rate in certain environments (Nagarajan et al., 2016). There is also 
evidence that the rate at which food passes through the larval ali-
mentary tract is proportional to the feeding rate (Burnet et al., 1977). 
Furthermore, larvae with very high feeding rates are less efficient 
than slower feeding larvae—that is they require more food to suc-
cessfully pupate (Joshi & Mueller, 1996; Mueller, 1990). These find-
ings suggested that energy trade-offs may be driving the evolution 
of feeding rates (Mueller & Barter, 2015). An important foundation 
for theories of life-history evolution is the concept of trade-offs 
(Cody,  1966; Dudley & Schmitt,  1996; Gadgil & Bossert,  1970; 
Sinervo, 1990; Stearns, 1992). Cody (1966) originally developed the 
idea that an organism limited energy budget determined the cur-
rency of these trade-offs. This idea was sufficiently powerful that 
entire fields, like optimal foraging, are based on the idea of maxi-
mizing energy intake (Charnov,  1976; MacArthur & Pianka,  1966). 
Adaptation of Drosophila larvae to stress offers rich experimental 
system to illustrate this idea.

Mueller and Barter (2015) suggested that in toxic food envi-
ronments, a reduction in feeding rates would reduce the intake of 
toxins while increasing the efficiency of energy extraction from the 
food consumed. This would allow the larvae to route the extra en-
ergy they get from enhanced efficiency to detoxification. This the-
ory hinges on the implied relationship between feeding rates and 
food consumption. This relationship has been called into question 
by Kaun et al. (2007) who found a weak positive but nonsignificant 
correlation between feeding rates and food consumption (see also 
Brown et al., 2019). In normal, nontoxic food, slowly feeding larvae 
should be below their optimum feeding rate, as measured by energy 
gained per unit time, and thus would be expected to grow more 
slowly than faster feeding larvae. We tested that prediction by mea-
suring feeding rates and larval growth rates of all forty populations.

2  | MATERIAL AND METHODS

2.1 | Populations

Forty populations were used in this study from three different 
categories. The urea selection populations consisted of UX, RUX 
(reverse-selected UX), and UTB selected for urea resistance and the 
control AUC (urea control). The stress-selected populations con-
sisted of the TDO (desiccation selected) populations which were 
originally selected for desiccation resistance in 1988 and the control 
TSO (desiccation controls) populations (Rose et al., 1992). The TSO 
populations experienced mild starvation selection. In 2005, the TSO 
and TDO populations were relaxed from selection and maintained on 
a 21-day culture regime. At the time of these experiments, the TSO 
and TDO populations had been removed from selection for about 
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243 generations (Figure  1). The demographically selected popula-
tions consisted of the five CO and five nCO (new CO) populations. 
All populations are derived from an ancestral “IV” population col-
lected from South Amherst, MA in 1975 by Philip Ives (Rose, 1984, 
Figure 1). After four and a half years of laboratory culture, the B1–5 
populations (baseline, 14-day generation cycle) and O1-5 populations 
(70-day generation cycle) were derived from the single IV popula-
tion in 1980 (Rose, 1984; Rose et al., 2004). The CO1–5 populations 
(28-day generation cycle) were derived from the O1–5 populations 
in 1989 (Rose et al., 1992). The nCO populations are a more recent 
creation of the CO selection regime.

All populations were maintained on a banana molasses food 
(Rose, 1984) at 25°C (24 hr light), at an uncontrolled humidity, and 
having a generation time of approximately 3–4 weeks. All selection 
regimes are fivefold replicated, uncrowded as larva (60–80 eggs per 
8-dram vial), with emergent adults kept at a low density of approx-
imately 50–60 flies per 8-dram vial, and transferred to a cage en-
vironment after 14 days of development from egg. Fresh food was 
provided in these cages about every other day for approximately 
1 week. Effective population sizes in our experimental populations 
have an estimated range from 700–1,000 (Mueller et al., 2013) and 
are maintained at large breeding population sizes (≥1,000), with dis-
crete generations.

The UX and the UTB populations were subjected to selection for 
increased larval tolerance to the presence of toxic levels of urea in the 
food for 382 and 98 generations respectively. Both selection regimes 
ultimately trace their ancestry back to the B populations (Figure 1). 
The level of urea was increased every few generations, when it was 
observed that a great proportion of larvae were surviving to adult-
hood. The final urea levels were 0.27 M. The urea-tolerant (UX) and 

unselected controls (AUC) were derived in the fall of 1996. Both sets 
of populations were derived from the five UU populations, which had 
a 3-week generation time, and were reared at low larval and adult 
densities (Figure 1). The UU populations were derived in 1990, from 
the Rose B populations (Chippindale et al., 1994, 1996; Rose, 1984). 
The RUX is a reverse-selected line of the UX. The RUX populations 
have been in a control environment for 100 generations (Figure 1). 
The UTB line was created in October 2013 (Figure 1). The AUC, RUX, 
UX, and UTB lines are all 21-day cycle flies. The TSO, TDO, nCO, and 
CO selection regimes did not include urea and were developed inde-
pendently of the urea-selected lines and their control.

For every assay, eggs were collected from the eight population 
types and passed through two generations of common, standard 
conditions—low larval density, 1,000 adult density, discrete gen-
eration times, 24-hr light cycle, and regular banana molasses food 
(Bitner et al., 2020).

2.2 | Feeding rates

Feeding rates were collected on all 40 populations. Eggs were col-
lected from adults who had undergone a two-generation stand-
ardization procedure. To measure the feeding rate, individual 
larvae around 48 hr old were gently moved onto a 3% agar coated 
with a 10% live yeast suspension. The larva was given 60 s to ad-
just to the new surroundings, and the sclerite retractions were 
recorded for 60  s. A total of twenty-five larvae per population 
were individually measured this way. This procedure for measur-
ing sclerite rates is similar to Sewell et al. (1975) and described in 
Joshi and Mueller (1988)

F I G U R E  1   The phylogeny of 
laboratory-selected populations used in 
this study. A selection regime is noted 
by a name like nCO or CO and each 
of these consists of five independent 
replicates. The numbers indicate the 
number of generations each selection 
regime has passed through at the time 
of the experiment. Solid black horizontal 
lines indicate populations on a three-
week generation cycle. Dashed horizontal 
lines indicate populations on four-week 
generation cycles. Red lines indicate 
populations with urea added to the larval 
food. Blue lines indicate populations not 
studied in this experiment
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The feeding rates were measured in two blocks. The TSO popu-
lations were measured in each block and thus served as a reference. 
Feeding rates were standardized in each block as the difference from 
that block's TSO mean feeding rate. With this standardization, we let 
yijk be the feeding rate difference for selection regime i (i = 1,…,7, 
since TSO is now used as a reference), population j ( j = 1,…,35), and 
individual k (k = 1,…,25). The linear mixed effects model for yijk is, 

where δi = 0, if i = 1, and 1 otherwise, Bj and εijk are independent nor-
mally distributed random variables with zero mean and variances �2

B
 

and �2
�
. Random variation due to drift, founder effects, and handling of 

individual populations is reflected in Bj, random variation between indi-
vidual feeding rate measurements is measured by εijk. The model was an-
alyzed with the linear mixed effects R function lme (R Core Team, 2017). 
Pairwise differences were evaluated after adjusting for multiple com-
parisons using Tukey's method implemented by the R function lsmeans.

The UX, RUX, and UTB populations all have a current or past 
history of being raised as larvae in food with urea. Previous research 
has demonstrated that feeding rates decline as populations adapt to 
urea (Borash et al., 2000). We were interested in testing the feed-
ing rates of these three selection regimes as a group, and our initial 
statistical analysis showed no significant differences between UX, 
RUX, and UTB feeding rates. Thus, we pooled the feeding rate mea-
surements for all 15 UX, RUX, and UTB populations into one urea 
population and repeated the analysis as described above comparing 
the pooled urea-selected populations to the AUC control.

2.3 | Starvation and desiccation

Individual female flies were collected from the eight selection re-
gimes, a total of 30 flies per replicate per assay (150 flies per se-
lection regime for one assay). Each fly was placed into a straw with 
pipette tips on both ends. The straws were wide enough for the flies 
to be able to move from one end to the other. The flies selected for 
the starvation assay were placed into straws with 3% agar while the 
flies selected for the desiccation assay were placed into straws with 
desiccant separated by cheese cloth. The cheese cloth functioned 
to prevent direct contact between the flies and desiccant. Flies sub-
jected to desiccation were checked hourly, and flies undergoing star-
vation were checked every 4 hr.

Time to death by starvation and desiccation was collected on a 
total of eight selection regimes. We can let the desiccation (or starva-
tion) time for selection regime i (i = 1,…,8), population j (j = 1,…,40), and 
individual k (k = 1,…,30) be yijk. The linear mixed effects model for yijk is,

where δi = 0, if i = 1, and 1 otherwise, Bj and εijk are independent nor-
mally distributed random variables with zero mean and variances �2

B
 

and �2
�
.

2.4 | Viability versus food type

The viability experiment started with 50 first instar larvae. However, due 
to the size of this experiment and technical difficulty of counting out 
exactly 50 larvae, the actual number of larvae put in each vial is more 
properly thought of as a random variable which could be both higher or 
lower than 50. Thus, in this analysis, we have analyzed the total number 
of larvae that survived to become adults under the assumption that the 
mean number of input larvae was the same in all treatments.

Larvae were raised under two experimental treatments, a control en-
vironment with regular food and an experimental environment of food 
with added urea (0.22 M urea). Ten vials were used per population per 
environment, for a total of 20 vials per population. Each vial was pro-
vided 50 first instar larvae. The total number of larvae which successfully 
eclosed as adults was recorded. Ultimately, we are interested in testing 
the effects of urea on survival for each population as well as differences 
between the different selection regimes. These experiments were also 
run in three blocks each separated by about one years’ time: (i) AUC, 
RUX, and UX, (ii) TSO, CO, nCO, and UTB, (iii) UTB, UX, CO, and nCO.

The analysis of the differences among the urea-selected lines 
(RUX, UX, and UTB) and their control (AUC) was done with blocks 
(i) and (iii). For this analysis, viability was scaled to the mean viability 
of the UX populations in the urea food environment. The analysis 
of the stress populations and the demographically selected popula-
tions (TSO, CO, and nCO) was done with blocks (ii) and (iii). Viability 
for the stress and demographically selected populations was scaled 
to the mean viability of the UTB populations in urea.

Let yijkm be the number of survivors in food type i (control (1), 
urea (2)), selection regime j (AUC (1), RUX (2), and UTB (3) in the urea 
analysis and TSO (1), CO (2), and nCO (3) in the demographic analy-
sis), population k (k = 1,…,15), and replicate m (m = 1,…,10). Let yurea 
be the mean viability in the urea control populations (UX for blocks 
(i) and (iii) and UTB for blocks (ii) and (iii)). We analyzed the differ-
ences, Δijkm = yijkm − yurea. The effects of selection regime and food 
type were studied with the linear mixed effects model,

where δi = 0 if i = 1 and 1 otherwise, bk and cijkm are the population and 
residual error terms respectively and assumed to have a mean of zero 
and different variances.

We also developed a statistical analysis of the relative level of ad-
aptation to urea for each selection regime. Let yureajkm be the number of 
survivors in urea food, selection regime j (TSO, AUC, CO, nCO, RUX, UX, 
and UTB), population k (k = 1,…,35), and replicate m (m = 1,…,10). Then 
we analyzed the differences, Δjkm = ycontroljk − yureajkm where ycontroljk is 
the mean survival in control food in selection regime j and population k.

2.5 | Developmental time versus food type

This assay looked at differences in the development time of the lar-
vae. The measurements were made from the time first instar larvae 

(1)yijk = � + �i�i + Bj + �ijk

yijk = � + �i�i + Bj + �ijk

Δijkm = � + �i� i + �j� j + �i�j�ij + bk + cijkm
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were placed in vials. For each population, 10 vials were set up with 
50 freshly hatched larvae each in a banana molasses environment. 
Another 10 vials were set up with urea food and 50 freshly hatched 
larvae. Eclosing adults were collected every 6 hr, separated by sex, 
and recorded.

The methods for the analysis of the development time experi-
ment were the same as the viability analysis except there was one 
additional fixed effect, sex. The first analysis was on the difference 
between the urea development time and the control development 
time. Here, the mean control development time for each selection/
sex/population/rep sample was calculated and then subtracted from 
the corresponding development time in urea.

To test for differences due to selection among urea populations, 
we analyzed blocks (i) and (iii) using UX-urea as the standard. Thus, 
in block (i), we computed the mean UX-urea development time, and 
this mean was subtracted from the other control and urea observa-
tions. The same was done for block (iii) using the UX-urea mean from 
block (iii). To test the stress and demographically selected popula-
tions we analyzed blocks (ii) and (iii) using UTB as the standard. Thus, 
in block (ii) we computed the mean UTB-urea development time, and 
this mean was subtracted from the other control and urea observa-
tions. The same was done for block (iii) using the UTB-urea mean 
from block (iii).

2.6 | Larval growth rate

Pairs of populations, matched by the replicate number, were assayed 
together in a randomized block design and the assay followed the same 
procedures as mentioned in Santos et al. (1997). With a two-generation 
lead in for each population, 45 newly hatched first instar larvae were 
collected with a fine paint brush and placed onto non-nutritive agar 
petri dishes with 3 ml of yeast paste (188 g of yeast in 500 ml of DI 
water) and placed randomly into a 25°C incubator with 24-hr lighting. 
For each population, a separate petri dish of 45 larvae was created for 
every time sample in this experiment. There were 13 different “hour 
numbers” at which larvae were sampled: 24, 30, 36, 42, 48, 54, 60, 66, 
72, 78, 84, 90, and 105 hr after the larvae were added to the petri dish. 
At the designated hour, 30 larvae were washed with DI water and then 
allowed to air dry. The wet weight, to the nearest 0.01 mg, of the 30 
larvae was recorded before they were then placed into an 80 degree C 
drying oven, after which their dry weights were recorded.

The growth rates experiments were broken into three blocks due 
to the size of this experiment. The selection regimes assayed in each 
block were (a) AUC, CO, nCO, RUX, UTB, UX, (b) AUC, CO, RUX, 
UTB, UX, and (c) TSO, CO, TDO, and nCO. For each larval age and 
selection regime, there were between 5 and 13 samples of 30 larvae 
for a total of 751 samples of groups of 30 larvae.

Empirically, larval growth follows a logistic trajectory (Santos 
et al., 1997). We used a three-parameter logistic function to model 
basic growth dynamics. Under this model, the size of individual lar-
vae after t-hours of growth is given by,

In model (2) the asymptotic maximum size is equal to φ1, 
and the time to reach half the maximum size is φ2. As t → ∞, 
exp

[(
�2 − t

)
∕�3

]
→ 0, and the size approaches the asymptotic value 

φ1. The speed of this approach is governed by φ3. The smaller φ3 the 
faster the approach to the asymptote. With this model, we let yijkt 
be the average size of a larva from selection regime i (i = 1 (AUC), 2 
(CO), 3 (nCO), 4 (RUX), 5 (UTB), 6 (UX), 7 (TSO), and 8(TDO)), pop-
ulation j ( j = 1,…,40), and block k at time t. Random variation arises 
due to both population effects (random genetic drift), block effects, 
and individual variation. Consequently, the size of larvae from se-
lection regime i and population j at time t is yijkt = f(φijk,t) + εijkt, and,

where δi = 0, if i = 1 and 1 otherwise. The within-population variation, ε, 
is assumed to be normally distributed with a zero mean. This variation 
increases as the larvae get larger so we assumed that Var(ε) = �2 |t|2Δ 
where ∆ is estimated from the data. Population variation, b, and block 
variation, c, is assumed to only affect parameter φ2. We tested mod-
els with population variation in the other parameters, and the model 
with variation in φ2 was chosen due to having the lowest Akaike and 
Bayesian information criterion (Pinheiro & Bates, 2000, chapter 8). The 
population variation is assumed independent of the within-population 
variation and has a normal distribution with zero mean and variance, �2

b
. 

Parameters of Equation (3) were estimated by the restricted maximum 
likelihood techniques implemented by the nlme function in R (R Core 
Team, 2017).

When displaying the predicted larval size from Equations (2 
and 3), we also calculated 95% confidence intervals. With eight 
different selection regimes, we have 24 maximum likelihood 
parameters estimates and their covariance matrix estimates, 
�̂ =

(
�̂1, �̂2, �̂3, �̂12, �̂22, �̂32,…, �̂38

)
 and Σ̂. These were assumed to 

have a t-distribution. From these distributions, we drew samples of 
the parameter vectors, �̃k, (k = 1,…,m). For each sampled parameter 
vector, we made size predictions for each selection regime for ages, 
42, 48, 54, and 60 hr. At a specific age, let the kth (out of m) predic-
tion for selection regime i be ỹki. From these m predictions, we gen-
erated order statistics, Δs(ỹki), where Δ1(ỹki) is the smallest predicted 
value at t and Δm(ỹki) is the largest. From the order statistics, we then 
used Δl(ỹki) as the lower confidence limit and Δu(ỹki) as the upper 
confidence limit. In our simulations, we set m = 5,000. Therefore, 
a 95% confidence interval corresponds to Δl(ỹki) = Δ125(ỹki) and 
Δu(ỹki) = Δ4876(ỹki).

One hypothesis of interest was whether there was a relationship 
between the larval feeding rates and the growth of larvae. To test 
this, we fit a line to the larval size versus feeding rate observations 
at the four larval ages around 48 hr—the age our feeding rates were 

(2)f (�, t) =
�1

1 + exp
[(
�2 − t

)
∕�3

] .

(3)

�i1=�1+�i�1i

�ijk2=�2+�i�2i+bj+ck

�i3=�3+�i�3i ,
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measured. A significant positive slope for these lines was taken as 
evidence consistent with our hypothesis.

An alternative method of analysis would have been to use the 
actual observed size of larvae for each selection regime and larval 
age. However, the advantage of using the predictions is that a much 
larger sample is utilized to estimate the three-parameter model 
(Equation 2). The logistic model is an excellent empirical model for 
this biological process (see Figure 12). Alternatively, using individual 
estimates of larval size for each selection regime would rest on only 
five replicates for some selection regimes.

2.7 | Adult size

The adult size was collected from the same larvae collected for the 
larval growth rate assay (Section 2.6). Following Santos et al. (1997), 
at hour 105, 30 pupae were collected and placed into non-nutritive 
agar vials to allow for their development. When they had eclosed, 
FlyNap was used to anesthetize the flies to record their wet weights. 
Afterward, they were placed into a drying oven at 80 degrees Celsius 
for 48 hr. The dry weight of the adult flies was then recorded after 
the 48 hr had passed. The statistics for analyzing the adult size of 
flies are the same as the development time differences.

3  | RESULTS

3.1 | Larval feeding rates

The RUX, UX, and UTB populations fed at similar rates and are not 
significantly different from each other (Table  1, Figure  2). A sig-
nificantly slower feeding rate was observed in the urea-adapted 
lines—UX, UTB, and RUX—compared to the stress line TDO 
(p < .0001) and the demographic line CO (p ≤ .0013). RUX and UX 
fed significantly slower than nCO (p ≤ .024) but UTB did not.

The pooled UX, RUX, and UTB showed slower feeding rates than 
the AUC controls (p = .014; Figure 3).

3.2 | Starvation and desiccation resistance

Two of the selection regimes, TSO and TDO, had undergone selec-
tion in their evolutionary history for resistance to starvation (TSO) 
and starvation and desiccation (TDO) but were now relaxed from 
selection and maintained on a 21-day culture regime. There was no 
significant difference in desiccation resistance between any of the 
eight selection regimes (Table  2, Figure  4). Starvation resistance 
showed no difference between the selection regimes under the 
horizontal bars (RUX, UX, UTB, and AUC vs. nCO, CO, TDO, and 
TSO), but significant differences were seen in some selection regime 
comparisons (Table 3, Figure 5). Starvation times were significantly 
shorter for the UTB populations compared to TSO (36 hr, p = .0002), 
TDO (29  hr, p  =  .0026), nCO (28  hr, p  =  .0029), and CO (22  hr, 
p = .039). Starvation times were significantly shorter for UX popula-
tions compared to TSO (34 hr, p = .0003), TDO (27.0 hr, p = .0054), 
and nCO (26.6 hr, p = .0061). TSO populations also showed signifi-
cantly greater starvation times than the RUX (26 hr, p = .0090) and 
AUC populations (24 hr, p = .0016).

3.3 | Viability in urea

We compared the viability (number of larvae surviving to adult 
stage) of each population in the control environment to the urea en-
vironment by computing the difference in the two (Table 4, Figure 6). 
If this difference is positive and significantly different from zero, it 
indicates sensitivity to the toxic effects of urea. The TSO, AUC, CO, 
and nCO populations show significant sensitivity to urea (Figure 6). 
The viability difference was not significantly different from zero in 
the urea-adapted populations, RUX, UX, and UTB populations.

The viability of the AUC populations in the control environment 
was not significantly greater than UX and RUX populations, but was 

F I G U R E  2   Larval feeding rates relative to the TSO populations 
measured as sclerite contractions per minute. The horizontal bars 
mark groups that are not significantly differentiated form each 
other. Between the separate groups are significant differences, 
with TDO feeding the fastest and RUX feeding the slowest
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TA B L E  1   Mean larval feeding rates (sclerite retractions per 
minute), sample size (n), and 95% confidence intervals. The means 
are based on samples from all blocks

Selection regime n Mean

95% 
confidence 
interval

AUC 125 90.6 87.9, 93.4

TSO 250 114.0 112.0, 116.0

CO 250 116.0 114.0, 118.0

TDO 125 141.0 139.0, 144.0

nCO 250 109.0 106.0, 112.0

RUX 125 76.6 74.0, 79.2

UTB 125 82.1 79.9, 84.3

UX 125 78.0 74.7, 81.3
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significantly greater than UTB (p =  .022, Figure 7). In the urea en-
vironment, AUC viability was significantly less than UX (p <  .001), 
RUX (p <  .001), and UTB (p <  .001, Figure 7). In the control envi-
ronment, the TSO selection regime had lower viability than the CO 
regime (p = .04) but not the nCO regime. In the urea environment, 
the TSO selection regime had lower viability than the CO regime 
(p <  .0001) and the nCO regime (p <  .0001). There were no signif-
icant differences between the CO and nCO regimes in either envi-
ronment (Figure 8).

3.4 | Development time in urea

The developmental time (Table 5) is calculated as the time it took 
for the first instar larvae to pupate and eclose. The first analysis ex-
amined the difference between the development time in urea food 

F I G U R E  3   A one-sided test comparing the urea-pooled 
populations (UX, UTB, and RUX) against the AUC control, nCO, CO, 
TSO, and TDO. The mean feeding rate difference for the fifteen 
urea populations was −25.88. This is significantly less than the AUC 
feeding rate difference (−14.13) with p = .014. The urea populations 
also fed significantly slower than the nCO, CO, TSO, and TDO
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F I G U R E  4   Mean desiccation times for 40 populations in 
eight different selection regimes. No significant difference was 
observed between any of the selection regimes in their resistance 
to desiccation
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TA B L E  2   Mean desiccation times (time to death from 
desiccation in hours), sample size (n), and 95% confidence intervals

Selection regime n Mean

95% 
confidence 
interval

AUC 146 16.9 16.4, 17.4

TSO 149 17.7 17.1, 18.4

CO 150 18.0 17.4, 18.5

TDO 150 17.2 16.6, 17.7

nCO 150 18.0 17.5, 18.5

RUX 150 16.6 16.1, 17.2

UTB 150 16.5 16.0, 17.0

UX 150 17.1 16.5, 17.7

TA B L E  3   Mean starvation times (time to death from starvation 
in hours), sample size (n), and 95% confidence intervals

Selection regime n Mean

95% 
confidence 
interval

AUC 141 128 123, 133

TSO 144 152 147, 157

CO 145 139 134, 144

TDO 147 145 141, 150

nCO 148 145 140, 150

CO 146 126 121, 132

UTB 147 117 112, 121

UX 150 118 113, 123

F I G U R E  5   Mean starvation times for 40 populations in eight 
different selection regimes. No difference between the selection 
regimes under the horizontal bars, but significant difference 
was seen in some comparisons. UTB had a significant difference 
between TSO, TDO, NCO, and CO. UX had a significant difference 
between TSO, TDO, and NCO. RUX and AUC had a significant 
difference with TSO
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and the control development time (Figure  9). Here, the mean de-
velopment time in the control environment for each selection/sex/
population/replicate sample was calculated and then subtracted 
from the corresponding development time in urea. Thus, a positive 
value for this difference indicates that the larva takes longer to de-
velop in urea. The populations that have been selected for increased 
larval tolerance to urea, RUX, UX, and UTB, show the smallest de-
velopment time difference consistent with their adaptation to urea 

(Figure 9). However, all populations show a development time dif-
ference that is positive and significantly different than zero (see 
confidence intervals in Figure 9). All populations, even populations 
adapted to urea, show delayed development in urea-laced food.

We assessed differences in development time among urea-
selected populations separately from stress and demographically 
selected populations. The actual mean development times in urea 
for the relevant UX populations were: UX-female (block-i) 270.7 hr, 
UX-male (block-i) 274.7  hr, UX-female (block-iii) 255.5  hr, UX-
male (block-iii) 257.4  hr. For the control environment: UX-female 

TA B L E  4   Mean viability (number of eclosed adults from a 
sample of 50 first instar larvae), sample size (n), and 95% confidence 
intervals in the control and urea environment

Selection regime
Food 
type n Mean

95% 
confidence 
interval

AUC Control 50 47.9 47.1, 48.8

AUC Urea 50 28.0 26.6, 29.4

TSO Control 50 44.2 42.5, 46.0

TSO Urea 50 22.5 20.7, 24.3

CO Control 100 46.6 45.0, 48.1

CO Urea 100 38.5 37.1, 39.9

nCO Control 100 45.8 44.5, 47.1

nCO Urea 100 37.4 36.0, 38.7

RUX Control 50 43.4 42.2, 44.7

RUX Urea 50 40.6 39.3, 41.9

UTB Control 100 46.8 45.7, 47.8

UTB Urea 100 46.4 45.4, 47.4

UX Control 96 44.6 43.6, 45.7

UX Urea 100 43.0 42.1, 44.0

Note: The means are based on samples from all blocks. Note the 
sampling units are vials of 50 first instar larvae.

F I G U R E  6   Difference in survival subtracting number of 
survivors in urea food from the number of survivors in control food. 
The TSO, AUC, CO, and nCO differences are significantly different 
from zero. The bars are 95% confidence intervals. The difference 
of AUC is significantly greater than RUX, UX, and UTB in each case 
with a p < .0001
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F I G U R E  7   Survival of the urea lines (RUX, UTB, and UX) and 
control (AUC) in urea and control food. Survival is shown relative 
to the UX-urea mean survival in each block. This makes the mean 
UX survival in urea 0 and in the control environment, 1.5. In the 
control environment, AUC survival was not significantly different 
from UX and RUX, but was significantly greater than UTB. In the 
urea environment, AUC survival is significantly less than UX, RUX, 
and UTB
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F I G U R E  8   Survival of the demographic lines (TSO, CO, and 
nCO) in urea and control food. Survival is shown relative to the 
UTB-urea mean survival in each block. This makes the mean UTB 
survival in urea 0 and in the control environment, 0.39. In both 
environments, the TSO selection regime has lower viability than the 
CO and nCO regimes. There are no significant differences between 
the CO and nCO regimes in either environment
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(block-i) 247.8  hr, UX-male (block-i) 251.7  hr, UX-female (block-
iii) 229.6  hr, UX-male (block-iii) 232.9  hr. Thus, in the urea en-
vironment the UX development time difference is 0, since 
∑

n
i= 1

(xi − x) =
∑

n
i= 1

xi − nx = nx − nx = 0. In the control environ-
ment, the UX development time difference is −24.4 (females) and 
−23.75 (males). We found that in the urea environment, AUC females 
(20.5 hr, p < .0001) and males (21.0 hr, p < .0001) had significantly 
longer development times than their respective UTB sexes, but there 
were no significant differences between the UX or RUX selection re-
gimes (Figure 10). In the control environment, the development time 
of the AUC females was not significantly greater than UTB, RUX, or 
UX, while AUC male development times were significantly less than 
RUX (9.6 hr, p = .045), but not different than UX or UTB.

Next, we analyzed the effects of urea on the stress and demo-
graphically selected populations. The actual mean development times 
for the relevant UTB populations, which were used as the standard, 
were as follows: Females: UTB-urea (block-ii) 301.8  hr, UTB-urea 
(block-iii) 243.0  hr; Males: UTB-urea (block-ii) 302.8  hr, UTB-urea 
(block-iii) 245.8  hr; for the control environment: Females: UTB-
control (block-ii) 262.5  hr, UTB-control (block-iii) 227.9  hr; Males: 
UTB-control (block-ii) 266.0  hr, UTB-control (block-iii) 231.4  hr. In 
the control environment, there are no significant differences be-
tween males and females from the CO, nCO, and TSO populations 
(Figure 11). In the urea environment, the TSO females developed sig-
nificantly slower than the CO (20.4 hr, p = .0012) and nCO (20.1 hr, 
p = .0014) flies. Likewise, the TSO males developed more slowly than 

F I G U R E  9   Development times of each population in urea food 
relative to the development time in control food for seven selection 
regimes—TSO, nCO, CO, AUC, RUX, UTB, and UX
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TA B L E  5   Mean development time (hr), sample size (n), and 95% 
confidence intervals in the control and urea environment. The 
means are based on samples from all blocks

Selection regime
Food 
type n Mean

95% 
confidence 
interval

Females

AUC Control 1,400 241.9 241.3, 242.5

AUC Urea 802 278.4 276.7, 280

TSO Control 1,267 257 256.2, 257.8

TSO Urea 666 319.5 316.8, 322.3

CO Control 2,915 225.4 224.9, 225.8

CO Urea 2,206 269.8 268.7, 270.9

nCO Control 2,795 222.9 222.5, 223.3

nCO Urea 2,047 269.8 268.6, 270.9

RUX Control 1,207 250.8 250.1, 251.6

RUX Urea 1,078 280.7 279.4, 282

UTB Control 2,728 244.7 243.8, 245.5

UTB Urea 2,607 272 270.6, 273.4

UX Control 2,499 238.6 237.9, 239.2

UX Urea 2,252 263 262.1, 263.9

Males

AUC Control 1,096 245 244.4, 245.7

AUC Urea 698 283.8 281.9, 285.7

TSO Control 1,043 262 261, 263

TSO Urea 555 323.1 319.7, 326.5

CO Control 2,259 229.8 229.2, 230.3

CO Urea 1,942 274.2 272.9, 275.4

nCO Control 2,321 228 227.4, 228.5

nCO Urea 1,992 275 273.7, 276.2

RUX Control 1,065 254.2 253.4, 255

RUX Urea 1,049 286.2 284.8, 287.7

UTB Control 2,518 247.9 247, 248.8

UTB Urea 2,371 275.8 274.4, 277.3

UX Control 2,256 241.6 240.9, 242.3

UX Urea 2,350 265.3 264.3, 266.2

F I G U R E  1 0   Relative development times for the urea selection 
regimes (RUX, UTB, and UX) and their control (AUC). Development 
time, in hours, is shown relative to the UX-urea mean development 
time in each block. Thus, fast developing populations have large 
negative times and slow developing populations have large positive 
values
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the CO (19.9 hr, p = .0016) and nCO (18.6 hr, p = .0029) flies. There 
were no significant differences between the nCO and CO flies.

3.5 | Larval growth rates

The larval growth rate assay provided dry weight of larvae for all 
eight selection regimes—TSO, TDO, AUC, UX, RUX, UTB, CO, and 
nCO at hours 24, 30, 36, 42, 48, 54, 60, 66, 72, 78, 84, 90, and 105. 
The pupae that were collected at the 105-hr mark were weighed 
and dried. A separate collection of pupae was collected for the 
adult weights. The mean dry weights of each selection regime and 
the fitted growth equation (Equation 2) are shown in Figure 12. The 
asymptote seen in all populations between hours 90 and 105 rep-
resents the transition of larvae from an actively feeding stage to a 
wandering stage during which they search for a pupation site. The 
cessation of feeding thus leads to the plateau in larval size.

The predicted sizes of larvae from Equation (2) were used to es-
timate the linear relationship between larval size and feeding rate 
for different aged larvae (Figure 13). The order of the eight selection 
regimes in Figure 13 from slowest feeding to fastest was RUX, UX, 
UTB, AUC, nCO, TSO, CO, and TDO. A significant correlation was 
seen at hours 48 (p = .004), 54 (p = .002), and 60 (p = .002) but not 
42  hr. The 46–60-hr results support the conclusion that a slower 
feeding rate results in a slower growth rate.

4  | DISCUSSION

The three selection regimes that have a history of exposure to urea 
in the larval environment (RUX, UX, and UTB) all show adaption to 
that environment in the form of increased viability in urea-laced 

food. They also show reduced feeding rates as has been previously 
documented (Borash et  al.,  2000). One difference between RUX, 
UX, and UTB populations is their development times in urea-laced 
food. Populations from the UX and UTB selection regimes show re-
duced development times relative to the AUC control, although only 
the UTB difference was significant, while populations from the RUX 
selection regime do not. The RUX populations were kept in control 
environments for 100 generations prior to these experiments but 
have continued to retain some of their adaptations to urea. One rea-
sonable explanation for lack of convergence is the fixation of alleles 
at important loci which affect both survival in urea and larval feeding 
rates. Upon return to the control environment, the fixed alleles do 
not revert to the ancestral frequency.

Occasionally selection on one life-stage has resulted in pheno-
typic differentiation in another life stage. Chippindale et al.  (1994) 
show that adult selection on age-at-reproduction may affect egg-
to-adult development time. Mery and Kawecki (2003) have shown 
that selection for adult learning has resulted in differentiation in 
larval survival at different food levels. The adaptation of the RUX, 
UX, and UTB selected lines to urea stress does not appear to con-
fer adaptation to the adult stresses of starvation and desiccation. 
Next, we address if selection on adult traits has conferred any ad-
aptation of larvae to resist urea. Certainly, the TSO, nCO, and CO 
populations do not have the level of urea resistance exhibited by 
the urea-adapted populations, RUX, UX, and UTB. However, there 
are differences between the demographic populations, nCO and CO, 
and the stress-selected population TSO. The demographic popula-
tions both survive better and develop more rapidly than the TSO 
populations in urea. In fact, the difference in the survival of nCO and 
CO populations in urea food and normal food is less than the AUC 
populations (Figure  6). As noted in the introduction, demographic 
selection has resulted in increased stress resistance in previous ex-
periments (Service et al., 1985). The nCO and CO populations are on 
a four-week generation cycle, while all other populations are on a 
three-week cycle and show some partial resistance to urea.

None of the populations show any differences in their ability to 
resist desiccation. Thus, the past desiccation resistance of the TDO 
populations has been lost during their 243 generations of reverse 
selection. The stress-selected and demographic selection popula-
tions all show similar starvation resistance and are superior to the 
urea-selected populations and their control. Elevated starvation 
resistance for the demographic populations is not surprising given 
previous documentation of increased starvation resistance as a cor-
related trait to selection for later life reproduction. However, the 
increase in starvation resistance of the stress-selected lines is more 
difficult to explain given their 243 generations of reverse selection. 
One possibility is that the genetically based increase in starvation 
resistance that was present in the original founding O populations 
or the by-product of desiccation and weak starvation selection has 
resulted in allele fixation for favorable alleles which cannot be easily 
removed even after 243 generations in a control environment.

To understand the selection on feeding rates, we focus our 
discussion on three environments, (a) crowded environments with 

F I G U R E  11   Relative development time for the demographic 
regimes (nCO, CO, and TSO). Development times are shown 
relative to the UTB-urea mean development time in each block for 
the demographic lines. Thus, fast developing populations have large 
negative times and slow developing populations have large positive 
values
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extreme competition for food, (b) environments with toxins in the 
food like ammonia or urea, and (c) environments with neither tox-
ins nor extreme competition. In crowded environments, larvae may 
increase their competitive ability by increasing their feeding rates 
(Guo et  al.,  1991; Mueller,  1988a, 1988b; Mueller et al., 2005). In 
addition, increased feeding rates appear to be correlated with in-
creased foraging path lengths which in crowded environments 
may assist larvae in finding less crowded food resources (Mueller 
et al., 2005; Sokolowski et al., 1997). We note that there are com-
plications to this simple view of the effects of crowding on feeding 
rates, but this does represent one possible outcome of evolution 
(Borash et al., 1998; Nagarajan et al., 2016). None of the populations 
used in this study have been subject to crowding so hence this par-
ticular selective pressure is not believed to have impacted any of the 
study populations.

Environments with toxins, like urea or ammonia, result in declin-
ing feeding rates (Borash et al., 2000; Mueller et al., 2005). Reduced 
feeding rates will reduce the intake of toxic compounds which the 
larva must then detoxify. Reduced feeding rates also increase the 
efficiency of energy extraction (Mueller, 1990), thus facilitating the 
energy-consuming process of detoxification (Mueller & Barter, 2015). 
In both environments, crowding (Mueller & Joshi, 2000, figure 6.30) 
and toxins (Borash et al., 2000), we see a rapid change in feeding 
rates, at least in laboratory conditions, suggesting strong selection 
for these phenotypic changes in feeding rates. Of course, the RUX, 
UX, and UTB populations have all been subject to the selective pres-
sures of urea detoxification and as seen in this study and elsewhere 
have all evolved slower feeding rates.

The third environment, with no or little competition and no tox-
ins, is the one experienced by the AUC, nCO, CO, TSO, and TDO 

F I G U R E  1 2   The mean dry weight 
of larvae at various ages for all eight 
populations—TSO, TDO, AUC, UX, RUX, 
UTB, CO, and nCO. The points are the 
average weights over the five replicate 
populations. The lines are the predicted 
weights from Equation (2)
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populations. Given the abundance of food and the very weak pres-
sure on fast development, we would expect selection to act on only 
the most extreme very slow or very fast feeding rates. Under these 
conditions, it would not be unexpected to find a wide range of feed-
ing rates and a wide range of growth rates, during the larval stages.

Our results have shown that larvae between 48 and 60 hr show 
a positive relationship between feeding rates and larval dry weight 
although the result at 42 hr is not significant. Thus, at 60 hr an in-
crease in feeding rate of 10 retractions per minute will increase dry 
weight from 5.9% (at the highest feeding rate) to 8.1% (at the low-
est feeding rate). The feeding rates are measured using 48-hr-old 
larvae. This conclusion is different from Kaun et  al.  (2007) who 
found no statistically significant correlation between feeding rates 
and food ingestion. There are three possible explanations for the 
difference between Kaun et al.'s results and our own listed as fol-
lows: (i) no physiological relationship exists between feeding rates 
and ingestion or growth—the observed statistical relationship is 
artifactual—(ii) a positive relationship exists but the Kaun et al. ex-
periments lacked the power to detect that relationship, or (iii) no 
relationship exists between feeding rates and ingestion but there is 
a positive correlation between feeding rates and larval growth rates. 
The third explanation is very difficult to explain especially since it 
stands to reason that faster feeding larvae would require more en-
ergy for this activity. So, we exclude explanation (iii) as an unreason-
able alternative. We believe the second explanation is correct which 
we explain next.

Kaun et al. studied a total of 73 individuals whose feeding rate 
varied from 48 to 75 retractions per minute. Their data showed a 
positive relationship but with a p-value of only .11. In the present 
study, feeding rates of 1,375 individuals were measured with a 

range of 10 to 169. Selection regimes used in our study had mean 
feeding rates that varied from 79 to 141. Thus, not only was our 
sample size larger by a factor of almost 20, but also the range of 
feeding rates was much larger. Thus, we believe our analysis has 
much greater power to detect a correlation between feeding rates 
and growth due to both the increased sample size and greater range 
of feeding rates. To test this idea, we generated computer samples 
to recreate Figure 13. We restricted our database to feeding rates 
between 114 and 141. This included all selection regimes except 
RUX. We sampled only 73 individuals from all populations except 
TSO to estimate mean feeding rates on the x-axis of Figure 13. We 
used all of the growth rate data to create the same y-axis values as 
used in Figure 13. The TSO population was always added to these 
computer-generated data since TSO was the standard. For each of 
the four time intervals shown in Figure 13 (42, 48, 54, and 60 hr), 
we created 100 independent samples to test for significant slopes. 
The fraction of 100 tests that were significant was 8%, 0%, 0%, and 
0% at hours 42, 48, 54, and 60 respectively. These results support 
our contention that small sample sizes and a limited range of feeding 
rates would obscure the trend we observed.

This study revealed extensive variation among the forty pop-
ulations for larval feeding rates, viability and development time in 
urea, and starvation resistance. However, there was little variation 
for desiccation resistance. Computer simulations have shown that 
gene–phenotype relationships are more likely to be uncovered for 
phenotypes with large levels of genetic variation relative to environ-
mental variation (Mueller et al., 2018). Thus, except for desiccation 
resistance, we believe genomic studies of these populations should 
yield insights into gene–phenotype connections.

5  | CONCLUSIONS

Populations subject to demographic selection show elevated re-
sistance to starvation relative to populations selected for urea re-
sistance. These demographic populations may also show partial 
resistance to urea in their larval food. Selection for urea resistance 
does not enhance adult stress resistance against starvation or desic-
cation. The results of this study provide convincing evidence of the 
relationship between larval feeding rates and larval growth rates. 
This relationship suggests that energy allocation to activities like 
growth and detoxification of urea are central to the evolution of 
feeding rates as suggested by Mueller and Barter (2015). In addition, 
they point to a way of understanding the central role feeding rates 
have played in the evolution of Drosophila larvae to a wide array of 
challenging environments.
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F I G U R E  1 3   The predicted individual larval dry weight, with 
95% confidence intervals, as a function of feeding rate. The 
p-values are for tests of the hypothesis that the slope of the line 
is zero. The order of the eight selection regimes along the x-axis 
is from slowest feeding to fastest: RUX, UX, UTB, AUC, nCO, 
TSO, CO, and TDO. The x-axis coordinates are offset to improve 
readability
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