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Abstract

Characterizing the relationships between genotype and phenotype for developmental adaptive traits is essential to understand
the evolutionary dynamics underlying biodiversity. In holometabolous insects, the time to reach the reproductive stage and
pupation site preference are two such traits. Here we characterize aspects of the genetic architecture for Developmental Time
(decomposed in Larval and Pupal components) and Pupation Height using lines derived from three natural populations of
Drosophila melanogaster raised at two temperatures. For all traits, phenotypic differences and variation in plasticity between
populations suggest adaptation to the original thermal regimes. However, high variability within populations shows that
selection does not exhaust genetic variance for these traits. This could be partly explained by local adaptation, environmental
heterogeneity and modifications in the genetic architecture of traits according to environment and ontogenetic stage. Indeed,
our results show that the genetic factors affecting Developmental Time and Pupation Height are temperature-specific. Vary-
ing relationships between Larval and Pupal Developmental Time between and within populations also suggest stage-specific
modifications of genetic architecture for this trait. This flexibility would allow for a somewhat independent evolution of
adaptive traits at different environments and life stages, favoring the maintenance of genetic variability and thus sustaining

the traits’ evolvabilities.

Keywords Developmental time - Pupation height - Genetic variation - Phenotypic plasticity - Ontogenetic decoupling

Introduction

The study of Life History Traits allows to link pheno-
typic variability and different ecological adaptive strate-
gies through changes in the acquisition and allocation of
resources (Flatt and Heyland 2011; van Noordwijk and de
Jong 1986; Roff 1992; Stearns 1989, 1992).

The time elapsed from the embryogenesis to the repro-
ductive phase is one such trait, commonly known as Devel-
opmental Time; in holometabolous insects, it can be con-
ceived as the sum of the duration of successive discrete
phases: embryonic, larval and pupal stages, ending with
the emergence of the imago. In organisms that develop in
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ephemeral substrates, such as Drosophila melanogaster,
a faster development is fundamental for higher pre-adult
survival (Partridge and Fowler 1992; Nylin and Gotthard
1998; Narasimha et al. 2015). However, it has been dem-
onstrated that an acceleration of development determines a
reduction of fitness related to different adult traits (Partridge
and Fowler 1992; Nunney 1996, 2007; Bharathi et al. 2004,
Kingsolver and Huey 2008). This pattern, called fast devel-
opment syndrome, involves trade-offs or negative correla-
tions between developmental rate and body growth (Chip-
pindale et al. 2004). Variations in growth patterns, growth
rate and the duration of the growth period affect the age and
size at maturity, implying that the study of juvenile growth
may be crucial to understand life history evolution since
smaller body size has a negative impact on stress resistance
(Matzkin et al. 2007; Gilchrist et al. 2008), immune response
(Jumbo-Lucioni et al. 2010) and fertility (Nunney 1996;
Long et al. 2009). In holometabolous insects, body size and
development time are controlled by three factors: (i) growth
rate, (ii) the time required to attain a critical size and (iii) the
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interval to cessation of growth that corresponds to the onset
of pupation and metamorphosis (Davidowitz and Nijhout
2004). Early in the last larval stage, larvae reach a critical
size, at which point they have acquired enough nutrients to
complete development, stop feeding and search for a pupa-
tion site. These biological processes depend on a genetic
program regulated by different hormone pulses associated
to each ontogenetic stage; their timing displays consider-
able natural genetic variation (Fanara et al. 2006; Mensch
et al. 2010) and is also affected by environmental conditions,
enabling it to adapt to different ecological scenarios (Prasad
et al. 2001; Paranjpe et al. 2005; Shingleton et al. 2005;
Edgar 2006; Mirth and Riddiford 2007; Mensch et al. 2008;
Werenkraut et al. 2008; Rewitz et al. 2013; Rodrigues et al.
2015). Therefore, the timing of insect metamorphosis is not
a simple function of chronological age.

The traditional framework for the description of Drosoph-
ila development takes the molt-to-molt interval as the funda-
mental unit of periodization, which is similar to the morpho-
logical picture of the main body axis as a series of segments
(Minelli et al. 2006). Considering that both larval and pupal
ontogenetic stages have anatomically, physiologically and
behaviorally dissimilar characteristics, they could be ana-
lyzed as distinct modules. Indeed, it has been proposed
that the modularity between life stages in holometabolous
insects results in a greater intra and interspecific diversity
(Yang 2001; Minelli et al. 2006). However, Developmental
Time is usually not separated into their stages components,
but instead studied as a whole. In this sense, decomposing
Developmental Time in its larval and pupal parts allows for
detection of phenotypic variability that could be compen-
sated if considering total Developmental Time by opposing
changes in both components (Nunney 2007). Moreover, the
analysis of natural variation for Developmental Time and the
study of the relative duration of ontogenetic stages within
and between populations can provide relevant information
on the mechanisms and processes underlying phenotypic
evolution in early Life History Traits.

Pupation site preference is also an important factor in
Drosophila preadult development because the place selected
by larvae to form the puparium can have a decisive influ-
ence on viability (Prasad et al. 2001; Beltrami et al. 2010;
Del Pino et al. 2014). Since the total fitness is heavily influ-
enced by the larval stages, the pupation site preference con-
stitutes an important component of fitness (Markow 1979).
The larvae pupating on the sides of vials close to the food
surface are likely to be dislodged and drowned by the lar-
vae crawling on the sides and any larva pupating on the
surface of medium is likely to be buried. Pupation Height
also enables to estimate pupation site preference (Singh
and Pandey 1993) and is tightly linked to resource alloca-
tion and acquisition in larval stages (Narasimha et al. 2015)
serving as an estimation of motility through the latter larval
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stage (L3, Riedl et al. 2007). Likewise, Pupation Height
plays an important role in niche differentiation between and
within species (Welbergen and Sokolowski 1994; Del Pino
et al. 2012). This trait harbors substantial genetic variation
(Markow 1979; Sokolowski and Hansell 1983; Bauer and
Sokolowski 1985; Mueller and Sweet 1986; Singh and Pan-
dey 1993; Riedl et al. 2007) and depends on the sensing of
both internal and external cues, i.e. nutritional status, lar-
val crowding, pH, luminosity (Dillon et al. 2009; Del Pino
et al. 2012, 2014). In addition, relationships between Pupa-
tion Height or the distance covered by wandering Larvae
3 and Larval Developmental Time were found in several
studies, mostly in lines artificially selected for fast devel-
opment (Casares and Carracedo 1987; Chippindale et al.
1997, Prasad et al. 2001; Narasimha et al. 2015). Whether a
trade-off between Pupation Height and Larval (and/or Pupal)
Developmental Time exists and is maintained in different
natural populations and across environments is unknown.

Studying the genetic bases of these developmental adap-
tive traits involves also an assessment of the effects of envi-
ronmental variation on the phenotype. Phenotypic plasticity,
the property of a genotype to produce different phenotypes
in response to varying environments (Schlichting and Pig-
liucci 1998; Conner and Hartl 2004) is expected to develop
in natural populations for traits that present different phe-
notypic optima across frequently experienced environments
(DeWitt and Scheiner 2004; Flatt 2005). Several studies have
shown that the evaluation of phenotypic plasticity in life
history traits may be important to understand the underlying
genetic changes that determine the population dynamics of
cosmopolitan species, the ecological fate of genotypes (Car-
reira et al. 2013; Fallis et al. 2014), and the expansion of spe-
cies (Fanara and Hasson 2001). In particular, adaptation to
different regimes of daily and annually fluctuating tempera-
tures may involve changes in phenotypic plasticity patterns
for developmental traits (Angilletta et al. 2004; Davidowitz
and Nijhout 2004; Trotta et al. 2006).

In order to characterize the evolution of several aspects of
genetic architecture for the aforementioned developmental
traits, we measured phenotypic variability for Larval and
Pupal Developmental Time and Pupation Height in isogenic
lines derived from three natural populations of Drosoph-
ila melanogaster reared at two different temperatures (17
or 25 °C) and tested if: (i) phenotypic variability between
and within populations exists for all traits and it is due to
genetic and environmental factors, (ii) patterns of pheno-
typic plasticity differ between populations, (iii) Larval and
Pupal Developmental Time are phenotypically and geneti-
cally decoupled, (iv) there are no conserved correlations
between characters across populations and temperatures.
Our results show significant genetic variation underlying
phenotypic differences at both temperatures in all traits ana-
lyzed and variation in thermal plasticity between and within
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populations. However, adaptive variation in mean thermal
plasticity among populations was detected only for Larval
Developmental Time. No conserved correlations across all
population-temperature combinations were found between
traits. Moreover, the genetic bases of Larval and Pupal
Developmental Time also differ between populations; the
ratio between both traits exhibited significant variation both
between and within populations, suggesting that they are
decoupled. In the light of these results, we emphasize the
importance of studying separately the different aspects of
genetic architecture of developmental traits for each ontoge-
netic stage to elucidate the genetic underpinning that affects
natural variation and environmental influence in larval and
pupal development.

Materials and Methods
Populations

Three different populations of Drosophila melanogaster were
analyzed: Raleigh (North Carolina, USA) and two populations
collected in Argentina, Lavalle and Uspallata (Province of
Mendoza) that are ~ 70 km away each other (Table 1). Grape-
vine, plum, cantaloupe and peach were grown in the region
of the Lavalle collection site, while Uspallata lines were col-
lected at an apple, pear and quince plantation. D. simulans
individuals were also collected in both locations, while D. buz-
zatii specimens were only found in Lavalle. The 40 lines from
Raleigh used in this study correspond to a subset of the Dros-
ophila Reference Genome Panel (DGRP; Mackay et al. 2012;
Huang et al. 2014) while 34 lines from each Argentinean popu-
lation were obtained following the same protocol performed
by Mackay et al. (2012) and Huang et al. (2014). Briefly, we
established isofemale lines from gravid females collected in
Uspallata and Lavalle, and inbred them by 20 generations of
full-sib mating, followed by random mating (Mackay et al.
2012). This protocol determined lines with an inbreeding coef-
ficient of 0.986 (Falconer and Mackay 1996). All lines were
maintained independently, in cornmeal-agar-molasses medium

in an incubator at 25+0.5 °C, under a 12-h light : 12-h dark
cycle and at 70% humidity.

Microsatellite analyses (Goldstein and Pollock 1997) con-
ducted in the Lavalle and Uspallata populations allowed us
to discard the possibility of recent demographic events such
as reduction in population sizes (Ortiz and Satorre, personal
communication).

Developmental Time and Pupation Height Assays

For each line, 200 pairs of sexually mature flies were placed
in egg collecting chambers with Petri dishes containing an
egg-laying medium. Twelve hours later, Petri dishes were
removed and eggs were allowed to hatch. Batches of 30 first-
instar larvae were transferred to culture vials containing 5 ml
of cornmeal-agar-molasses medium. In all three populations,
4-5 replicate vials per combination of line and temperature
were set up. Larvae were raised until adult emergence at two
controlled temperatures: 17 and 25 °C (£ 0.5 °C), respectively
representing the mean temperatures for summer months in the
highland and lowland locations considered (Table 1). In both
thermal treatments, the humidity (60—70%) and photoperiod
(12:12 light:dark) were equal. Every 24 h, new pupae were
counted and emerged flies were collected.

We quantified Larval Developmental Time as the time
elapsed since the estimated egg-laying time (at half the ovi-
position interval) until pupation, by counting the number of
new pupae every 24 h. Pupal Developmental Time was calcu-
lated as the time elapsed from pupation to emergence of the
imago, by counting the number of adult flies emerging from
the puparium every 24 h. Pupation height was measured with
a caliper as the distance between the surface of the medium
and the center of each pupa. For all traits analyzed, replicates
were considered as the experimental units.

Differences between populations were evaluated for each
trait by means of fixed model analysis of variance (ANOVAs)
according to the model

y=p+P+T+PXT+e,

where P and T are the fixed effects of Population and Tem-
perature and € stands for the error. The population effect

Table 1 Collection sites and selected climatological data for the three populations of Drosophila melanogaster utilized in this study: Raleigh
(North Carolina, USA), Lavalle (Mendoza, Argentina) and Uspallata (Mendoza, Argentina)

Population Location Altitude Annual temperature Daily thermal ampli- Annual
- tude precipita-
Average Min-max tions
Raleigh 35°46'N, 78°38'W 115 6.8-25.8 12.3 1147
Lavalle 32°30'S, 68°58'W 580 7.7-25.1 14.7 175
Uspallata 32°35'S, 69°22'W 1915 4.6-17.1 14.8 156

Altitude is given in meters; all temperature information is in °C, and precipitation is expressed in mm. Minimal and maximal temperatures repre-

sent the lowest and highest monthly averages
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tests for phenotypic differentiation among populations while
the P x T stands for variation in thermal plasticity among
populations.

To further dissect the natural genetic variation within
population, we also performed mixed model ANOVAs for
each population separately, based on the model

y=p+L+T+LXT+e,

where L is a random effect of Line. In these ANOVA:s, sig-
nificant L and L X T effects are interpreted as the presence of
genetic variation and genetic variation in thermal plasticity,
respectively. Partial ANOVAs were also performed for each
temperature separately.

We estimated quantitative genetic parameters for
each natural population. Under our experimental design,
genetic (062), environmental (0E2) and phenotypic (apz)
variance were estimated as 65> =0,>+6,,% 65" = 0y” and
op' =0 +0y%, where 6,%, 6,;°, and 6,7 are among line, line
by temperature and within line variance components, respec-
tively. Broad sense heritability (H?) for each trait was esti-
mated as H> = 6;%/op*. Coefficients of genetic (CV;= 1000/
mean) and environmental (CV, = 1006,/mean) variance
were also computed. The cross environment (temperature)
genetic correlations (rGxE;;_,s)) is the genetic correla-
tion of measurements of the same trait in different envi-
ronments (temperatures), and here it reflects the degree in
which the same genotype controls trait expression across
developmental temperatures. We calculated rGxE ;;_,s) as
COV,,_,s/(0,7 655), where COV ;,_,5 represents the covari-
ance of lines means measured at 17 and 25 °C while ¢;,
and o, are the square roots of the among lines variance
components obtained from the one-way ANOVAs performed
for each populations wherein the lines were developed at
17 and 25 °C, respectively. This method for the estimation
of rGxE;;_,s) is not equivalent to the computation of a
product-moment correlation (see Lynch and Walsh 1998,
pp. 663). We also estimated H* ; for each combination of pop-
ulation and temperature, as 6%, /(6°;;+ 6°y;), Where o7 ;; and
o’ yy; are the among line and within line variance components
obtained from the one-way ANOVA for each population per-
formed for 17 and 25 °C, separately. Correlation analyses

were carried out within each temperature for each popula-
tion. Finally, we computed the ratio Larval to Pupal Devel-
opmental Time as an estimation of decoupling between these
two heterochronic traits. This ratio was indexed as (In Larval
Developmental Time—In Pupal Developmental Time), here-
after referred to as Larval DT/Pupal DT, to reduce statistical
problems arising from ratio measurements (Atchley et al.
1976).

All statistical tests were performed using STATISTICA
8.0 packages (StatSoft, Inc). Bonferroni correction for mul-
tiple tests was applied whenever results from multiple tests
were combined in one final conclusion.

Results

A total of 40 lines from Raleigh, 34 lines from Lavalle and
34 lines from Uspallata were successfully quantified for all
traits at both temperatures. We included in the analysis those
replicates that had a total viability higher than 25%. Our
analysis revealed significant variation among populations
and thermal plasticity for both Developmental Time stages
and Pupation Height (Table 2). In all cases, highest scores
always were quantified at 17 °C, although the patterns of
variation for thermal plasticity detected among populations
for Larval and Pupal Developmental Time were different, i.e.
reaction norms were not parallel between populations. This
suggests that the differences between populations depended
on the character-temperature combination (Fig. 1). Moreo-
ver, populations showed less phenotypic differences at 25 °C
than at 17 °C for Developmental Time traits. On the other
hand, the significant population effect observed in Pupation
Height was attributable to differences exhibited between
Raleigh and Lavalle populations, considering that for this
trait we did not detect significant population by temperature
interaction (Fig. 1; Table 2).

To further investigate the natural genetic variation for
each trait we performed ANOVAs within each population.
Our results revealed significant genetic variation for all
combination of populations and early fitness traits analyzed,
being Lavalle the population exhibiting the highest genetic

Table 2 ANOVAS for larval LDT PDT PH
developmental time (LDT),
pupal developmental time MS MS F MS F
(PDT) and pupation height -
(PH) among populations (P), Population 15,875 13.75%%%* 1904 4.61*" 145.43 5.68%%*
and between temperatures Temperature 1,440,325 1265.81%%% 735,648 1781.39%%#: 217.480 8.50
(T) wherein individuals were PxT 19,369 17,0235 1097 2.66%" 47.60 1.86
developed

Error 1170 413 25.60

Degrees of freedom: 2, 1, 2, 210 for P, T, P X T and error, respectively. MS mean squares

#p<0.05; **p<0.01; **¥p <0.001

Not significant after Bonferroni correction for multiple tests (Pg = 0.01)
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Fig. 1 Mean of Larval Devel- DT
opmental Time (LDT, square), 400 |
Pupal Developmental Time A
(PDT, triangle) and Pupation 350
Height (PH) in individuals 1 " B B
reared at 17 °C (filled symbol)
and 25 °C (open symbol) from 300 | S
Raleigh, Lavalle and Uspallata. | e »»
LDT and PDT are expressed in -
hours and PH in mm. Differ- 250 |
ent letters represent significant AB B LA
differences between popula- 200 Ao A
tion according to Tukey’s a S A
posteriori comparison of means
(p <0.05). Vertical bars repre- 150 T
sent standard deviation 1 [--nmmmmmmmmmmmmmmmmmmm o m oo L T )
100 | S ) SO A
A AB B
50 |
0
Raleigh Lavalle Uspallata
14 PH
12
¢ | ;
10 S -¢
S
8
T <
6
4
2
0
Raleigh Lavalle Uspallata

variation on average (Fig. 2). It is interesting to note that
none of the lines analyzed showed consistent high or low
values for the traits across temperatures (data not shown).
The percentage of the total phenotypic variation attribut-
able to genetic factors (line effects and line by tempera-
ture interaction) ranged from 41 to 91% (Fig. 2) wherein
Larval Developmental Time presented, in average, more
natural genetic variation, whereas Pupal Developmental
Time showed the opposite pattern. Interestingly the line
by temperature interaction, which stands for genotype by

environment interaction, was the component of variance
with a higher contribution to the total phenotypic variance
for all traits analyzed. In this sense, the estimated cross-
temperature genetic correlations (rGxE(j;_,s)) for each
combination trait-population ranked from —0.03 to 0.56
(Table 3). These data were different from unity, underscor-
ing thermal-specific differences in all traits analyzed and
suggesting that the genetic factors underpinning phenotypic
variation in each trait differ between temperatures in lines
collected in Raleigh, Lavalle and Uspallata.

@ Springer
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LDT
100

90 | I
80 |
70 |
60 |
50 |
40 |
30 | e

* %

20 |

Components of total phenotypic variance (%)

10 |

PDT PH

Raleigh Lavalle  Uspallata Raleigh

Fig.2 Components of total phenotypic variance (in percentage):
natural genetic variation (line effect, white block), genotype by envi-
ronment interaction (line by temperature interaction, grey block) and
the error (black block) for Larva Developmental Time (LDT), Pupa

Lavalle  Uspallata Raleigh Lavalle Uspallata

Developmental Time (PDT) and Pupation Height (PH). The analyses
were performed in lines derived from Raleigh, Lavalle and Uspallata
that were reared at 17 °C and 25 °C. Significant factors are repre-
sented as **p <0.01, and ***p <0.001

Table 3 Estimates of

N . LDT PDT PH

quantitative genetic parameters

of larval developmental time Raleigh Lavalle Uspallata Raleigh Lavalle Uspallata Raleigh Lavalle Uspallata

(LDT), pupal developmental

time (PDT) and pupation height s 517.12  1794.53 1219.89 73.87  929.54 232.89 2597 17.09  28.52

(PH) in flies collected from oy 13579  169.25 269.83 10531  172.89 178.84 7.46 9.40 10.37

Raleigh, Lavalle and Uspallata 2 65292 196378 1489.73 179.18 110243 41173 3343 2649  38.89
H 0.79 0.91 0.82 0.41 084  0.57 0.78 0.65 0.73
H), 0.75 0.92 0.83 0.39 086  0.54 0.73 0.63 0.66
H,s 0.90 0.87 0.78 0.62 0.73 0.62 0.82 0.67 0.80
CVg 9.45 18.89 16.53 5.60 20.51 9.65 4892 3970 61.79
CVg 4.84 5.80 7.717 6.69 8.85 8.45 2623 2945 3717
rGxEj; 55y —0.03 0.10 0.56 -0.01 0.16 >0.01 0.20 0.12 0.14

2

6%, 0% and o%, indicate the genetic, environmental and phenotypic variances respectively; CV;, CVj and

H? indicate coefficients of genetic variance, coefficients of environmental variance and broad sense herit-
ability, respectively. rGxE;;_,s, stand for the cross temperature genetic correlations

To gain insights into the differences in aspects of the
genetic architecture of Larval and Pupal Developmental
Time and Pupation Height in the different populations, we
calculated quantitative genetic parameters (Table 3). Esti-
mates for genetic variance (GZG) were high for all popula-
tions and traits. It is of interest to note that the values for
genetic variance were lower for Pupation Height. The high
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heritability (H?) observed for all traits studied can be attrib-
utable to the relatively low environmental variance Ca £
for all population and traits when ¢°,, is compared with 02G
(Table 3). Estimates of evolvability (CV,;) for the three popu-
lations ranged from 9.45 to 18.91, from 5.60 to 20.52 and
from 39.70 to 61.79 for Larval Developmental Time, Pupal
Developmental Time and Pupation Height, respectively
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(Table 3). These data indicate that there is potential for evo-
lutionary adaptation to the thermal environment variation
for all trait-population combinations.

The correlation analyses between traits performed for
each temperature and population showed mostly genetic
independence both between characters for the temperatures
evaluated and between temperatures for each character
studied (Table 4). Certainly, the 3 significant correlations
detected (after Bonferroni correction) were population-
specific and did not involve the same pairs of traits. Par-
ticularly interesting was the result obtained for the corre-
lation analyses between Larval and Pupal Developmental
Time, where only lines derived from Lavalle exhibited a
significant (negative) correlation when flies developed at
17 °C, after Bonferroni correction (Fig. 3; Table 4). The
non-significant genetic correlation between Larval and Pupal
Developmental Time for Raleigh and Uspallata populations
at the two temperatures assayed and for flies from Lavalle
reared at 25 °C (Fig. 3) reveals that the genetic architecture
of Developmental Time in these ontogenetic stages could
be different. In order to provide evidence about a genetic
decoupling between Larval and Pupal Developmental Time
we analyzed the relationship between both ontogenetic
stages through the Larval DT/Pupal DT ratio (see Mate-
rials and methods). Thus, if these two traits were geneti-
cally correlated, Larval DT/Pupal DT ratio should not be
different, neither across populations nor among lines within
populations. Our results indicate that Larval DT/Pupal DT
ratio varied significantly between populations (F,,,="7.8,
p <0.001), wherein Uspallata exhibited a lower ratio com-
pared with the other populations (Tukey test p <0.01, data

Table 4 Principal results of the genetic correlation analyses for larva
developmental time (LDT), pupa developmental time (PDT) and pupa
height (PH) among isogenic lines derived from Raleigh (R), Lavalle
(L) and Uspallata (U)

LDT PDT PH
LDT R -0.03 R -0.22 R —0.53%
L 0.17 L —0.61%* L -0.05
U 0.59% U-0.14 U-0.25
PDT R0.17 R -0.02 R -0.61
L —0.43%" L 0.12 LO0.11
U-0.17 U -0.01 U0.25
PH R -0.30 R 0.04 R0.19
L-022 L —0.36%" L0.19
U-0.12 U0.23 U0.14

r-Values are shown for each trait between temperatures (in bold on the
diagonal), between each pair of traits within 17 °C (above de diago-
nal) and between each pair of traits within 25 °C (below de diagonal)
Significant r-values are indicated as *p <0.05, **p <0.001

"Not significant after Bonferroni correction for multiple tests (Pp =
0.01)

not shown), while thermal plasticity (temperature effect)
and genetic variation for thermal plasticity (population by
temperature interaction) showed no significant differences.
Particularly, the absence of significant thermal plasticity
and genetic variation for thermal plasticity indicates that
the ratio of Developmental Time between ontogenetic stages
was independent on the temperature at which the individu-
als were reared, and that this pattern was the same for all
populations studied. Likewise, if these two traits (Larval and
Pupal Developmental Time) were genetically decoupled, we
would expect high differences among lines. Certainly, the
analyses performed in each population reveal significant line
and/or line by temperature interaction effects for this ratio
for all of them (Fig. 4), indicating that the relation between
Larval and Pupal Developmental Time varies among lines.
Moreover, the significant line by temperature interaction can
be attributable to the low cross-temperature genetic correla-
tions (rGxE ;7_s)), suggesting that the patterns of variation
for the relation between Larval and Pupal Developmental
Time observed among lines for each population depend on
the temperature of development (Fig. 5). Thus, the result
obtained in the correlation analysis, in agreement with the
significant variation exhibited for the Larval DT/Pupal
DT ratio not only among but within populations and also
between temperatures for each population, reveal that the
genetic architectures for Developmental Time in these two
ontogenetic stages are decoupled.

Discussion

Studying the evolution of genetic architecture of develop-
mental adaptive traits is essential to understand how popula-
tions adapt to different environments (Mackay 2001; Hansen
2006). Here we compared different aspects related to genetic
architecture between three natural populations of D. mela-
nogaster in individuals reared at different temperatures.
These populations are geographically separated (Argentin-
ians populations vs. Raleigh population) and also differ in
altitude (a highland population [Uspallata] vs. two lowland
populations [Raleigh and Lavalle]). Our results revealed sig-
nificant phenotypic variation among populations in the three
adaptive developmental traits Larval and Pupal Develop-
mental Time and Pupation Height and highly significant var-
iation within populations for all traits, suggesting that they
exhibit local adaptation and each population still contains
significant genetic variation affecting all of them. However,
the detected variation does not follow a pattern consistent
with a single causal variable, suggesting that geographical
(limits to the genetic flow) and/or ecological (adaptation to
environmental variables) factors would be responsible for
the differences between populations. Given the relatively
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Fig.3 Correlations between Larval Developmental Time (LTD) and
Pupal Developmental Time (PDT) in hours for lines derived from
Raleigh (R, open circle), Lavalle (L, filled square) and Uspallata (U,
grey triangle) reared at 17 °C and 25 °C. Trend line for each corre-

constant population sizes (see Materials and Methods), sig-
nificant effects of genetic drift would be unlikely.
Theoretical arguments and empirical data (Mousseau
and Roff 1987; Falconer and Mackay 1996; Houle 1992;
Lavagnino et al. 2008) have addressed that natural selection
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rapidly exhausts additive genetic variance for fitness traits
compared with morphological traits, and, therefore, that
populations are likely to harbor little additive genetic vari-
ance for fitness related traits. Our estimates of quantitative
genetic parameters revealed high genetic variance (UZG) and
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Fig.4 Components of total phenotypic variance (in percentage):
natural genetic variation (line effect, white block), genotype by envi-
ronment interaction (line by temperature interaction, grey block) and
the error (black block) for the log LDT/PDT ratio. The analysis were
performed in lines derived from Raleigh, Lavalle and Uspallata that
were reared at 17 °C and 25 °C. Significant factors are represented as
*#p<0.05, and ***p <0.001. "Not significant after Bonferroni correc-
tion for multiple tests (P5=0.01)

heritability (H?) for all traits and populations, suggesting
substantial genetic variation affecting both components of
Developmental Time and Pupation Height. We have not
detected a clear trend regarding the differences between
populations for the quantitative genetic parameters, given
that no population presented the highest or lowest values for
these components. In a previous study, Mensch et al. (2010)
observed that second chromosome substitution lines derived
from Lavalle and Uspallata populations exhibited also con-
siderable genetic variation for total Developmental Time
(from first instar larva to adult). In this sense, it is important
to note that the lines collected in Lavalle and Uspallata in
the analysis performed by Mensch et al. (2010) and in our
study were different. Thus, two independent studies showed
that Developmental Time exhibits high heritability, suggest-
ing that this adaptive trait harbors sizable natural genetic
variation.

As expected, thermal plasticity was found for all trait
and population combinations. Interestingly, the popula-
tions showed less differences in Developmental Time traits
at 25 °C, which may be explained either by the existence
of trade-offs with another traits [as in the aforementioned
fast development syndrome (Chippindale et al. 2004)] or, by
indirect selection or epigenetic changes during the isogeni-
zation procedures, carried out at 25 °C. These temperature-
specific differences in the genetic architecture of the traits
imply the potential for their independent evolution at each
temperature. However, given that natural populations should
cope with daily and seasonal temperature changes prob-
ably associated to constantly shifting phenotypic optima,
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Fig.5 Norms of reaction for the log LDT/PDT ratio in lines derived
from Raleigh, Lavalle and Uspallata populations reared at 17 °C and
25 °C. The genetic correlations between temperatures (rGxE(j7_,5))
for each population is indicated

the loss of genetic variation affecting these traits would be
reduced (Sasaki and Ellner 1997; Biirger and Gimelfarb
2002), explaining the importance of the genetic components
underlying phenotypic variability and the high heritability
of the traits.

In this study, we found significant differences in the cor-
relation analyses between Laval and Pupal Developmental
Time in 2 out of 3 populations, and besides, significant dif-
ferences between and within populations for the Larval DT/
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Pupal DT ratio, suggesting that Larval and Pupal Devel-
opmental Times are decoupled. Even though these stages
are characterized by different behaviors, morphologies and
distinct processes and genetic programs underlying them,
the possible decoupling between Larval and Pupal Develop-
mental Time has been frequently overlooked, although it has
been addressed separately in a few other studies (Partridge
and Fowler 1992; Partridge et al. 1994; Chippindale et al.
2003; Artieri and Singh 2010).

The fact that we detected decoupling in developmental
timing suggests that larval and pupal traits may have dif-
ferent underlying genetic architectures. In this sense, Fol-
guera et al. (2010) demonstrated that larvae and pupae may
choose alternative “decisions” when confronted to thermal
variation. These “decisions” are general “rules” that have
stage-specific genetic bases which specify how an actor, in
this case an individual in a given ontogenetic stage, should
respond to environmental change (Folguera et al. 2010). In
fact, diverse studies revealed that the transcriptional pat-
terns differ throughout ontogeny (Arbeitman et al. 2002;
Artieri and Singh 2010; Gerstein et al. 2014), suggesting
stage-specific gene regulatory networks and consequently
different genetic architectures. Furthermore, Mensch et al.
(2010) demonstrated that four candidate genes (invected,
mastermind, cricklet and CG14591), associated with natural
phenotypic variation for Developmental Time, have allelic
variants that affected Larval but not Pupal Developmental
Time.

Modularity may have enabled holometabolous insects
to optimize life-history components, such as growth and
reproduction, through temporal partitioning (Bryant 1969;
Ebenman 1987; Moran 1994; Truman and Riddiford 1999;
Minelli and Fusco 2010; McMahon and Hayward 2016).
Certainly, our results provide evidence that developmen-
tal timing for different stages could have evolved a genetic
decoupling, so that independent changes occur in Larval and
Pupal Developmental Time. The uncoupling between the
different ontogenetic levels of a trait could influence differ-
ent aspects of the phenotype, including means, plasticity,
canalization, plasticity of canalization, contributing to the
adoption of different adaptive strategies and favoring the
maintenance of genetic variability (Lavagnino and Fanara
2016; Melo et al. 2016). Indeed, the high genetic variation
that we detected affecting all traits can partially be attribut-
able to these decouplings. In conclusion, we underscore the
need to consider ontogeny as a very complex set of inter-
related processes but contemplating at the same time the
modularity between these stages characterized by different
behaviors and relationships with the environment (Wagner
et al. 1997). We propose that Larval and Pupal Developmen-
tal Times should be addressed separately, avoiding the loss
of large amount of useful information that allows a better
understanding of the different processes occurring during

@ Springer

development and their complex variations (Nunney 1996,
2007; Kingsolver and Huey 2008). Certainly, the decou-
pling allows comprehending the roles of the genotype and
the environment affecting these ontogenetic stages and how
their variability can modify the adult phenotype. Future
studies will be carried out to analyze if the genetic variants
underpinning natural genetic variation for these traits differ
between populations and also according to the stage and
temperature conditions assessed.
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