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s ABSTRACT

Phenotypi@ity is thought to be an important mechanism for adapting to environmental

heterogen netheless, the genetic basis of plasticity is still not well understood. In
Drosophil, ogaster and D. simulans, body size and thermal stress resistance show
clinal pat ng the east coast of Australia, and exhibit plastic responses to different

developmgtal temperatures. The genetic basis of thermal plasticity, and whether the genetic

effects unm clinal variation in traits and their plasticity are similar, remains unknown.

Here we e-cross analyses between a tropical and temperate population of D.
melanog, d D. simulans developed at three constant temperatures (18, 25 and 29 °C) to
investi antitative genetic basis of clinal divergence in mean thermal response

(elevation) and plasticity (slope and curvature) for thermal stress and body size traits.

Generally, the geetic effects underlying divergence in mean response and plasticity differed,

suggesting @ ferent genetic models may be required to understand the evolution of trait

means Eity. Furthermore, our results suggest that non-additive genetic effects, in
particular iplstasi, may commonly underlie plastic responses, indicating that current models

that ignor;is may be insufficient to understand and predict evolutionary responses to

environm nge.

INTRODUCTION
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Phenot“ity, the ability of a genotype to alter its phenotype under different
environmions (Bradshaw 1965), is thought to be an important mechanism for
respondingtoheterogeneous environments (Janzen 1967, Sultan and Spencer 2002;
Ghalambh004), and may be significant for population persistence in the face of novel
environm@nge (Chevin et al. 2013). Additionally, while phenotypic plasticity allows
an organi unter environmental changes, canalization, where a phenotype remains
constant ifferent environments, may also be an important mechanism that buffers
phenotypﬁ environmental perturbations (Waddington 1942). As such, phenotypic
plasticity @alization describe different facets of the same phenomenon: the sensitivity
of phenotme environment (Debat and David 2001). Plastic responses are prevalent in

nature, an arge number of studies reporting genotype-by-environmental (G x E)

interacti ithin and/ or between populations suggest that genetic variation for plasticity is
widesp iner 1993; Kruuk et al. 2008; Des Marais et al. 2013). Nonetheless, the

genetic basis, and the quantitative genetic architecture of plasticity/ canalization is still not

well unde , particularly in natural populations (Scheiner 1993; Via 1993; Via et al.

1995; Fla @

hor

Two main models have been proposed to describe the genetic mechanisms underlying
plastic reareviewed in Scheiner 1993; Via et al. 1995). The first model, the allelic
sensitivi pleiotropic model, suggests that phenotypic plasticity is a function of
differential e sion of the same genes under different environments (Falconer 1952; Via

and Lande 1985; Via 1993). Thus, in different environments similar loci will respond, but
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individual alleles may vary in their sensitivity/ expression. The second model, the gene

regulation or epistasis model, suggests that plasticity is due to genes that determine the

{

p

magnitude onses to environmental effects which interact with genes that determine the

average e f the character (Scheiner and Lyman 1989; Scheiner 1993; Schlichting
[ ]

and Pigliygci 1993).  Although there has been some controversy over whether plasticity is

underpinngd byagpecific “plasticity genes” or through environmentally sensitive alleles (Via

G

1993; Sch 993; Schlichting and Pigliucci 1993), mapping, expression and family/
selection wave found empirical evidence for both models (e.g. allelic sensitivity:
Barnes et E; Weber and Scheiner 1992; Wu 1998; Ungerer et al. 2003; Lacaze et al.
2009; e.g. egulation: Li et al. 2010; Zhou et al. 2012; Mendez-Vigo et al. 2016).
Furtherm ng (1995) suggested that both models are mathematically equivalent, and

may be nfiod ‘ﬁ using a reaction norm approach (i.e. the expression of a character as a
functio vironmental variable). Using this approach, de Jong and Gavrilets (2000)
found t§ in the genetic variance and covariance of reaction norm parameters under
different levels of environmental variance depend on the number of pleiotropic loci,
suggestin! that the gene regulation and allelic sensitivity models will have different

conseque the evolution of the genetic variance in reaction norm parameters (de Jong

and Gavrile 0) and thus on the rate of evolution of plasticity.

Th e importance of additive and non-additive genetic variation in adaptive
evolution has the subject of much controversy, with some researchers suggesting that
the ev{%%uantitative traits will occur predominately via additive gene action (Fisher
1930; Coyne et al. 1997, 2000; Hill et al. 2008), while others propose that non-additive

effects may be important (Wright 1931; Fenster et al. 1997; Wade and Goodnight 1998;
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Paixao and Barton 2016). The extent to which adaptive evolution occurs predominately via
additive or non-additive effects has direct implications for speciation models and the

evolutionoH)ductive isolation (Dobzhansky 1937; Mayr 1954; Carson and Templeton
1984; Ory evolution of sex and recombination (Maynard Smith 1978; Barton
1995), thegamtenance of genetic variation (Gimelfarb 1989; Hermisson et al. 2003), animal
and plant bgeedigg (Lee and Kim 2009; Fethi et al. 2011) and conservation genetics (Fenster
et al. 1997y™8Tgnificantly, epistasis plays an important role in evolutionary models of
canalizati ndy genetic robustness (Wagner et al. 1997; Rice 1998; Flatt 2005).
Furthermore, a Study on Escherichia coli found that mutations that show epistasis were

disproporﬁ likely to also show phenotypic plasticity (Remold and Lenski 2004),

suggestin istasis may generally be fundamental to the evolution of environmental
sensitivit@ity and canalization). Nonetheless, we currently know little about the

quantitagi ic architecture of environmental sensitivity/ plasticity.

Alghough the gene regulation/ epistasis model of plasticity emphasises physiological
epistatic g interactions between regulatory and trait loci, it is unknown whether these
interactiorbate epistatic variance and influence the evolution of plasticity (Via et al.
1995). ﬂTL studies have found evidence for dominance and/ or epistatic genetic
effects Wmental sensitivity/ plasticity (Wu 1998; Li et al. 2014; Mendez-Vigo et al.
2016) sug hat non-additive genetic effects may underpin plastic responses. However,
the extent to whigh these loci generate epistatic variance (rather than additive variance) that
influen volution of plasticity, especially in natural populations, is not clear. Although

line cross analyses (Mather and Jinks 1982) and crosses examining outbreeding depression

(or F, breakdown) (Fenster et al. 1997) do not measure standing levels of additive, dominant

This article is protected by copyright. All rights reserved.
5



and epistatic genetic variance, and thus cannot predict the contribution of non-additive
genetic effects to any future short term responses to selection, they can detect whether
epistatic 1 tions were important in the evolution of divergence in means across
populatio nster et al. 1997). A small number of controlled crossing experiments
have fofmsmwe that dominance and/ or epistatic genetic effects underlie divergence in
environmegtal sgusitivity/ plasticity (Westerman 1971b, a; Perkins and Jinks 1973; Connolly
and Jinksuooni et al. 1987). However, most studies were conducted on inbred or
artiﬁciallw lines, rather than natural populations/ populations recently collected from
the field (but sc§ Westerman 1971a). Furthermore, past studies have also failed to clearly
distinguish ibutions from dominance compared to different types of digenic epistatic
effects; n hey able to account for maternal effects, which if present, may lead to the
erroneous@n of epistasis (Gilchrist and Partridge 1999; Kennington et al. 2001).
Import r knowledge, no studies have used a comprehensive crossing design to
investigate enetic architecture underlying divergence in plasticity in populations
collected from different biogeographical locations. This information would provide valuable
insight ins the extent to which non-additive genetic effects are important for adaptive
evolution icity in nature, and whether current plasticity models that assume that
additive gencttC effects underlie evolution are sufficient.

L

R

Fo phila, temperature is a major environmental factor influencing the
geographic distribution of species, and adult tolerance to thermal extremes (heat and cold
resista ides a good predictor of current species distributions (Overgaard et al. 2014).
In Drosophila melanogaster, opposing genetic clines in heat and cold resistance have been

observed along the east coast of Australia; tropical populations have higher heat resistance
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than temperate populations, while temperate populations recover faster from a cold stress

than tropical populations (Hoffmann et al. 2002; Sgro et al. 2010; Cockerell et al. 2014).

also varie

Similar to ﬁ other species (Chown and Gatson 2010; Meiri and Dayan 2003), body size

itude, with size increasing at higher latitudes (James et al. 1995; van

 E—
Heerwaarden and Sgro 2011).

In sophila body size, heat and cold resistance also respond plastically to

SC

temperatu er rearing temperatures result in smaller flies (Atkinson 1994; James et al.
1997; AZ;:L 1998; van Heerwaarden and Sgro 2011) and increased heat resistance,
while coo@ng temperatures commonly increase cold resistance and size (Hoffmann et
al. 2005; 1 et al. 2014). Although clinal patterns for the mean value of these traits in
two specim

develoE\peratures, there is evidence for genetically based differences in plasticity
for bo heat and cold resistance along the eastern Australia cline in both species

(van Heexgaarden and Sgro 2011; Cockerell et al. 2014). Furthermore, as phenotypically

elanogaster and D. simulans, do not change significantly across different

plastic resﬁo temperature mirror clinal patterns (i.e. plastic changes in these traits in

response t g temperature change in the same direction as genetic patterns in response

to tem@anges along the latitudinal gradient), these responses may be adaptive
(HoffWOOS, Huey and Berrigan 1996, Fallis et al. 2014). Line-cross and clinal
analyses een performed between tropical and temperate populations of D.
melanogaster and D. simulans from the east coast of Australia to investigate whether clinal
pattern e genetic effects contributing to clinal divergence in mean wing centroid size,
thorax length, wing-to-thorax ratio, cold and heat resistance differ under different

developmental temperatures (18, 25 and 29 °C) (van Heerwaarden and Sgro 2011).
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Specifically, we (van Heerwaarden and Sgro 2011), showed that the genetic basis of these
traits is environment specific. However, we did not explore the genetic basis of divergence

in the the sticity of these traits.

 EE—
Thhf this study was to use line cross analyses to investigate the quantitative

genetic bagi linal divergence in plasticity for thermal stress resistance (heat and cold

resistance%dy size (wing centroid size and thorax size) in D. melanogaster and D.

simulans. 3ally, as current plasticity evolution models ignore non-additive genetic

variance, ¢ interested in determining the extent to which additive and non-additive

genetic eigcts, particularly epistasis, underlie divergence in plastic responses. We took a

reaction n roach to studying plasticity, where different functions (parameters) of the
reaction no be used to analyse average performance (trait mean, elevation), and the
degree of pla8meity - (slope) and the shape (curvature) - of the reaction norm (David et al.
1997; 1. 2014; Murren et al. 2014). This approach enabled us to investigate

whether tg genetic basis of divergence in mean performance of each trait (elevation) was
similar to t netic basis of divergence in plasticity (slope and curvature). Although line
cross anal not directly distinguish which genetic model (allelic sensitivity or genetic
regulatimﬂesis) may underlie clinal divergence in plasticity, as the gene regulation
geneticWolves physiological epistasis, we were interested in investigating whether
statisticalgs contributed more frequently to divergence in environmental sensitivity
(plasticity/ canalization) than mean performance. Finally, we also explored whether the
geneti@erlying curvature and slope differed to explore whether different aspects of
plastic responses evolve via different genetic mechanisms to further understand the evolution

of plasticity.
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METHODS

T

Experime ions

P

N
Populatiofi§ of D. melanogaster and D. simulans were collected from a tropical (Gordenvale,

north-east ensland, 17°10°05”S, 145°49°55”E) and temperate (Melbourne, Victoria,

GE

37°47°307S, 148226°05”E) location in January 2008. Twenty single field-collected females of
each specm each location were used to found 20 isofemale lines for each population.
Three gen@ after field collection, a mass-bred population was initiated with 20 males
and 20 fe m each of the 20 isofemale lines, per species per location. Each mass-bred
populatio aintained at 25 °C under a 12:12 light: dark cycle at a census population
size of ap@ely 1000 individuals across 3 x 250 ml bottles containing 20 ml of potato,
yeast media. Line crosses were performed after six (D. simulans) or nine (D.

melano enerations of mass breeding.

-
Experime®gn

Line cros performed to examine the relative contribution of different composite
geneti Es, e.g., additive, dominance, and epistatic gene effects) to the divergence
in meanp“ ce and plasticity for heat knock down time, chill coma recovery time (D.
melanoga ing centroid size and thorax length, between tropical and temperate
populati . melanogaster and D. simulans. Line crosses are a widely used quantitative

genetics method¥or estimating the genetic architecture underlying divergence in a phenotype

of interest between two strains or populations. This approach involves crossing two parental
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strains to produce an F1 cohort, and performing subsequent crosses (e.g., F2, backcrosses,
reciprocal crosses) to generate cohorts that have different combinations of parental genes.
The observ ean phenotypic values of the parental and subsequent cross cohorts are then
compared ans expected from different genetic models that include additive,
. . .
domlnanc! epistatic, maternal and/ or cytotype effects (maternal effects inherited from the
organellethochondria) or micro-organisms in the cytoplasm (Mather and Jinks 1982;

Kearsey an: ni 1996; Fox et al. 2004).

us

T te cohorts that have different combinations of parental genes, we set up 14

crosses, sifnilar to the procedure outlined in Gilchrist and Partridge (1999) (see Table 1), and

f

as describ n Heerwaarden and Sgro (2011). Crosses were initiated between the two
parental limperate and tropical populations of each species) and the subsequent F1 and
F2 generati e F1 generation was then backcrossed to the parents. Each cross included a
recipro e-establishing the parental and F1 crosses each generation allowed all 14

cohorts axg parentals to be tested simultaneously after three generations of crossing. All
Crosses we ormed at 25 °C, and were initiated with 100 virgin females and 100 males.
In the thiﬁation, when all crosses had been initiated, larvae from each cohort were
picked ﬂubsequent days (one day for thermal stress traits and one day for body size
traits) Wnto 18 replicate vials total (nine per day) at a density of 50 larvae per vial.
Once the ?om each block were picked, six replicate vials per cohort, were placed at
18°, 25° an °C to develop, so that offspring could be measured for thermal stress

resista 1, three replicate vials) and for all morphological traits (day 2, three replicate

vials) at each temperature.
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ClimatWts
Heat resiscored as knock down time (Hoffmann et al. 2002), while cold resistance

was sc@rc@m@smelill coma recovery time (David et al. 1998) and both were measured on
females ofily. ales were separated from males under CO, anaesthesia 48 hours prior to
stressing ales were assumed to have mated), and heat and cold resistance was
measuredmu and eight day old flies respectively. For heat resistance, individual flies

were plac ml dry vials and submerged in a water bath heated to 38.5 °C and heat

resistance red as the time taken (to the nearest second) for flies to be knocked down.
For cold rgistance, individual flies were placed in 10 ml dry vials and submerged in a water

bath ﬁllem% glycol solution and cooled to 0 °C for three hours. Chill coma recovery
S

was assaye coring the time (to the nearest second) to recover (the ability to stand
upright) at ollowing a chill coma induced by a cold shock. Ten to fifteen females per
replica scored (total 30 - 45 females per cross). One-way ANOVAs showed no

evidence gr significant vial effects on cold or heat resistance at any temperature (data not

ShOWl’l) . O
Morphoo; ilwrifts

Wing cen@e and thorax length were measured on the same 10 males and 10 females
from each of t replicate vials, which had developed at 18°, 25° and 29 °C. The right wing
(or theiif the right was damaged) was removed from individual flies with fine
forceps and mounted on glass slides with double sided tape and protected with a cover slip.
Wing images were captured with a Wild M3 dissector microscope attached to a digital
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camera and land-marked for the eight junctions of longitudinal veins with the wing margins

or cross-veins (Liefting et al. 2009). Their x and y co-ordinates were recorded using the

{

1%

program Version 1.31 written by F.J. Rohlf and wing size was calculated as centroid

size, the of the sum of the squared interlandmark distances (Hoffmann and

[ ]
Shirriffs 2802). Thorax length was measured as outlined in Hoffmann et al. (2007). To check

for measuggmeng, error, we measured repeatability for both thorax and wing centroid size

G

estimates. measures were found to be highly correlated for thorax (r > 0.97, N = 50)

S

and wing rold size (r > 0.99, N = 100). Furthermore, one-way ANOVAs found no

evidence for siglificant vial effects on wing centroid or thorax size at any temperature (data

U

not shown)

dll

Analysis

We used owing equations to explore the divergence in reaction norm average

WA

performance (elevation, equation 1), sensitivity (slope, equation 2) and shape (curvature,

1

equation ross the parental populations:

O

n

FElevation = % (1)

h

I _IUTNSi o Ziva—Zi
jpe_ﬁ | Sl _ Ti+1—Ti (2)
n-2 -
rvature = 25 ; Ci= Sip1— S; 3)

A
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For trait Z, n equals the number of test temperatures (3), and i represents the focal
temperature (see Berger et al. 2014; Murren et al. 2014). Note that contrary to Murren et al.
(2014), we e divided phenotypic differences by differences in temperatures (7) to
compute rm slopes and curvatures, because the widths of the temperature intervals
were nc?t ichal (i.e. the difference between 29 °C and 25 °C was smaller than between 18
°C and 254C)mkhese were calculated separately for each cohort, trait, sex and species. As
line crossQas examine the composite genetic effects (CGEs) underlying population
divergencw‘enotypic trait, we first examined divergence in reaction norm elevation,

slope and curvature between the parental populations using t-tests. Plastic responses can

include phe ic changes with temperature, or underlying genetic/ physiological changes
that mainﬁ

ame trait value across temperature (canalization) (Debat and David 2001).
As such, used a one-way ANOVA, with elevation, slope and curvature as the

depen e and cohort as a fixed effect, to look for any evidence of hybrid

breakdown/ sis of canalization across the cohorts. We then further examined the CGEs

underlying divergence in the reaction norm parameters for traits where we observed either

evidence & divergence across the parental lines, and/ or across the cohorts (see below).

O

Ws used the software program SAGA (Software for Analysis of Genetic

ArchiteWtimate the CGEs contributing to variation among cohorts for the reaction

unbiased and, when appropriate, model-averaged estimates of the contribution of CGEs to

cohort means. This approach has the advantage of assessing the potential model space,
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quantifying model selection uncertainty, and using model weighted averaging to accurately
estimate CGEs. Traditional line cross analysis (e.g. joint scaling tests, Lynch and Walsh

1998) depﬂntifying the best model and interpreting the CGEs that are included in

that mode i§ able to obtain accurate estimates of the CGEs that are not dependent on
H — ‘ . .

the abllltyg specify one overall model as best. If the Akaike weight (wi) of the best model is

0.95 or grQAGA will perform parameter estimation under a single model. If no model

reaches thi old, then SAGA constructs a 95% confidence set of models that contain the

S

minimum bgll of models whose wi sum to 0.95. SAGA then computes model-averaged

results for the 95% confidence set and provides estimates of variable importance (vi)

U

calculated ming wi of all models in which a CGE occurs. The vi score provides

1

evidence E is important even if its contribution is small or poorly defined. Although

one of thepst s of SAGA is that it alleviates the use of strict arbitrarily defined p-values,

d

Black muth (2016) generally found CGEs with a vi score greater than 0.5 were

most likely t cluded in the model containing the 95% confidence model set.

[

To di y compare models with different CGEs for elevation, slope and curvature,
we calcul c using the following equation (Burnham and Anderson 2002), where # is

the numbaf of cohorts and K is the number of parameters being estimated:

h

2K(K+1)
n-K-1

AlCc = AIC +

(4)

Aut
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We first calculated AICc for the model that contained all the CGE’s with a vi > 0.5 (or
0.3 if there was high model uncertainty and no CGE’s had a vi > 0.5) for each reaction norm
parameter levation). We then compared that AICc score to the model containing the
CGEs wit for the other reaction norm parameters for that trait. For example, for
elevatial Eknock down in D. melanogaster, we compared the AICc for the model
containinggghe GE’s with a vi > 0.5 for elevation to the AICc scores for the models
containinZQGE’s with a vi > 0.5 for slope and curvature, to ask whether the CGE’s
identified

ant for elevation are a better fit than those identified as important for the

other reaction n parameters.

RESULTS

dnus

The m evation, slope and curvature of all 14 cohorts for each interpopulation cross for
each trait in each species are shown in Figures S1-3. We found significant divergence
between t&tal populations and/ or across the cohorts for trait mean - elevation, and
plasticity @ and curvature, for all traits (Table S1, Figures 1 and 2). Thus, we further
examined posite genetic effects (CGEs) underlying clinal divergence in elevation,
slope and curvature for all traits in both species. Similar to Blackmon and Demuth (2016), no

single miﬁ wi sufficient to ignore model selection uncertainty (Akaike weight (wi ) of

the best 0.95) for elevation, slope or curvature for any trait (Table S2), so for all

traits, @ the model-averaged results for the 95% confidence set to get estimates of the

CGEs underlying*clinal divergence. In general, the lower the wi of the best model and or the

more models contained in the 95% confidence set, the greater the degree of model selection
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uncertainty (Blackmon and Demuth 2016). For a small number of traits, there was high
model selection uncertainty for some of the reaction norm parameters, evidenced by low wi
and the hi ber of models required (Table S2). However, in these situations it is still
possible tﬂich CGEs are likely to be important, albeit with less confidence in
estimat%%ﬁue magnitude or sign because they depend on the other components in the
model and@d errors will therefore overlap zero (Blackmon and Demuth 2016).
)
Patterns i netic architecture underlying clinal divergence in elevation, slope and
-

curvatur s and morphological traits

Acc traits, autosomal additive effects contributed to clinal divergence in less
than a t@crosses, and were detected more frequently for divergence in mean
perfo ation (observed in 55% of crosses), than for plasticity - slope (observed in
9% of cros curvature (observed in 18%) (Table 2). Autosomal additive effects were
important for divergence in elevation for heat knock down time in D. simulans, wing size in
D. melan&iter females and males, wing size in D. simulans females, thorax size in D.
melanoga s and thorax size in D. simulans females (Figures 3, 4 and 5). For slope,
autosomal additive effects were only important for divergence in thorax size in D.
melan ales, and for curvature, autosomal additive effects contributed to
divergeMd in D. melanogaster females, and wing size in female D. melanogaster

(Figures 3, 4 and)§).

Autosomal dominance effects were less common than autosomal additive effects,

contributing to clinal divergence in elevation, slope and/ or curvature in only 21% of crosses

This article is protected by copyright. All rights reserved.
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overall (Table 2). Similar to autosomal additive effects, autosomal dominance effects were

observed more often for divergence in elevation (27% of crosses), than in slope (9% of

dominanc

crosses), biiﬁe observed in a similar frequency for curvature (13%) (Table 2). Autosomal

re important for divergence in curvature for heat knock down time in D.
N . _ , ,

melanogagr, divergence in elevation and curvature for cold in D. melanogaster, divergence

in cuwatu@levation for wing size in D. simulans females and males respectively, and

divergence

AL; epistatic and cytotype by autosomal epistatic effects were found more

frequentl;!han autosomal additive or dominance effects, detected in 58% and 42% of crosses

rax size in D. melanogaster and D. simulans males (Figures 3, 4 and 5).

respective 2). Autosomal epistatic effects were more common for curvature (found
in 82% of CtosSeS) than for elevation (45%) or slope (45%), while cytotype epistatic effects
were more n for both measures of plasticity (slope: 64%, curvature: 45%), than for
elevati (Table 2). Autosomal additive by additive epistatic effects were only
important gr divergence in plasticity, detected for slope and curvature in female heat knock
down time 4 melanogaster and D. simulans females, slope for wing size in D. simulans
males, an re in wing size and thorax size in D. melanogaster males (Figures 3, 4 and
5). Autﬂditive by dominance and/ or autosomal dominance by dominance epistasis
were inw elevation for heat and cold resistance in D. melanogaster, wing size in D.
simulans nd thorax size in D. simulans females and males; slope for heat resistance
and wing and thorax size in D. melanogaster females; and curvature in heat resistance and
thorax . simulans females, wing size in D. simulans males and cold resistance, wing

and thorax size in D. melanogaster females (Figures 3, 4 and 5).

This article is protected by copyright. All rights reserved.
17



Maternal effects were also common for divergence in elevation, slope and curvature
and were observed in just under half of all crosses, while cytotype effects were only observed
in 24%Hs overall. Maternal and cytotype effects contributed more frequently to
divergencﬁ

(73% and 36% respectively) than for elevation (45% and 18%

H .
respectwe!) or curvature (45% and 18% respectively), (Table 2).

Adros§alBreaction norm parameters, the frequency of additive effects was similar for

$C

stress andglogical traits (Table 2). Dominance, autosomal and cytotype epistasis, and

maternal ere more common for divergence in the stress traits, while cytotype effects

were slighfly more common for divergence in the morphological traits (Table 2).

ah

Differ enetic architecture between elevation, slope and curvature

M

5 different composite genetic effects (CGE’s) were identified as important

for explaiging clinal divergence in the different reaction norm parameters (i.e. elevation,

I

slope and re) for each trait (Figures 3, 4 and 5). Indeed, when we compared the AICc

O

scores for dels including CGEs with a variable importance (vi) of more than 0.5 (or vi

> 0.3 if there was high model selection uncertainty) for each reaction norm parameter (e.g.

i

elevati AICs scores which included the same CGE’s identified for the other

reaction norm pagameters (e.g. slope and curvature) for each trait we generally found strong

ut

support that thedaodels that best described divergence in elevation, slope and curvature were
differe best model > 2 AICc than the alternate model) (Tables S3-5), suggesting that
the genetic basis underlying divergence in these reaction norm parameter values differ. The

only traits where this was not the case were slope (versus elevation and curvature) and
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curvature (versus elevation and slope) for wing size in D. melanogaster males, slope (versus

curvature) for wing size in D. simulans males (Table S4), and elevation (versus curvature) for

thorax size i simulans females, and slope (versus curvature) and curvature and elevation
for thorax imulans males (Table S5).
N

W

C

ound little evidence that the genetic basis underlying divergence in

elevation, §lo d curvature is similar across the sexes. With the exception of curvature for

S

thorax siz imulans and D. melanogaster, and elevation and slope for wing size in D.

U

melanogaStér models that best described divergence in elevation, slope and curvature

differed a@ross sexes in both species (AICc best model for females > 2 AICc than the

g

alternate or males and vice versa) (Tables S6-7). Additionally, we found little

d

evidence titat genetic basis underlying divergence in elevation, slope and curvature is

similar acr cies. With the exception of slope for wing and thorax size in males, and

\

curvat x size in females, all of the models that best described divergence in

elevation, glope and curvature differed across D. melanogaster and D. simulans (AICc best

[

model for anogaster > 2 AlCc than the alternate model for D. simulans and vice versa)

O

(Tables S

DISCUSSION

e ¢ basis of phenotypic plasticity is not well understood, despite being

—

Auth

important for modelling and understanding the evolution of plastic responses in nature. The
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extent to which additive or non-additive effects contribute to the evolution of plastic
responses is still not clear even though physiological epistasis (that is, epistasis between

regulatory ﬁtructural loci) is central to evolutionary models of plasticity (including the

gene regu 1) and canalization (Scheiner 1993; Wagner et al. 1997; Rice 1998; Flatt
2005). Ws provide the first detailed examination of the quantitative genetic basis of
divergencgan thermal response and thermal plasticity in locally adapted outbred
population . melanogaster and D. simulans. Our analysis suggests that the genetic basis

of popula digergence in reaction norm elevation, slope and curvature differs, and that

epistasis frequeifly contributes to divergence in plasticity. We discuss the implication of

these ﬁndi&w.

Us

The een considerable interest in the extent to which epistasis may contribute to
the adaptive @i ence of key traits (Wright 1931; Whitlock et al. 1995; Fenster et al. 1997;
Wade ght 1998), as well as its role in the maintenance of genetic variance and the

rate of evi:tion (Hansen 2013). Using crosses between diverged populations or lines/ stocks,

several stﬁve shown that epistasis is indeed important for adaptive divergence in

morpholo ess and fitness traits (Hard et al. 1992; Armbruster et al. 1997; Gilchrist
and Pa@% Schiffer et al. 2006; van Heerwaarden and Sgro 2011). However, only a
small Wudies have used this approach to examine the quantitative genetic basis of
plasticity ?kins and Jinks 1973; Connolly and Jinks 1975; Pooni et al. 1987). These
studies found ewvidence that dominance and epistasis contribute to both mean performance
and e{nt;l sensitivity (plasticity), suggesting that non-additive effects may
commonly underlie the evolution of plasticity. Nonetheless, these studies did not consider

maternal effects, which may contribute significantly to F2 breakdown, nor did they use a
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comprehensive crossing design that allowed the partitioning of different epistatic effects.

Furthermore, no such studies have been performed to understand the genetic basis of

Ly

divergence : Easticity in outbred populations originating from, and adapted to, different

biogeogra tats. While we used flies that had been in the laboratory for 6 - 9

generati-o me starting the experiment, and may thus have undergone some level of
laboratory gdaptation (Santos et al. 2012), this is the first study to our knowledge that has
used a C(Qnsive crossing design to examine the genetic architecture underlying
plasticity ocally adapted outbred populations recently collected from different
biogeographical Y9cations. Consistent with these earlier studies (e.g. Perkins and Jinks 1973;
Connolly a inks 1975; Pooni et al. 1987), overall we observed that additive, dominance,
epistatic ﬁmal effects all contributed to divergence in the mean (elevation) and
plasticity d curvature) of body size and/or thermal tolerance in D. melanogaster and

D. sim s, both additive and non-additive genetic effects underlie the evolution of

the mean of traits (van Heerwaarden and Sgro 2011) and their plastic responses to

temperature (this study).

In Qcies, we also observed that the relative contribution of non-additive genetic

effects un@erlying the divergence in trait mean (elevation) and thermal plasticity (slope and

g

curvat Autosomal additive effects were more common for divergence in mean

{

values (el than for plasticity (slope or curvature), while autosomal dominance effects

u

contributed moredrequently to divergence in elevation and curvature than for slope. Cytotype

and m ffects were detected more frequently to divergence in slope than elevation or

A

curvature. Importantly, epistatic effects were more common for plasticity than trait mean

(elevation), consistent with Connolly and Jinks (1975). Across all traits, autosomal and/ or
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cytotype epistasis was observed in 91% of crosses for both slope and curvature (c.f. to 45%
of crosses for elevation) (Table 2), suggesting that epistasis may be crucial to the evolution of
plastic res . This finding has important implications for genetic models of plasticity,
which geme non-additive genetic variation (Via et al. 1995; Berrigan and Scheiner
2004). Tt Empoﬂant for understanding and predicting how traits and their plasticity
evolve (Camter g al. 2005; Hallander and Waldmann 2007). This is because studies have
shown thamésis can alter additive genetic variance of traits under selection, and some
models SLwat epistasis may accelerate or constrain evolutionary responses to selection
(Carter etES; Carlborg et al. 2006; Hallander and Waldmann 2007). Specifically,

positive e where genes tend to reinforce each other’s effects in the direction of

selection, phslmii¢rcase additive genetic variance and accelerate the response to selection,
while negmstasis, where genes tend to diminish each other’s effects in the direction of

e additive genetic variance, will reduce the response. (Hansen and Wagner

2001). Thus pistasis is pervasive, predicted evolutionary responses in traits or their

In addition to differences between the genetic basis of mean (elevation) and plasticity
A
(slope), we also found that the quantitative genetic basis of the two reaction norm parameters

meh—

that describe plasticity (slope and curvature) differs. Although quantitative genetic models
P
have not the effect of additive and non-additive genetic effects on the evolution of

plasticity separatgly, de Jong and Gavrilets (2000) predicted that the additive genetic variance

for the¥elg on and slope of a linear reaction norm, as well as their covariance, should
depend on the level of variation in their developing environment, decreasing with increasing

variation in the environment of development. Furthermore, Lande (2009) found that after
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large and sudden changes in environment exceeding typical background environmental
fluctuations, the proportion of additive genetic variance of a trait in the new environment may
increase ju additive genetic variance in plasticity. Given that plasticity is predicted to
evolve waions experience spatial and/ or temporal environmental heterogeneity
(Via a:d W 1985; Gabriel and Lynch 1992; Gabriel et al. 2005), environmental
variability gmayMgirectly influence the evolution of plasticity. Consistent with this prediction,
de Jong agilets (2000) showed that the additive genetic variance for elevation and
slope (an r génetic covariance) of morphological traits in Drosophila both decrease with
increasing variaf§on in the environment of development. Furthermore, as long as some loci
that influen the slope are present (i.e. pleiotropy isn’t complete, as predicted under the
gene regu kdi othesis), the genetic variance in slope (plasticity) is predicted to decrease
faster with'i W sed environmental variance than the genetic variance in elevation (mean)
(de Jo ilets 2000). We have only measured the relative contributions of different
genetic effe population divergence, rather than assessing standing additive and non-
additive genetic variance, and are thus unable to directly compare our results to those of de
Jong and @Gavrilets (2000). However if the additive genetic variance in elevation and slope
(and their covariance) does indeed change across environment as predicted (de Jong
and Gavril 00), then the differences in the overall quantitative genetic architecture

(additivei g;inance, epistasis, maternal etc) for mean trait values (elevation) and plasticity

(slope Mre) between populations originating from, and locally adapted to, different

environments as ijserved in our study may be expected.

When exploring the level of evolutionary divergence in different reaction norm

parameters across diverged populations and species, Murren et al. (2014) found that
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divergence in plasticity (slope and curvature) among closely related species were greater than

divergence in trait means (elevation), indicating that microevolutionary changes in plasticity

curvature

may be mﬂn than evolved shifts in trait means. They also found that differences in

ely related species were greater than differences in slope. Higher levels
of dlvergsce in plasticity (slope and curvature) than elevation contrast with quantitative
genetic exﬁts that have shown that heritability for plasticity is lower than for elevation

(Scheider , but are consistent with theoretical models, which suggest that plasticity may

increase agge and sudden changes in environment, with relatively little change to the

additive geneflcjriance of the trait in the original environment (Lande 2009). These results

suggest tl& is significant potential for the additive genetic variance and selection

responses for trait mean (elevation) and plasticity (slope and curvature). Our study,

which revm&rences in genetic architecture for divergence in trait mean and plasticity,

such predictions. In addition, our results are consistent with models that
suggest that sis may play an important role in evolutionary shifts in traits and plasticity

(Carter et al. 2005).

L

WQund that the genetic effects underlying divergence in plasticity for heat/cold
resistanﬂly size generally differed, suggesting that the genetic basis of plasticity may
be traitWiven the close association between body and environmental temperature in
ectotherm ns and Bowler 1987), resistance to temperature extremes is likely to be
important for sugyiving and adapting to different thermal environments, as well as dictating
specie tions (Sunday et al. 2011; Overgaard et al. 2014). Overall, we found that
dominance, autosomal and cytotype epistasis, and maternal effects were slightly more

common for divergence in the plasticity of heat/cold resistance compared to size. Roff and
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Emerson (2006) hypothesised that fitness traits would show higher levels of epistasis and

dominance because these traits should be subjected to intense natural selection (Kingsolver et

al. 2012), which is predicted to deplete additive genetic variation, and leave segregating loci

with pri jnance and epistatic effects. Indeed, in a meta-analysis of line-cross
. —— . . . .

studies, tk!y observed more epistasis for fitness traits than morphological traits (Roff and

Emerson wowever, in comparisons between tropical and temperate populations of

Drosophila; requency of non-additive genetic effects was higher for morphological traits
than stres sdvan Heerwaarden and Sgro 2011, Gilchrist and Partridge 1999; Kennington
2001). Our dataSuggests that different genetic architectures underpin the mean and plasticity

of morphologi nd climatic stress resistance traits.

Findlly;"Hie genetic effects underlying population divergence in the different reaction
norm Ei\ffered between D. melanogaster and D. simulans, and across the sexes.
Despit ilar distributions and thus similar environmental conditions, these results
suggest tk!t similar selective forces can cause divergence in traits and their plasticity via
quite differ es of gene action and interaction. These results are also consistent with
evolutiona rns observed in a recent meta-analysis (Murren et al. 2014), which showed
that di\ﬂl reaction norm shape varies between organisms, traits, and environments.
Taken Wse findings suggest that the evolution of plasticity is complex, and that this
complexit e considered in future studies of plasticity. While we only examined one
population from_gach latitude for each species, which may limit our ability to make general
statem@which particular genetic effects underlie clinal divergence for each trait
specifically, our replication at the species level supports our general findings that different

genetic effects underlie mean performance and plasticity, and that epistasis contributes
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frequently to evolutionary divergence in plasticity more broadly. In addition, the fact that

independent studies on D. melanogaster have repeatedly shown clinal patterns in the traits we

e

examined (e.g. heat: Hoffmann et al. 2002; Sgro et al. 2010; Cockerell et al. 2014; size:

f

James et al. 1995; 1997; van Heerwaarden and Sgro 2011; cold: Hoffmann et al. 2002, 2005),

I
that also reflect the level of population divergence we see in this study, suggests that the

—

divergence in these traits and their plasticity are likely due to local adaptation.
In ion, the genetic basis of geographic divergence in mean performance and

both mea plasticity differs in both D. melanogaster and D. simulans. In addition, the

prevalenc! of non-additive genetic effects for plasticity, as well as trait means (van

Heerwaar Sgro 2011) suggests that non-additive genetic effects (particularly
a 0

epistasis) rtant for the evolution of both trait means and trait plasticity. Current
evolutiona els of adaptive responses to environmental change largely assume that
additiv fects will be important for the evolution of both trait mean and plasticity

(Fisher 1930; de Jong 1995; Coyne et al. 1997, 2000; Hill et al. 2008). The extent to which
predictionﬁ)lutionary shifts in plasticity and trait means will differ if non-additive

effects are ly considered remains to be assessed.

th
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Figure 1. 1 reaction norm of mean heat knockdown time at 38.5 °C in (a) D.

melanogaster ales and (b) D. simulans females, and mean chill coma recovery time at 25

thor M

°C after 3 0° C in (c) D. melanogaster females under different developmental/ adult

9

acclimati ratures. Error bars are one standard error.
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Figure 3. @ eighted average values for the different composite genetic effects (CGEs)

contributi divergence between tropical and temperate populations in reaction norm
elevation, d curvature for heat knock down time in D. melanogaster (a, b, ¢) and D.
simulans and chill coma recovery time in D. melanogaster (h, 1, j). Bars are coloured
based on wa ble importance) score, which provides evidence that a CGE is important

even i<ﬂfibution is small or poorly defined. Error bars indicate the unconditional
standard errors afd stars indicate which CGE’s are compared across the different reaction
norm parameters. The direction of each CGE indicates whether the average effect across all
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loci is positive or negative in relation to the reference population, P1. m = mean, Aa =

autosomal additive, Ad = autosomal dominance, AaAa = autosomal additive by additive

epistasis, ! = autosomal additive by dominance epistasis, AdAd = autosomal dominance
by domin 1S, Mea = additive maternal, Med = dominance maternal, Ca = additive

cytotype, s;aAa = additive cytotype by autosomal additive epistasis, and CaAd = additive

cytotype bwmal dominance epistasis.
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Figure eighted average values for the different composite genetic effects (CGEs)
contributing to divergence between tropical and temperate populations in reaction norm
elevation, slo d curvature for wing centroid size in D. melanogaster females (a, b, c) and
males (d} and D. simulans females (g, h) and males (i, j, k). Bars are coloured based on

vi (variable importance) score, which provides evidence that a CGE is important even if its

contribution is small or poorly defined. Error bars indicate the unconditional standard errors
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and stars indicate which CGE’s are compared across the different reaction norm parameters/
traits/ sex. The direction of each CGE indicates whether the average effect across all loci is
positive or tive in relation to the reference population, P1. m = mean, Aa = autosomal
additive, mal dominance, AaAa = autosomal additive by additive epistasis, AaAd
= autosomal additive by dominance epistasis, AdAd = autosomal dominance by dominance

epistasis, a i additive maternal, Med = dominance maternal, Ca = additive cytotype,

CaAa = a cytotype by autosomal additive epistasis, and CaAd = additive cytotype by

autosomawwe epistasis.
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and stars indicate which CGE’s are compared across the different reaction norm parameters.
The direction of each CGE indicates whether the average effect across all loci is positive or
negative in ion to the reference population, P1. m = mean, Aa = autosomal additive, Ad
= autoso ce, AaAa = autosomal additive by additive epistasis, AaAd = autosomal
additive b! dominance epistasis, AdAd = autosomal dominance by dominance epistasis, Mea

= additive@al, Med = dominance maternal, Ca = additive cytotype, CaAa = additive

cytotype b osomal additive epistasis, and CaAd = additive cytotype by autosomal
dominanc stafis
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Table 1. Outline of crossing scheme (performed separately for each species), the relative

contribution of the composite genetic effects (CGEs) to each cohort and the proportion of P1

C CaA Proportio
Cohor ( AaA AaAd AdA Me Me C  Cad d nofPl
t Elﬁl m Aa Ad a d d a d a a genes

Temperat 0 1

§

popalati
P1 n‘ ’ 1 1 0 1 0 0 1 0 1 1
Tropic 0 0
p 0
P2 n 1 -1 0 1 0 0 -1 0 -1 1
P 1 0.5
F1 P2 1 0 1 0 0 1 1 0 1 0
P -1 0.5
FIR P 1 0 1 0 0 1 -1 0 -1 0
(P1 0.5 0.5
X 0
F2 P 1 0 5 0 0 0.25 0 1 1 0
-0.5 0.5
X 0.
F2R P1 1 0 5 0 0 0.25 0 1 -1 0
X X 0. 0 0.5 0.75
Bla P2) 1 5 5 025 025 0.25 1 0 1 0.5
Ph 0 0 0.5 0.75
Blb P1) 1 5 5 025 025 0.25 1 0 1 0.5
(P @ 0 0 0.5 0.75
BlIRa xP 1 5 5 025 025 0.25 0 1 1 0.5
(! x P1) 0. O. -0.5 0.75
BI1Rb 1 5 5 025 025 0.25 0 1 -1 -05
H - 0.5 025
P 0. O. -
B2a x P2) 1 5 5 025 025 0.25 -1 0 -1 0.5
- -0.5 0.25
0. O -
B2b 1 5 5 025 025 0.25 -1 0 -1 0.5
- 0.5 0.25
(P1xP2) 0. O -
B2Ra xP2 1 5 5 025 025 0.25 0 1 1 -05
- -0.5 0.25

~ (P2xPl) 0. 0. -
Bhrartiglpas protecfed by cogyrights Allyraghts geservedy 1 -1 05
A2




genes.

T

m = mean utosomal additive, Ad = autosomal dominance, AaAa = autosomal additive
by additiv WAaAd = autosomal additive by dominance epistasis, AdAd = autosomal

dominanc@by dominance epistasis, Mea = additive maternal, Med = dominance maternal, Ca

= additive@ytot¥pe, CaAa = additive cytotype by autosomal additive epistasis, and CaAd =

additive cyt by autosomal dominance epistasis.

Table 2 83 of the composite genetic effects underlying divergence in elevation, slope and

curvature (@veraged across all traits/ sex/ species), in the stress and morphological traits (averaged

across sex/ and overall. The discrete values are the number of crosses where these effects

were foun portant (vi > 0.5, or vi > 0.3 where there was high model selection uncertainty)

and th is the fraction of all crosses in a particular category where these effects were
observed

N Additiv Cytotype Epistasi Cytoty
L e Dominan Autosom by J pe Materna
O ce al Autosom Overall
£ Epistasis al
I ) Epistasis
Elevatio 55 3 27%) 5 @45 2 (18 5 (45 (18 (45
: %) %) %) %) %) %)
Slope { %%) 1 9%9%) S5 @ 7 (4 1 (91 (36 (73
%) %) 0 %) %) %)
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Curvatu 1 2 (18

re 1 %)
Stress 22
LA
Morph O (29
: %)

Overall 3 (27
3 %)

3

(27%)

(33%)

(17%)

(21%)

(82

%)

(78

%)

(50

%)

(58

%)

(45

%)

(78

%)

29

%)

(42

%)

(91

%)

(89

%)

(71

%)

(76

%)

(18

%)

(22

%)

(25

%)

(24

%)

(45

%)

(67

%)

(50

%)
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%)
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