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Abstract
1.	 Increasing temperature and thermal variability generate profound selection on 

populations. Given the fast rate of environmental change, understanding the 
role of plasticity and genetic adaptation in response to increasing temperatures 
is critical. This may be especially true for thermal effects on reproductive traits 
in which thermal fertility limits at high temperatures may be lower than for sur-
vival traits. Consequences of changing environments during development on 
adult phenotypes may be particularly problematic for core traits such as repro-
duction that begin early in development. Here we examine the consequences of 
developmental thermal plasticity on subsequent adult reproductive traits and its 
genetic basis.

2.	 We used a panel of Drosophila melanogaster (the Drosophila Genetic Reference 
Panel; DGRP) in which male fertility performance was previously defined as 
either showing relatively little (status = ‘high’-performing lines) or substantial 
(‘low’-performing lines) decline when exposed to increasing developmental tem-
peratures. We used a thermal reaction norm approach to quantify variation in 
the consequences of developmental thermal plasticity on multiple adult repro-
ductive traits, including sex-specific responses, and to identify candidate genes 
underlying such variation.

3.	 Developmental thermal stress impacted the means and thermal reaction norms 
of all reproductive traits except offspring sex ratio. Mating success declined as 
temperature increased with no difference between high and low lines, whereas 
increasing temperature resulted in declines for both male and female fertility 
and productivity but depended on line status. Fertility and offspring number 
were positively correlated within and between the sexes across lines, but males 
were more affected than females.

4.	 We identified 933 SNPs with significant evolved genetic differentiation be-
tween high and low lines. In all, 54 of these lie within genomic windows of 
overall high differentiation, have significant effects of genotype on the male 
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1  |  INTRODUC TION

Organisms’ responses to environmental change involve changes 
in behaviour such as migration, phenotypic plasticity (West-
Eberhard,  2003; Whitman & Agrawal,  2009) and genetic adapta-
tion. Plasticity, which is broadly defined as environment-dependent 
expression of a phenotype, may either inhibit or accelerate genetic 
adaptation (Ghalambor et al., 2007, 2015; Schmid & Guillame, 2017). 
Adaptation may also be limited, for example many studies have 
found reduced adaptive potential in thermal limits (the tempera-
ture at which physiological function fails; e.g. Bennett et al., 2021; 
Schou et al., 2014; van Heerwaarden et al., 2016). This latter find-
ing is especially worrying given the fast rate of anthropogenic cli-
mate change (Arias et al., 2021; Candolin & Wong, 2012), increasing 
mean temperature, and duration and intensity of heat extremes 
(Arias et al., 2021). Thus, there is a premium on understanding the 
role of plasticity and genetic adaptation in response to the changing 
thermal environment, which is critical to successfully predict and 
mitigate risks that species face due to climate change (Bonamour 
et al., 2019; Lafuente & Beldade, 2019).

Stress experienced during development poses a particular chal-
lenge in terms of maintaining homeostasis and continuing normal 
development. Phenotypic changes induced during development af-
fect adult phenotypes, including growth, behaviour, reproduction 
and metabolism (reviewed in Eyck et al.,  2019). Developmental or 
juvenile stages of some organisms, for example, holometabolous in-
sects, may be environmentally restricted to particular habitats. Such 
restrictions may prevent the ability to move away from unfavourable 
environmental conditions, increasing susceptibility to warming ef-
fects. Consequently, less mobile life stages may rely on plasticity to 
a greater extent to maintain homeostasis. However, the evolution of 
adaptive plastic responses requires high reliability of environmental 
cues (Moghadam et al., 2019; Uller et al., 2015), with evolutionary re-
sponses in the face of higher novelty and unpredictability of weather 

phenomena being less well understood (Bitter et al., 2021; Bonamour 
et al., 2019). Moreover, developmental plasticity that leads to changes 
in adult phenotypes are often irreversible, particularly for core pro-
cesses (Hoffmann & Bridle,  2021; West-Eberhard,  2003). With in-
creasingly novel and variable thermal environments, there may be 
increasing risks of generating an inappropriate phenotype based on 
current sensitivity of genotypes to the environment. Thus, determin-
ing whether populations harbour phenotypic and genetic variation 
to maintain developmental homeostasis for core processes under in-
creasing temperatures is of interest (West-Eberhard, 2003).

The variation in response to thermal stress can differ not only 
between life cycle stages but also between the sexes. This sexual 
dimorphism is expected given vast differences in male and female 
reproductive physiologies (Baur et al., 2021; García-Roa et al., 2020). 
In particular, spermatogenesis typically exhibits higher thermal sen-
sitivity than oogenesis and this may result in male reproductive 
performance being more susceptible to thermal stress (e.g. David 
et al., 2005; Kurhanewicz et al., 2020; Porcelli et al., 2016; Rohmer 
et al.,  2004). In many insects, spermatogenesis starts during de-
velopment (Nijhout,  1998) and heat stress experienced by males 
during this time can manifest in the adult stage as sterility (e.g. 
see David et al., 2005; Green et al., 2019; Jørgensen et al., 2006; 
Pedersen et al., 2011; Porcelli et al., 2016; Rohmer et al., 2004; Sales 
et al., 2018; Sales et al., 2021; Saxon et al., 2018; Walsh et al., 2020; 
Zwoinska et al.,  2020). However, in many sexually reproducing 
species, population growth is mainly dependent on female fertility 
(Caswell, 2006). Thus, understanding how both sexes are impacted 
by rapid climate change and how they interact is important for deter-
mining the short- and long-term evolutionary consequences of ther-
mally sensitive traits (Baur et al., 2021; Iossa, 2019; Walsh, Parratt, 
Atkinson, et al., 2019; Walsh, Parratt, Hoffmann, et al., 2019).

Plasticity is often modelled using a reaction norm, which rep-
resents the range of phenotypes expressed by a genotype across 
an environmental gradient (Stearns, 1992). Aspects of the reaction 

thermal reaction norm for productivity and are associated with 16 genes en-
riched for phenotypes affecting reproduction, stress responses and autophagy 
in Drosophila and other organisms.

5.	 Our results illustrate considerable plasticity in male thermal limits on sev-
eral reproductive traits following development at high temperature, and we 
identify differentiated loci with relevant phenotypic effects that may con-
tribute to this population variation. While our work is on a single population, 
phenotypic results align with an increasing number of studies demonstrating 
the potential for stronger selection of thermal stress on reproductive traits, 
particularly in males. Such large fitness costs may have both short- and long-
term consequences for the evolution of populations in response to a warming 
world.
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norm can define several biologically relevant parameters, such 
as both the cold and hot temperatures at which homeostasis fails 
(CTmin and CTmax, respectively), also called critical thermal limits, 
and optimum temperature (Topt). Trait performance can be quan-
tified by a curve on this reaction norm, and the linear slope can be 
used to describe performance, with a steeper slope indicating a 
greater degree or amount of plasticity, whereas a shallower slope 
points to canalization of a phenotype (Stearns,  1992). There has 
been a recent emphasis on the application of this framework to de-
fine thermal fertility limits (the temperature threshold at which an 
organism is unable to reproduce, similar to critical thermal limits for 
survival traits; Walsh, Parratt, Atkinson, et al., 2019). In addition, re-
cent comparative research on Drosophila species showed that ther-
mal limits for male fertility are lower than limits for survival when 
individuals are stressed as adults and that such limits predict current 
species distributions better than survival limits (Parratt et al., 2021; 
van Heerwaarden & Sgrò, 2021). Examination of the thermal limits 
of more reproductive traits is required to get a broader perspective 
of the effect of increasing temperatures on reproductive processes.

Determining the genetic architecture of phenotypic traits is crit-
ical for understanding the potential of populations to respond to 
selection. Adaptation of complex quantitative traits, such as those 
influencing reproductive success, is predicted to occur through many 
loci of small effect, but several recent studies have identified large-
effect loci associated with rapid adaptation (Mallard et al.,  2018; 
Messer et al.,  2016). Loci contributing to inter-genotype variation 
in plasticity may provide the raw material for evolution of plasticity, 
and artificial selection experiments have found that single allelic 
variants can alter trait sensitivity to the environment (reviewed in 
Lafuente & Beldade,  2019). Moreover, determining whether there 
is a distinct genetic basis between genes contributing to variation in 
trait plasticity with those contributing to variation in trait means al-
lows determining the possibility of independent evolution of the two 
critical ways organisms can respond to climate change (e.g. Lafuente 
et al., 2018; Ørsted et al., 2019).

Here we focus on the benign to thermally stressful portion of 
the thermal response curve, to investigate how reproductive trait 
values may change via developmental thermal plasticity in response 
to increasing temperatures, while determining between-sex correla-
tion in responses, and identifying loci that contribute to changes in 
trait mean and plasticity. We do this by exposing a subset of inbred 
Drosophila melanogaster lines from the Drosophila Genetic Resource 
Panel (DGRP) to three different rearing temperatures (Huang 
et al.,  2014; Mackay et al.,  2012). This subset is determined from 
previous work across 127 DGRP lines in which we measured devel-
opmental thermal plasticity of male fertility (Zwoinska et al., 2020). 
From this work, we identified 20 lines that maintained fertility in 
the adult stage across all developmental temperatures (‘high’-
performing lines characterized by less steep negative reaction norm 
slopes across three developmental temperature treatments: 25°C, 
27°C and 29°C) and 20 lines where fertility declined with increasing 
temperature (‘low’-performing lines characterized by steeper neg-
ative reaction norm slopes; Zwoinska et al., 2020). We used these 

high and low lines and re-measured male fertility to test repeat-
able responses, which suggests an underlying genetic control. We 
also measured additional reproductive traits that may be affected 
by thermal stress and impact population viability—mating success, 
offspring production and offspring sex ratio. We determined adult 
reproductive trait means following development at different tem-
peratures, calculated the thermal reaction norms across these tem-
peratures, and determined correlations between traits within sexes 
and between sexes across lines. We then identified loci contributing 
to intra-population variation in plasticity and trait means. We first 
identified evolved genetic differences between low and high lines, 
and then tested for an effect of genotypes at these outlier loci on 
phenotypic variation between high and low lines in either the pro-
ductivity thermal reaction norm or mean of productivity.

2  |  MATERIAL S AND METHODS

2.1  |  Fly stocks

All flies used belong to isogenic lines of the Drosophila melanogaster 
Genetic Reference Panel (DGRP; Huang et al.,  2014; Mackay 
et al., 2012). Given these are Drosophila, no ethical approval is re-
quired for the work. These lines originate from a single population col-
lected in Raleigh, North Carolina, in 2003 and were subjected to 20 
generations of full-sib mating resulting in a panel of 205 inbred lines 
that was subsequently sequenced. Male thermal fertility limits have 
been described in 127 of these lines based on response to constant 
developmental temperatures of 25°C, 27°C and 29°C (Zwoinska 
et al., 2020). From these results, a subset representing lines exhibit-
ing either little thermal effect on male fertility (‘high’ lines) or lines in 
which fertility declines steeply in response to increased temperature 
(‘low’ lines) were selected (Zwoinska et al., 2020 for more details; 
line performance category primarily was based on line response at 
29°C and the slope of the reaction norm). A total of 20 high and 20 
low lines was used to determine male performance. Female perfor-
mance was measured at a separate time from the males and using a 
smaller subset of the DGRP lines (7 high lines and 8 low lines) that 
did not completely overlap with the male subset (NB: mean female 
fertility was previously reported in Zwoinska et al. (2020) but it was 
not decomposed by line status). We decomposed thermal effects 
of the sexes by mating focal DGRP individuals to wild-type Canton 
Special (CS) strain raised at 25°C. All flies were maintained in stand-
ard culture vials using cornmeal medium (9 L water, 720 g cornmeal, 
162 g dried yeast, 90 g soya flour, 720 g malt extract, 360 g molas-
ses, 72 g agar, 36 ml propionic acid and 225 ml of 10% Nipagin) at 
12-h light:12-h dark cycle.

2.2  |  Establishment of mating pairs

The protocol applied is described in detail in Zwoinska et al. (2020). 
Briefly, DGRP lines were reared at 25°C, adults transferred to egg 
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laying media to oviposit and experimental vials established with 
50 eggs/line/food vial. Vials were then randomly placed inside incu-
bators set to 25°C, 27°C or 29°C. Focal DGRP virgins no older than 
4 h from each line were subsequently collected under CO2 anaes-
thesia and transferred into individual vials and placed at 25°C. The 
following day a single focal individual was paired with an opposite 
sex CS individual. Control CS mating partners were generated fol-
lowing the same protocol except 100 eggs/vial were established, vir-
gins were stored in sex-specific groups of about 20, and were 3- to 
6-day old at the time of pairing. Pairs were kept at 25°C for 3 days, 
then discarded.

2.3  |  Reproductive trait measurements

Once mating pairs were established, the effect of developmental 
heat stress was measured for four different reproductive fitness 
traits of males: mating success in the first 8 hr of sexual interaction, 
fertility (measured as the presence/absence of larvae), offspring 
number and sex ratio. The experiment ran for two blocks, each con-
sisting of all 40 DGRP lines with sample sizes for each trait around 
n  =  10 focal males/block (see Table S1 for descriptive statistics). 
Mating observations started immediately after pairing in a climate 
room maintained at 25°C. Pairs were observed for mating for a maxi-
mum of 8  h after pairing, after which they were left unobserved. 
Thus, our measure of mating success is conservative because pairs 
could mate after 8 h, until being removed from the vial 3 days later. 
Fertility of the focal individual was assessed based on the presence 
of larvae, scored as presence/absence data 5 days after pairing (i.e. 
fertility; Zwoinska et al., 2020). Subsequent offspring numbers (i.e. 
productivity) and sex ratio for each focal individual were collected 
at two separate timepoints (12 days and 14–18 days after pairing) to 
ensure complete offspring counts, and the total summed for analysis. 
We repeated these experiments for focal DGRP females mated with 
CS males, with the exception that mating success was not measured. 
The female experiment was run in a single block with c. 30 focal 
individuals per line (see Table S1 for descriptive statistics). In all, 11 
DGRP lines overlapped between the male and female experiments.

2.4  |  Statistical analyses of phenotypic data

Sample sizes and descriptive statistics of male and female responses 
for relevant traits at each temperature per line are found in Table S1.  
All analyses were carried out using the r statistical package (v. 3.0.3, 
R Foundation for Statistical Computing, 2020). Maximal models 
were simplified by sequentially eliminating non-significant terms 
from the highest to the simplest order interaction, to establish a 
minimal model (Crawley, 2007; Table S2), and the significance of the 
dependent variables was established using type III Wald chi-squared 
tests and Wald F tests, in the case of discrete distributions or contin-
uous distributions, respectively (Anova, car package; Bolker, 2008; 
Table  1). A posteriori contrasts with Bonferroni corrections were 

done to interpret the significant effect of factors (pairs, emmeans 
package; Lenth, 2016; Table 2).

For males, the effect of temperature (25°, 27° and 29°C), line 
status (high and low lines) and their interaction on the proportion 
of matings within the first 8 h (‘mating success’, hereafter) and the 
proportion of fertility (measured as the presence/absence of larvae) 
in each line, was determined using a mixed-effect model with a logit 
link function and a binomial distribution (function glmer, lme4 pack-
age and function glmmtmb, glmmTMB package, respectively; Bates 
et al.,  2015, Brooks et al.,  2017). Productivity was analysed using 
a mixed-effect model with a Quasi-Poisson distribution, a log link 
function and the term ziformula = ~1, to account for overdispersion 
caused by zero inflation due to sterile males (glmmtmb, glmmTMB 
package; Brooks et al., 2017). Offspring sex ratio was analysed using 
a binomial distribution and a logit function. Models with tempera-
ture as a continuous variable more clearly test whether the effect 
of temperature is linear versus nonlinear. However, with three tem-
peratures, as is the case here, any attempt to assess the shape of the 
effect of temperature will be very coarse. In turn, having temperature 
as a factor allows us to compare the response of high and low lines 
at each of the temperature treatments employed. Thus, in all cases, 
temperature, line status, their interaction and block were used as 
fixed factors, while line ID was used as a random factor. In any case, 
we have performed models with temperature as a continuous vari-
able (using a linear, quadratic or negative exponential term; results 
not shown) and the results obtained are similar to the ones reported 
here. Models were run with random slopes (i.e. the random factor 
line ID was coded as (Temperature|DGRP line)). However, mating suc-
cess and offspring sex-ratio models did not converge, potentially due 
to overparameterization. This is likely due to the random-effect vari-
ance of sex ratio being very close to zero and due to some categories 
in the mating success model containing proportions that are either 
mostly 0 or mostly 1 (at 29°C and 25°C, respectively). For these two 
traits, we therefore used random intercept models (i.e. the random 
factor line ID was coded as (1|DGRP line)).

For females, models with the same error structure and effect 
terms as the male dataset were run. A random slopes model was 
specified for productivity but this model failed to converge for off-
spring sex ratio, likely due to the same issue for that trait in the male 
dataset, so a random intercepts model was used. Model comparisons 
using AIC also showed that the fit for female fertility data was better 
with a random intercept model, which is what we report.

The significance of correlations between fertility and productiv-
ity in males and in females as well as the correlation between the 
slopes of productivity measures for males and females (see next sec-
tion) in the overlapping DGRP lines was determined using the Hmisc 
package (function rcorr; Harell Jr., 2019).

Developmental thermal reaction norms were estimated as the 
consequences on adult reproductive traits. Because the response 
to different temperatures is not necessarily linear, we divided the 
dataset in two, one including the two lowest temperatures (25°C and 
27°C) and another including the two highest temperatures (27°C 
and 29°C). For each subset and all traits with a significant response 
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to temperature, line-specific slopes were extracted from random 
slopes models, where temperature, treated as a numeric variable, 
was added as a fixed factor as was block (for male data), and line 
ID was treated as random factor (Temperature|DGRP line). Models 
used to extract the random slopes for the proportion of mating 
(for males only) and fertility had a binary error distribution and a 
logit link function (glmmTMB package; Brooks et al., 2017), whereas 
those used to extract the random slopes for productivity presented 
a Poisson error distribution and log link function (glmmTMB pack-
age; Brooks et al., 2017). Model slopes were extracted with the coef 
command (Bates et al., 2015) and the average slope value for each 
line in males and females for all traits is found in Table S3. The model 
of the proportion of fertility in females failed to converge, so these 
slopes are not reported. We tested whether the slopes of the traits 
were significantly different from zero and determined whether lines 
categorized as high and low had dissimilar reaction norms. This was 
performed using a linear model with a normal error distribution and 
an identity link function with line status as a fixed explanatory fac-
tor and the line-specific random slopes as the dependent variable 
(Table S2). The slope values of male fertility and productivity, as 
well as of female productivity, were transformed to meet normality 

requirements in the subset including the two lowest temperatures 
(25°C and 27°C; package MASS, function boxcox; Venables & 
Ripley, 2002). Raw datasets for each phenotypic trait measured are 
available online (Rodrigues et al., 2022).

2.5  |  Genomic analyses

Using the DGRP v. 2 SNP data (http://dgrp2.gnets.ncsu.edu/; Huang 
et al., 2014; Mackay et al., 2012), we extracted the genotype data for 
the high and low lines (N = 20 lines for each line status) using vcftools 
(v 0.1.17; Danecek et al., 2011). Note that due to missing data the 
total number of chromosomes varied substantially. We therefore fil-
tered SNPs to exclude those with fewer than 10 chromosomes (<5 
individuals) in either group of lines. We also applied an overall minor 
allele frequency filter of 0.05. We then used BayeScan (v.2.1; Foll & 
Gaggiotti, 2008) to search for Fst outliers between high and low lines 
to identify potential evolved differences between these groups. 
BayeScan can identify regions of high genetic differentiation while 
accounting for correlated allele frequencies within and between 
groups due to shared ancestry (Foll & Gaggiotti, 2008). We used 5 

Var. of interest Explanatory var. df χ2 p value

Male reproductive traits

Mating success Temperature × line status 2 0.682 0.7111

Temperature 2 213.566 <0.001

Line status 1 0.001 0.978

Block 1 12.891 <0.001

Fertility Temperature × line status 2 43.522 <0.001

Temperature 2 11.331 0.0036

Line status 1 1.872 0.171

Block 1 0.074 0.785

Productivity Temperature × line status 2 31.584 <0.001

Temperature 2 5.376 0.068*

Line status 1 0.502 0.479

Block 1 246.584 <0.001

Sex ratio Temperature × line status 2 0.256 0.88

Temperature 2 0.291 0.865

Line status 1 0.027 0.402

Block 1 0.109 0.741

(b) Female reproductive traits

Fertility Temperature × line status 2 7.297 0.026

Temperature 2 1.421 0.491

Line status 1 0.013 0.91

Productivity Temperature × line status 2 3.008 0.222

Temperature 2 18.426 <0.001

Line status 1 1.018 0.313

Sex ratio Temperature × line status 2 1.362 0.836

Temperature 2 3.621 0.164

Line status 1 1.371 0.242

TA B L E  1  Generalized linear and 
linear mixed-effect model output for 
reproductive traits of (a) males and (b) 
females. df indicates the degrees of 
freedom. χ2 provides the chi-square value 
obtained in each analysis. ‘temperature’, 
temperature in each treatment (25°C, 
27°C or 29°C); ‘line status’, DGRP line 
classification based on male fertility 
performance (low or high lines); ‘block’, 
week in which the data were collected 
(1 or 2). Statistically significant effects 
are represented in bold, statistically 
marginally significant effects represented 
with *

http://dgrp2.gnets.ncsu.edu/
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pilot runs of 5,000 iterations each followed by a main chain of with 
20,000 burn-in iterations and 50,000 additional iterations keeping 
every 10th iteration. We confirmed the convergence of chains using 
Geweke’s and Heidelberg and Welch’s convergence diagnostics from 
the coda r package (0.19-4; Plummer et al., 2006). To control for an 
inflated number of SNP outliers due to physical linkage of SNPs and 

the resulting correlation in allele frequencies (and therefore Fst and 
q-values), we summarized the signal by computing the mean q-value 
for non-overlapping windows of 5 kb (see Figure S1). Outlier win-
dows were then called as those with a mean −log10(q-value) ≥ 0.13 
(the 99.9th percentile). Although the mean q-value for each window 
is not completely independent of the SNP-wise q-values, we reason 

TA B L E  2  A posteriori contrasts of significant explanatory variables for reproductive traits of (a) males and (b) females. Contrasts with 
Bonferroni corrections were performed to interpret which conditions significantly differed from each other. ‘Temperature’, average 
temperature in each treatment (25°C, 27°C and 29°C; here represented as ‘25’, ‘27’ and ‘29’, respectively); ‘line status’, DGRP line 
classification based on male fertility performance (low or high lines; here represented as ‘Low’ and ‘High’, respectively; Zwoinska et 
al., 2020). Test statistics reported: z-ratios for binary variables and t-ratios for productivity. Statistically significant contrasts are represented 
in bold, statistically marginally significant contrasts are represented with *

Var. of interest
Significant 
explanatory var. Comparison Estimate SE Test statistics p value

(a) Male reproductive traits

Mating success Temperature 25 versus 27 −0.07 0.140 0.14 1.000

25 versus 29 1.691 0.137 0.137 <0.001

27 versus 29 1.961 0.138 0.138 <0.001

Fertility Temperature × line 
status

25 high versus 27 high 0.248 0.484 0.248 1.000

25 high versus 29 high 1.473 0.486 1.473 0.022

27 high versus 29 high 1.225 0.451 2.715 0.060*

25 low versus 27 low −1.100 0.556 −1.976 0.434

25 low versus 29 low 4.445 0.471 9.428 <0.001

27 low versus 29 low 5.545 0.569 9.742 <0.001

25 high versus 25 low 0.568 0.415 1.368 1.000

27 high versus 27 low −0.779 0.603 −1.291 1.000

29 high versus 29 low 3.540 0.547 6.469 <0.001

Productivity Temperature × line 
status

25 high versus 27 high −0.024 0.052 −0.462 1.000

25 high versus 29 high 0.730 0.348 2.096 0.326

27 high versus 29 high 0.754 0.34 2.221 0.238

25 low versus 27 low 0.107 0.054 1.981 0.43

25 low versus 29 low 3.653 0.390 9.359 <0.001

27 low versus 29 low 3.546 0.383 9.250 <0.001

25 high versus 25 low −0.031 0.043 −0.709 1.000

27 high versus 27 low 0.100 0.093 1.079 1.000

29 high versus 29 low 2.893 0.533 5.429 <0.001

(b) Female reproductive traits

Fertility Temperature × line 
status

25 high versus 27 high 0.135 0.471 0.286 1.000

25 high versus 29 high −0.520 0.567 −0.918 1.000

27 high versus 29 high −0.655 0.557 −1.175 1.000

25 low versus 27 low 0.2137 0.498 0.429 1.000

25 low versus 29 low 1.218 0.451 2.702 0.062*

27 low versus 29 low 1.004 0.436 2.305 1.000

25 high versus 25 low −0.058 0.511 −0.113 1.000

27 high versus 27 low 0.021 0.486 0.044 1.000

29 high versus 29 low 1.681 0.541 3.104 0.017

Productivity Temperature 25 versus 27 0.077 0.104 0.743 1

25 versus 29 0.735 0.186 3.945 <0.001

27 versus 29 0.658 0.233 2.882 0.015
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that this approach should identify windows containing a large num-
ber of SNPs with low q-values; regions with true associations to the 
phenotype should have an effect at several linked SNPs, whereas 
spurious associations should affect only single SNPs. For each SNP 
identified as an Fst outlier (q-value  <  0.05) within the outlier win-
dows, we then collected genotype information for the phenotyped 
lines and performed an ANOVA to test for an effect of genotype on 
phenotype (slope of productivity from 27°C to 29°C and productiv-
ity at 29°C) using F-tests. Our final set of candidate SNPs were those 
for which a significant effect of genotype on phenotype could be 
detected.

2.6  |  Functional annotation

We obtained the SNPeff (Cingolani et al., 2012) annotation for each 
SNP, also available as a DGRP resource (Huang et al., 2014; Mackay 
et al.,  2012). We tested for enrichment of phenotypic terms with 
modPhEA (Weng & Liao,  2017) and gathered functional informa-
tion for genes associated with SNPs from FlyBase (v. FB2021_04; 
Thurmond et al., 2019) and the literature and expression information 
from FlyAtlas (v.2; Leader et al., 2018).

3  |  RESULTS

3.1  |  Phenotypic responses to developmental 
thermal plasticity

Offspring sex ratio from either focal males or females was not af-
fected by any factor tested (Table 1; Figure S2). However, tempera-
ture significantly negatively affected focal male mating success 
(χ2 = 213.6, df = 2, p < 0.001; Table 1a; Figure 1a) which was inde-
pendent of the line status (Table 1a). The change in mating success 
was observed at 29°C (Table 2a) with 0.77 ± 0.01 of the pairs mating 
within the first 8 h at 25°C and 27°C but only 0.47 ± 0.01 (high lines: 
0.472 ± 0.03; low lines: 0.468 ± 0.03) at 29°C, corresponding to a 
decrease of c. 40%. Accordingly, mating performance (i.e. slope of 
the reaction norm) significantly decreased between 27°C and 29°C, 
but there was no difference between high and low lines (Table  3; 
Figures 2a,b).

In contrast, focal male fertility was negatively affected by an 
interaction between temperature and line status (temperature × 
line status: χ2 = 43.5, df = 2, p < 0.001; Table 1a). Assignment of 
line status based on fertility performance was consistent across 
studies, with 36 of the 40 lines previously categorized as having 

F I G U R E  1  Phenotypic variation of 
reproductive traits in males and females 
exposed to three different temperatures 
during development. Flies developed 
at 25°C, 27°C or 29°C. In each of the 
40 DGRP lines, we measured (a) the 
proportion of vials in which mating 
was observed within the first 8 hr (i.e. 
mating success), (b and c) the proportion 
of vials in which at least one larva 
emerged from eggs (i.e. fertility) and 
(d and e) the number of adult offspring 
(i.e. productivity) per vial. Colour tones 
represent different line status (‘high lines’, 
dark grey, ‘low lines’ light grey), each dot 
represents an individual line (±SE). (a, 
b and d) show the average trait values 
when DGRP males were exposed to the 
different temperatures; (c and e) show 
the average trait values when DGRP 
females were exposed to the different 
temperatures 
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high or low performance at 29°C (Zwoinska et al., 2020) being rep-
licated in this study. Fertility was close to 1 at 25°C and 27°C in 
both high and low lines (0.942 ± 0.005 and 0.937 ± 0.005, respec-
tively) but fell to 0.81 ± 0.02 in the high lines and to 0.25 ± 0.02 
in the low lines at 29°C. Thus, 29°C for low lines could be taken 
as close to their thermal fertility limit (Parratt et al., 2021). These 
reductions correspond to decreases of 15.1% and 73.4% in the fer-
tility of high and low lines, respectively, relative to 25°C (Table 2a; 
Figure  1b). This pattern is mimicked in fertility performance (i.e. 
fertility reaction norm) which significantly declines between 27°C 
and 29°C in all lines, with low lines declining more than high lines 
(Table 3; Figure 2c,d). Focal female fertility also was affected by an 
interaction between temperature and line status (χ2 = 7.3, df = 2, 
p = 0.026; Table 1b; Figure 1c), with high and low line females dif-
fering at 29°C (Table 2b), although this decrease was relatively mar-
ginal, being c. 9% relative to 25°C.

Focal male productivity also was negatively affected by an in-
teraction between temperature and line status (χ2  =  31.6, df  =  2, 
p < 0.001, Table 1a), with offspring number reduced at 29°C in the 
low lines but no effect in high lines (Table 2a; Figure 1d). Reduction 
in the low lines was equivalent to a decrease in offspring produc-
tion of c. 88% relative to 25°C, representing a thermal fertility limit 
(Table  2a). Productivity thermal reaction norms reflect the same 
pattern, with productivity substantially declining between 27°C and 
29°C in low lines but only decreasing marginally in the high lines 
(Table 3; Figure 2e,f). In contrast, female focal productivity was neg-
atively affected only by temperature (χ2 = 18.4, df = 2, p < 0.001; 
Table 1; Figure 1e) with significant decreases at both 27°C and 29°C. 

Females decreased productivity at 27°C by c. 17% and at 29°C by 
c. 35% relative to 25°C (Table 2b). Neither of these represent the 
female thermal limit. Thus, female fertility but not productivity dif-
fered by line status. Female productivity thermal reaction norms 
also did not differ between high and low lines (Table 3; Figure 2g,h).

We found a strong positive correlation between fertility and 
productivity at 29°C for both males and females (males: correlation 
coefficient of 0.922, p < 0.001, Figure 3a; females: correlation coef-
ficient of 0.646, p = 0.009, Figure 3b). In addition, there was a sig-
nificant positive correlation between male and female productivity 
reaction norms across lines only at the highest temperatures (reac-
tion norms between 25°C and 27°C, correlation coefficient: 0.499, 
p = 0.119; reaction norms between 27°C and 29°C, correlation co-
efficient: 0.757, p = 0.007; Figure 3c).

3.2  |  Genomic patterns

In total, 1,922,228 SNPs were tested in BayeScan of which 933 
(0.05%) were identified as being Fst outliers (Figure  4). Using the 
mean q-values of SNPs within 5 kb windows, we identified 24 win-
dows with mean q-values  ≥  0.13. Of the SNPs with BayeScan q-
values < 0.05, 89 (9.5%) were within these 24 windows. We found a 
significant effect of genotype on the slope of productivity between 
27°C and 29°C for 54 of these SNPs (Table S4; Figure 4). Most of 
these 54 SNPs are annotated as ‘intronic’ (59.3%) and a large pro-
portion are annotated as ‘intergenic’ (38.9%). A minority of 13% of 
SNPs are annotated as ‘synonymous coding’. The SNPs with coding 

TA B L E  3  Thermal reaction norm parameters for male and female reproductive performance. Random slopes extracted from random 
slope models examining the change in each response variable between either 25°C and 27°C or between 27°C and 29°C temperatures. 
Table reports two model outputs: ‘High lines (Intercept)’ which tests whether the slope of high lines differs from a slope of zero and ‘Low 
lines’ which tests whether the slope of high and low lines differ. df indicates the degrees of freedom. t value is the t test values obtained in 
each analysis. Statistically significant contrasts are represented in bold and marginal significance is marked with *

Sex Var. of interest Reaction norm Comparison Estimate SE t value p value

Male Mating success 25°C −27°C High lines (Intercept) 0.055 0.009 5.865 <0.001

Low lines 0.003 0.013 0.236 0.815

27°C −29°C High lines (Intercept) −0.872 0.048 −18.37 <0.001

Low lines −0.037 0.067 −0.557 0.581

Fertility 25°C −27°C1 High lines (Intercept) 0.065 0.079 0.817 0.419

Low lines 0.23 0.112 2.046 0.048

27°C −29°C High lines (Intercept) −0.745 0.145 −5.145 <0.001

Low lines −1.707 0.205 −8.335 <0.001

Productivity 25°C −27°C1 High lines (Intercept) 0.001 0.022 0.060 0.952

Low lines −0.015 0.031 −0.477 0.636

27°C −29°C High lines (Intercept) −0.348 0.182 −1.913 0.063*

Low lines −1.39 0.258 −5.396 <0.001

Female Productivity 25°C −27°C1 High lines (Intercept) −0.145 0.073 −1.979 0.069*

Low lines 0.075 0.100 0.747 0.468

27°C −29°C High lines (Intercept) 0.224 0.272 −0.821 0.426

Low lines −0.597 0.3730 −1.601 0.133
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annotations lie within two unique genes which are both expressed 
throughout adult and larval flies (Table S4). Overall, there are 16 
genes within 4 kb of the 54 SNPs with significant effects of geno-
type on phenotype (2 kb upstream or downstream; Table S4). Using 
ModPhea, these genes are enriched only for a single phenotypic 
term after correcting for multiple testing, namely ‘embryonic/lar-
val midgut’ (Table S4). These results were highly similar when we 

used productivity at 29°C as the phenotype instead of the slope of 
productivity between 27°C and 29°C, adding 10 SNPs with signifi-
cant associations between genotype and phenotype (Table S4) and 
one additional gene. We queried the literature for studies on the 16 
overlapping genes between traits and their potential relationship to 
the ability to produce offspring under stressful environments, which 
we note in the discussion.

F I G U R E  2  Reproductive performance of males and females following developmental heat stress. Flies developed at 25°C, 27°C or 29°C. 
Random slopes extracted from random slope models modelling the relationship between the different response variables and the two lowest 
(25°C and 27°C; panels a, c, e and g), or the two highest (27°C and 29°C; panels b, d, f and h), temperatures were obtained for each DGRP 
line. Response variables: (a and b) the proportion of vials with DGRP males in which at least one mating was observed within the first 8 h 
(i.e. mating success), (c and d) the proportion of vials with DGRP males in which at least one larva emerged from eggs (i.e. fertility), (e and f) 
the number of adult offspring (i.e. productivity) per vial with DGRP males and (g and h) the number of adult offspring (i.e. productivity) per 
vial with DGRP females. The DGRP lines are ordered according to their slope value, from the highest to the lowest. Colour tones represent 
different line status (‘high lines’, dark grey, ‘low lines’ light grey), each dot represents an individual line. Red dotted lines mark the intercept = 0 
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4  |  DISCUSSION

Higher mean temperatures with a higher frequency and inten-
sity of heat waves are hallmarks of ongoing climate change (Arias 
et al., 2021). To predict the impact of increasing temperatures and 
thermal variability on biodiversity, we need to understand the phe-
notypic and genetic variation in response to changing temperatures 
across life-history stages as well as between the sexes. Using a 
subset of genotypes from the Drosophila Genetic Reference Panel 
(DGRP) with contrasting reaction norms for adult male fertility after 
experiencing different developmental temperatures (Zwoinska 
et al.,  2020), we found concurrence with our previous study: the 
subset of genotypes examined here had indistinguishable male fer-
tility when developing at 25°C and 27°C but development at 29°C 
generated two clusters of lines with either substantial (low perfor-
mance) or little (high performance) decline in male fertility (Zwoinska 
et al.,  2020). We found a similar pattern for offspring production 
with a decline by up to 90% when developing at 29°C in compari-
son to 25°C for low lines but no significant decline for high lines. 
The reduced fertility and productivity values represent a thermal 
reproductive limit for low lines (Parratt et al.,  2021). Male mating 
success also decreased but was similar across lines and thus cannot 
explain line variation in either fertility or productivity. While female 
fertility and offspring production were also compromised the effect 
was smaller than in males. Thus, with the exception of sex ratio, all 

reproductive traits showed negative, but sex-specific, reaction norm 
slopes at 29°C.

Our findings are consistent with previous work showing that 
higher developmental temperatures affect male reproductive 
performance to a larger degree than female reproductive perfor-
mance (e.g. David et al., 2005; Kurhanewicz et al., 2020), at least 
with respect to sex-specific responses within the same lines. The 
larger impact on male reproductive performance, including low 
line males reaching thermal limits, could negatively impact pop-
ulation size. A canalized response for female reproductive traits 
may be selected for, given that population growth is mainly de-
pendent on female fertility in many sexually reproducing species 
(Caswell,  2006), but this cannot completely overcome the male-
biased reduction. However, for traits with a shared genetic basis 
and that are condition dependent, male-biased thermal sensitivity 
may help purge deleterious mutations without negative effects on 
population fitness (Martinossi-Allibert et al., 2019; Manning, 1984; 
Rowe & Houle, 1996). It is important to note, however, that males 
are not universally more sensitive to thermal stress (Walsh, 
Parratt, Hoffmann, et al.,  2019) and that interactions between 
the sexes shape realized thermal sensitivity of reproduction (Baur 
et al.,  2021). Further research is therefore needed to elucidate 
the consequences of sex-specific responses and how interactions 
between the sexes shape species vulnerability to climate change 
(Iossa, 2019; Walsh, Parratt, Hoffmann, et al., 2019).

F I G U R E  3  Phenotypic correlations 
between fertility and productivity. (a) 
Phenotypic correlation between fertility 
and productivity in males; (b) Phenotypic 
correlation between fertility and 
productivity in females; (c) Phenotypic 
correlation between the productivity 
thermal reaction norms (i.e. slopes) of 
males and females; random slopes were 
extracted from random slope models 
modelling the relationship between 
productivity of either sex and the two 
lowest (25°C and 27°C), or the two 
highest (27°C and 29°C) temperatures. 
Different colours represent different 
line status (‘high lines’, dark grey, ‘low 
lines’ light grey), each dot represents 
an individual line. Grey dashed lines 
represent the linear relationship 
between variables. Red dotted lines 
mark the intercept = 0 of both variables 
represented 
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Our genomic analyses identified many SNPs with significant 
genetic differentiation between the high and low lines. Using a 
windows-based approach, we conservatively identified loci that may 
affect the productivity performance phenotype, finding 54 SNPs 
where the genotype of a line has a significant effect on phenotype. 
Genes near these SNPs were enriched for effects in the embryonic/
larval midgut. The larval midgut is especially vulnerable to brief heat 
shock during development (Krebs & Feder, 1998). We also examined 
evidence for function for the 16 genes individually near SNPs that 
were associated with the productivity thermal reaction norm. These 
genes appear to fall into three classes, with some having effects on 
male reproduction, some related to functions associated with miti-
gation of DNA damage and/or oxidative stress, and others function-
ing in autophagy.

Genes with effects on male reproduction include GAA1 (glyco-
sylphosphatidylinositol anchor attachment 1), which impacts both 
animal and plant male fertility (Desnoyer & Palanivelu, 2020; Murata 
et al.,  2012; Rikitake et al.,  2020); Cfp1 (CXXC finger protein 1), 
which plays an important role in both fertility regulation and a re-
pressive role in expression of heat shock (and salt) inducible genes in 
C. elegans (Pokhrel et al., 2019); and Papilin (Ppn), which is involved in 
morphological defects of D. melanogaster testes wherein high gene 

expression is hypothesized to compensate for these defects (Zhang 
et al., 2021).

Other genes associated with our outlier SNPs are Aladin and 
Rngo. Aladin is a component of the nuclear pore complex, and mu-
tants in this gene are hypersensitive to oxidative stress with de-
creased ability for DNA repair (Preston et al.,  2019). Rngo (rings 
lost), a homolog of human Ddi1 (DNA-damage inducible protein 1), 
encodes a conserved ubiquitin receptor which plays a role in shut-
tling proteins for degradation. Null alleles of this gene result in de-
fective ovary development in Drosophila (Morawe et al., 2011) and 
the protein is found in the D. melanogaster sperm proteome (Rettie 
& Dorus, 2012). Infertility following heat stress is often attributed 
to the inability to repair DNA damage and/or effectively mitigate 
reactive oxygen species (ROS; e.g. reviewed in Durairajanayagam 
et al., 2015). Oxidative stress damages DNA and oxidatively modi-
fied proteins are unstable and form cellular aggregates, negatively 
affecting cell function.

Our analysis also identified several genes that function in auto-
phagic pathways with some genes being part of the TORC1 pathway 
which regulates growth, metabolism, stress responses, fecundity 
and lifespan (Nässel et al.,  2015; e.g. Mipp2, raptor, Ids, Atg5, sqa). 
Autophagy is a ubiquitous, evolutionary conserved cellular process 

F I G U R E  4  A Manhattan plot showing 
the log10(q-value) from BayeScan for all 
tested SNPs. SNPs shown in red have 
q-values < 0.05. Blue points along the top 
of each panel denote the locations of 5 kb 
windows that are in the 99.9th percentile 
of the mean −log10(q-value) distribution 
(candidate windows). Note that although 
there appear to be only 22, there are in 
fact 24 blue points. The first point from 
the left on 3 L, and second point from 
the right on the X, are both groups of two 
distinct points that appear as overlapping 
on this scale. Red points circled in blue 
are those SNPs that lie within a candidate 
window that also have a significant 
effect of line genotype on phenotype 
(productivity). The distribution of the 
number of SNPs in each 5 kb window 
and the mean −log10(q-value) for each 
window across the genome are given in 
Figure S1 
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that degrades and recycles cellular products (Nagy et al.,  2015; 
Levine & Kroemer, 2019). Autophagic activity increases under stress, 
including low nutrient levels, oxidative stress, and as part of the im-
mune response, to provide resources recycled from non-essential 
processes (Levine & Kroemer, 2019). Loss of autophagic activity im-
pacts male fertility via lipid accumulation and loss of early sperm 
cyst cells while basal levels are required to maintain testis stem cells 
in Drosophila (Sênos Demarco et al.,  2020). This set of candidate 
genes raises the hypothesis that developmental heat stress results 
in potential mis-regulation of autophagy with substantial conse-
quences on male fertility.

Overall, based on outlier loci and known functions, we hypothe-
size that there are consistent genetic differences between lines that 
may explain differences in consequences of developmental thermal 
plasticity on productivity observed across these lines. We emphasize 
that our results should be interpreted with the understanding that 
the DGRP lines lack power to detect small-effect and low-frequency 
loci, which may be the norm for loci underlying plasticity and we 
study 40 lines in total. However, the list of candidate loci generated 
from our study overlaps with genes shown to impact male fertility 
and stress responses in other organisms, suggesting a potential com-
mon underlying genetic basis for male fertility limits. Unlike other 
studies (Lafuente et al., 2018; Ørsted et al., 2019), we do not find dif-
ferences in the genes underlying plasticity of the focal trait and the 
focal trait mean. Given that the mean of productivity for low lines 
represents a thermal fertility limit, our candidate genes may be more 
representative of thermal tolerance genes than for plasticity. Future 
work will need to manipulate these genes and test for effects on trait 
mean and the thermal reaction norm to directly link this variation 
with phenotypic response. Under the high temperature conditions 
here, low lines reach their thermal fertility limit whereas high lines 
do not. The ability of populations to shift thermal reaction norms 
to higher temperatures may have profound effects on responses to 
climate change; however, our study is unable to determine whether 
high lines have broader overall thermal performance curves or have 
shifted their performance to warmer temperatures. Our study can 
also not distinguish whether high lines are canalized (e.g. being in-
sensitive to thermal stress; fertility) or whether high lines exhibit 
higher thermal reproductive limits because of more robust plastic 
responses facilitating reproductive homeostasis during develop-
ment. Future work is required to answer these questions.

While we tentatively conclude that our approach has identi-
fied some potential large-effect loci, we may be missing a number 
of other large-effect loci, such as those on the Y chromosome. The 
Y chromosome is pivotal for male fertility (see references in Zhang 
et al.,  2020), including for heat-induced male sterility (Rohmer 
et al.,  2004), but the Y chromosome is difficult to map and is not 
mapped in the DGRP. Additionally, the sexually dimorphic phenotypic 
response to developmental thermal plasticity points to a potential 
role in mediating phenotypes based on pervasive and genome-wide 
sexually antagonistic genetic variation (Ruzicka et al.,  2019) with 
recent work suggesting that the Y chromosome may be more im-
portant for sexually dimorphic phenotypes than previously assumed 

(Kaufmann et al., 2021). There will also be loci of small effect that 
we have not identified, as such loci that are difficult to detect even 
in large panels (Huang et al., 2014; Mackay et al., 2012). Moreover, 
the genotypes constituting the low performing lines may each carry 
different, unique variants that are otherwise neutral (Hermisson & 
Wagner, 2004; Paaby & Rockman, 2014) and only expressed under 
high temperatures, and thus will not be at sufficiently high frequency 
to be detected. Such stress-induced plasticity could be due to cryp-
tic genetic variation, which could provide a substrate for adapta-
tion via selection on previously shielded phenotypes (Ledón-Rettig 
et al., 2014; McGuigan & Sgrò, 2009; Paaby & Rockman, 2014). Our 
experiment asked about consequences during constant develop-
mental temperatures but spatiotemporal variation in the thermal en-
vironment may mean that stabilizing selection leaves many thermal 
response genes polymorphic in the population, making small-effect 
causal genes more difficult to detect. Finally, it is generally challeng-
ing to identify causal loci given that genetic architecture of fitness 
components may be environmentally specific (Lafuente et al., 2018; 
Ørsted et al., 2019).

The effects on fertility and offspring production observed in 
our study resulted from sustained high temperatures (29°C) for the 
8 days needed for development. In Raleigh, North Carolina, where 
the DGRP founding population was collected, temperatures reach 
and stay at or above 29°C during most days in July, which is the 
hottest summer month. Nighttime temperatures typically remain 
slightly above 20°C in July (www.weather-us.com). However, nights 
are warming faster than days both globally (Arias et al., 2021) and 
in North Carolina, where the increase in warm (minimum night-
time temperature of about 21°C or higher) and very warm (24°C 
or higher) nights was one of the strongest historical thermal trends 
(Kunkel et al.,  2020). Further warming in North Carolina (Kunkel 
et al.,  2020), coupled with asymmetry of daytime and nighttime 
warming, will narrow diurnal temperature amplitude, increasing 
the risk of sustained high stressful temperatures. Moreover, lar-
vae are restricted to necrotic fruit during development. In an apple 
orchard in Indiana, USA sunlit necrotic fruits maintained tempera-
tures greater than 35°C across the entire fruit and across the day 
(Feder, 1997), with eclosing adults having phenotypic abnormalities 
(Roberts & Feder, 1999). Thus, at least part of the population may 
be exposed to sustained high developmental temperatures during 
the day, subsequently compromising adult reproductive traits. In a 
warming world, such scenarios, including changes in thermal ampli-
tude (Bitter et al., 2021; Rodrigues et al., 2021), will be experienced 
by an increasing number of organisms in their natural developmental 
environment.

In conclusion, we find inter-genotype variation in develop-
mental thermal plasticity on subsequent adult reproductive traits, 
underlain by genetic differentiation in the population. Our data 
support a growing body of literature demonstrating negative ef-
fects of increasing temperature on reproductive traits: in natural 
and laboratory settings, and in ectotherms and endotherms alike 
(e.g. Parratt et al., 2021; Schou et al., 2021; van Heerwaarden & 
Sgrò, 2021; Walsh, Parratt, Atkinson, et al., 2019; Walsh, Parratt, 

http://www.weather-us.com/
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Hoffmann, et al.,  2019; Zwoinska et al.,  2020). Our candidate 
genes have been shown to impact male fertility or be associ-
ated with thermal stress responses in both ectotherms and en-
dotherms, suggesting a potential shared genetic basis for thermal 
fertility limits. A recent experimental evolution study in which 
warming temperatures were applied across all life-history stages 
found little evidence for adaptive responses of male fertility in 
six Drosophila species (van Heerwaarden & Sgrò,  2021). This re-
sult suggests limited adaptive potential for responses to ther-
mal fertility limits, similar to studies on critical thermal limits of 
survival traits (e.g. Bennett et al.,  2021; Schou et al.,  2014; van 
Heerwaarden et al., 2016). Whether the intra-population variation 
we find in the thermal reaction norm and thermal fertility limits 
arising from developmental plasticity in this population is suffi-
cient for future adaptive responses to increasing temperatures 
remains to be determined.
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