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A life-history allele of large effect shortens 
developmental time in a wild insect 
population

Shixiong Cheng    1, Chris G. C. Jacobs1, Elisa A. Mogollón Pérez1,4, 
Daipeng Chen    2, Joep T. van de Sanden1,5, Kevin M. Bretscher    1, 
Femke Verweij1, Jelle S. Bosman    1, Amke Hackmann1, Roeland M. H. Merks    1,2, 
Joost van den Heuvel    3 & Maurijn van der Zee    1 

Developmental time is a key life-history trait with large effects on Darwinian 
fitness. In many insects, developmental time is currently under strong 
selection to minimize ecological mismatches in seasonal timing induced by 
climate change. The genetic basis of responses to such selection, however, 
is poorly understood. To address this problem, we set up a long-term 
evolve-and-resequence experiment in the beetle Tribolium castaneum 
and selected replicate, outbred populations for fast or slow embryonic 
development. The response to this selection was substantial and embryonic 
developmental timing of the selection lines started to diverge during dorsal 
closure. Pooled whole-genome resequencing, gene expression analysis and 
an RNAi screen pinpoint a 222 bp deletion containing binding sites for Broad 
and Tramtrack upstream of the ecdysone degrading enzyme Cyp18a1 as a 
main target of selection. Using CRISPR/Cas9 to reconstruct this allele in the 
homogenous genetic background of a laboratory strain, we unravel how this 
single deletion advances the embryonic ecdysone peak inducing dorsal closure 
and show that this allele accelerates larval development but causes a trade-off 
with fecundity. Our study uncovers a life-history allele of large effect and reveals 
the evolvability of developmental time in a natural insect population.

The timing of developmental processes is crucial in evolution and devel-
opment1,2. The duration of development, developmental time (DT), 
determines traits such as age and size at reproduction3,4, and is thus a 
critical life-history trait with large effects on biological fitness. Such 
life-history traits are expected to be highly optimized by stabilizing 
selection5 and buffered (‘canalized’) against perturbations6,7. In insects, 
life histories are well synchronized with seasonal availability of host 
plants or prey. However, when species respond differently to global 
warming, ecological mismatches in seasonal timing may occur8–10. 

These ‘phenological mismatches’ currently exert strong selection on 
insect DT11,12. A striking example of a response to such selection is the 
genetic adaptation of embryonic DT in the winter moth Operophtera 
brumata to synchronize the hatching of caterpillars from the egg with 
oak tree leaf-out in spring13. Yet, the genetic basis of such adaptation 
in DT is largely unknown14,15.

Surprisingly little is known about the genetics of DT in insects. 
An insertional mutagenesis screen in Drosophila revealed 102 genes 
affecting DT16. It is unclear, however, whether any relevant natural 
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To investigate the evolvability and genetic basis of embryonic DT 
in insects, we apply a long-term evolve-and-resequence approach30 to a 
wild population of the tractable model insect Tribolium castaneum31,32.

Early dorsal closure but reduced fecundity in the 
fast lines
From an outbred population (see Methods), we collected a 2 h egg lay 
and selected the earliest-hatching half of the larvae for a fast line (FastA) 

variation in these genes exists in nature. Some knowledge on naturally 
occurring genetic variation for DT in Drosophila melanogaster comes 
from Genetic Reference Panel strains and studies on clines17,18. Notably, 
responses to artificial selection on DT have been demonstrated in 
Drosophila19–23 and other insects24–26. However, all these studies have 
focused on larval, pupal or total DT. Artificial selection experiments on 
embryonic DT have been rare27,28, or yielded no response29. Moreover, 
the genetic basis underlying the responses has not been investigated.
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Fig. 1 | Life-history traits of the selection lines. a, Average embryonic 
developmental time in the slow and fast lines (hours from egg laying to hatching) 
over the 21 generations of selection (17 for the slow lines), zeroed against the 
non-selected (NS) lines. b, Distribution of developmental times at 25 °C (hours 
from egg laying to hatching) in each line after selection (see a), followed by 
10 generations without selection. Averages of the A and B lines together are 
indicated above the histograms (n = 1,357 for FastA, 263 for FastB, 1,778 for NSA, 
1,608 for NSB, 1,257 for SlowA and 1,094 for SlowB). c, Larval developmental time 
(days from hatching to pupation; means ± 2 × s.e.m.; n = 48 for each selection 
line). Selection regime had an effect (χ2 = 23.66; d.f. = 2; P = 0.000007): larvae 

from fast lines developed significantly faster (χ2 = 17.65; d.f. = 1; P = 0.00003) 
and larvae from slow lines developed significantly slower (χ2 = 15.64; d.f. = 1; 
P = 0.00007) than larvae from non-selected lines. Sex had no effect (χ2 = 0.15; 
d.f. = 1; P = 0.698). d, Fecundity expressed as number of eggs laid by 50 females 
in 4 h (means ± 2 × s.e.m). Selection regime had an effect (χ2 = 11.78; d.f. = 2; 
P = 0.003): females from fast lines laid fewer eggs than those from non-selected 
lines (χ2 = 11.56; d.f. = 1; P = 0.0007). e, Developmental stages during embryonic 
developmental time (hours after egg laying) of the selection lines (stage values 
defined in Extended Data Fig. 2). Start of dorsal closure is the first stage at which a 
difference in timing can be detected among the selection lines (dashed line).
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Fig. 2 | Identification of candidate genes under selection. a, P values of SNPs 
based on a GLM contrasting the fast (n = 2) and the non-selected (n = 2) lines 
(see Methods) along the 10 chromosomes of T. castaneum. Above the red line, 
their allele frequency difference is significant (q < 0.01, −loge(P) > 30.2275). 
b,c, P values of SNPs based on a GLM contrasting the fast (n = 2) and the 
non-selected (n = 2) lines, from 13.8–15.8 MB on chromosome 3 (b) and from 
0.5–4 MB on chromosome 9 (c). Lead SNPs (see Methods) are indicated in red. 
Numbers refer to their associated genes. See all lead SNPs and their associated 
genes in Supplementary Table 1. d, Fold change of candidate gene expression 
in the fast lines compared to the non-selected lines on chromosome 3 and on 
chromosome 9 at timepoints 76 (black), 92 (white) and 108 (grey) h after egg 
laying (means ± s.e.m.). Red line indicates 2-fold higher expression in the fast 

lines. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired two-sided 
t-test, see Methods). For two polycystin-related genes (genes 14 and 15), we 
could not detect any expression. The qPCR data are based on two biological 
replicates (200–300 eggs) from the two fast lines (thus, n = 4), each measured 
as the average of 2 technical qPCR replicates compared to the same number of 
replicates from the non-selected lines (see Source Data for all 758 datapoints 
and 96 exact Pvalues). e, Embryonic developmental time (hours) of eggs derived 
from ~50 dsRNA-injected Tribolium GA-1 mothers compared to eggs derived 
from mothers injected with a control dsRNA (see Methods). Green, mean ± s.e.m. 
P values by unpaired two-sided t-test: ****P = 1.1 × 10−8 for Melted, 2.0 × 10−11 for 
SLC25-35-2 and 5.9 × 10−7 for Cyp18a1.
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and the latest-hatching half for a slow line (SlowA), and repeated this 
for two replicate lines (FastB, SlowB). We continued selection for 21 
generations in the fast lines and 17 in the slow lines while maintaining 
two independent egg lays without selection (NSA, NSB). The response 
to this selection was spectacular (Fig. 1a) and resulted in more than a 
day of difference in embryonic DT between the fast and the slow lines 
(20% of total embryonic DT; Fig. 1b). As correlated responses, larval, 
pupal and total DT also differentiated significantly among the selec-
tion treatments (Fig. 1c and Extended Data Fig. 1a,b). Interestingly, 
growth rate (mg d−1) did not differentiate between the fast and slow 
lines (Extended Data Fig. 1c), suggesting that, predominantly, pure 
timing mechanisms evolved.

Classical life-history theory predicts that DT trades off with weight 
and fecundity, as long-developing larvae have more time to obtain 
resources4,5,33,34. Indeed, pupae and adults of the slow lines were sig-
nificantly heavier than the non-selected and fast lines (Extended Data 
Fig. 1d,e), while early fecundity was significantly reduced in the fast 
lines (Fig. 1d) but not vice-versa. In contrast to Caenorhabditis elegans 
strains35, but as in Drosophila20,23, DT did not correlate with adult longev-
ity (Extended Data Fig. 1f). To examine when, during embryonic develop-
ment, responses to selection occurred, we used developmental staging 
(Extended Data Fig. 2) of sequential samples of the lines taken every 8 h 
during embryogenesis (every n ≈ 50 embryos). The average stage values 
demonstrate that there is no difference in embryonic timing until the 
start of dorsal closure, one of the last stages of development when the 
lateral sides of the embryo fuse dorsally to enclose the yolk36 (Fig. 1e). 
In summary, dorsal closure occurs earlier in the fast lines, which is cor-
related with shorter larval development and a trade-off with fecundity.

Cyp18a1 is a main target of selection
To investigate the genetic basis of this response, we performed 
whole-genome resequencing on pools of ~100 eggs from each selection 
line37, identified single nucleotide polymorphisms (SNPs) and estimated 
the significance of their frequency differences among the treatments 
using a generalized linear model (GLM)38. While only 1,258 SNPs dif-
fered significantly in frequency between the slow and non-selected 
lines (q < 0.01, Extended Data Fig. 3), 8,469 SNPs do so between the fast 
and non-selected lines (Fig. 2a). We focused on these latter SNPs. Most 
of the highest SNPs are located on chromosome 3 (between position 
13.8–15.8 MB), or on chromosome 9 (between 0.5–4 MB) (Fig. 2a). In 
these areas, we defined 46 lead SNPs (SNPs that do not have any higher 
SNP within 10 kb distance) on the basis of significance and size of their 
allele frequency difference, and associated them with 34 candidate 
genes (numbered in Fig. 2b,c; see Supplementary Table 1). None of 
these SNPs is located in protein coding sequences, except for SNP 19 and 
25 which are synonymous substitutions. Therefore, we subsequently 
investigated differential expression of the 34 candidate genes between 
the fast and non-selected lines before (76 h), during (92 h) and after 
(108 h) dorsal closure. Twenty-one genes showed significant differen-
tial expression on at least one of these timepoints, including 11 genes 
that showed a larger than 2.5-fold change (that is, higher than 2.5- or 
lower than 0.4-fold expression) (Fig. 2d). Finally, we performed RNA 
interference (RNAi) against all these 11 candidate genes to investigate 
their influence on DT. RNAi against 3 genes led to a significant devel-
opmental delay (Fig. 2e): Melted, SLC25-35-2 and Cyp18a1. Melted and 
SLC25-35-2 map on chromosome 3 to a region of major chromosomal 
rearrangements, which we could not reconstruct using Illumina short 
reads. We therefore focused on Cyp18a1 (gene 23), the gene with the 
largest RNAi effect on DT (Fig. 2e) and the gene identified by the highest 
SNP on chromosome 9 (at position 1,613,665).

An embryonic ecdysone pulse starts dorsal 
closure
Cyp18a1 encodes a cytochrome P450 enzyme that degrades active 
ecdysone (20E) by 26-hydroxylation39,40. The steroid hormone 20E 
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Fig. 3 | Ecdysone regulates dorsal closure. a, Ecdysone titres (grey columns, 
right y axis, means of 2 technical replicates) and relative expression of Spook 
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and 96 h, respectively, determined by qPCR. Spook and ecdysone levels 
start to rise during dorsal closure (green arrows). b, In situ hybridization for 
Spook at the retracted germband stage. Spook is expressed in the tracheae 
and in stripes in the dorsal ectoderm. Representative embryo of one in situ 
hybridization on >25 eggs. Scale bar, 200 μm. c, In situ hybridization for 
Cyp18a1 at the beginning of dorsal closure. Cyp18a1 is expressed in the dorsal 
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Representative embryo of one in situ hybridization on >25 eggs. Scale bar, 
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treatment, see Extended Data Fig. 4). Scale bar, 200 μm. f, Ecdysteroid levels 
of the eggs of the selection lines. Large symbols are the means of the fast (red 
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(hereafter, ‘ecdysone’) is crucial in controlling developmental timing, 
such as moulting and metamorphosis, and is synthesized by other 
cytochrome P450 enzymes collectively called the Halloween genes41,42. 
An ecdysone peak during Drosophila embryogenesis43,44 was recently 
shown to regulate dorsal closure45, and ecdysone can end diapause to 
start katatrepsis in Locusta migratoria embryos46. Hence, we meas-
ured ecdysone levels and expression of the Halloween gene Spook, the 
ecdysone target gene Broad42 and Cyp18a1, during embryogenesis of the 
Tribolium laboratory strain Georgia (GA-1). Indeed, Spook mRNA and 
ecdysone levels start to increase at the beginning of dorsal closure and 
peak towards the end (Fig. 3a). 20E levels decrease again when Cyp18a1 
expression is high and Broad expression follows ecdysone levels  
(Fig. 3a). In situ hybridizations during dorsal closure stages show that 
Spook is expressed in the dorsal ectoderm already before dorsal closure 
(Fig. 3b) and that during dorsal closure, Cyp18a1 starts to be expressed 
in the dorsal organ formed by the contracting serosa36 (Fig. 3c). Parental 
RNAi against Spook or the ecdysone receptors leads to sterility, but 
Cyp18a1 RNAi in GA-1 yields eggs in which ecdysone levels continue to 
increase (Fig. 3d). This demonstrates that Cyp18a1 also degrades active 
ecdysone in Tribolium. Around one quarter of the eggs develop with 
a strong delay (Fig. 2e), but two-thirds show developmental arrests, 
most of which take place at dorsal closure (Fig. 3e and Extended Data  
Fig. 4). From these data, we conclude that a pulse of ecdysone is 
required to induce dorsal closure and that continuous high levels are 
not sufficient, as also shown for the juvenile–adult transition40. The 
timing of the ecdysone peaks differs accordingly among our Tribolium 
selection lines (Figs. 3f and 1e).

The fast allele is an allele of large effect
At position 1,613,941 on chromosome 9, less than 300 bp downstream 
of the Cyp18a1 lead SNP and ~6 kb upstream of the Cyp18a1 transcrip-
tion start site, a 444 bp sequence starts that consists of two repeated 
222 bp elements (arrows in Fig. 4a, S allele). Reassembly of the pooled 
resequencing reads mapping to this region indicates the presence of 
an alternative allele in which one of these elements is deleted. We call 
this the F allele (Fig. 4a). Allele-specific read counts indicate that its 
frequency is 1 in the fast lines, 0 in the slow lines, and 0.15 and 0.16 in 

the two non-selected lines (Supplementary Table 2). Sanger sequenc-
ing of cloned PCR products obtained from fast, non-selected and slow 
beetles confirmed the presence of such alleles (Supplementary Data 1). 
Using PCR, we determined that both alleles are present in the original 
wild population of Tribolium castaneum that was used to set up our out-
bred starting population (Extended Data Fig. 5). Most importantly, we 
determined genotype frequencies in individual beetles of generations 
0, 3, 7, 10 and 21 stored during the selection experiment. Population 
genetic modelling detects no or non-directional selection for the F 
allele in the non-selected lines (Fig. 4d,e), but strong positive selection 
on the F allele in the fast lines (Fig. 4b,c).

Genotyping the 64 first and 64 last hatching larvae out of ~2,000 
eggs from the non-selected (NS) lines shows that the F allele is signifi-
cantly associated with fast development in the NSB line (Supplementary 
Table 3). However, this was not significant in the NSA line (Supplemen-
tary Table 3), suggesting that genetic background and other alleles 
are also relevant. To study the F allele in isolation, we applied CRISPR/
Cas9 using a single guide RNA (gRNA) to reconstruct this deletion in the 
homogeneous genetic background of the inbred GA-1 strain homozy-
gous for the repeat (Fig. 5a). Strikingly, embryos of the homozygous 
CRISPR/Cas9 line developed 5 h faster than embryos from GA-1 (Fig. 5b), 
which is half of the time difference between the fast and non-selected 
lines (Fig. 1b). As a consequence4,5,33,34, fecundity was also reduced in 
the CRISPR/Cas9 line (Fig. 5c). Consistent with the faster development, 
the embryonic ecdysone peak occurred earlier in the CRISPR line than 
in GA-1 (Fig. 5d). Surprisingly, however, Cyp18a1 expression started to 
rise later in the CRISPR line (Fig. 5e). We address this in the next section.

Finally, we crossed our CRISPR line with the nGFP line47 and live 
imaged their heterozygous offspring (Supplementary Video 1). Imaging 
analysis shows that the retracted germband stage (the stage preceding 
the start of dorsal closure) occurs at the same time as in heterozygous 
nGPP/GA-1 offspring (Fig. 5f), but that the interval to the start of dorsal 
closure is significantly shorter in the nGFP/CRISPR offspring (Fig. 5g). 
Only this start is earlier; the duration of the dorsal closure process itself 
is not shorter (Fig. 5h). Taken together, our data show that this single 
222 bp deletion advances the embryonic ecdysone peak and dorsal 
closure, and causes a trade-off with fecundity.
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Fig. 4 | Selection for the F allele in the fast lines. a, Schematic drawing of the 
S and F allele on chromosome 9. The reference allele S contains two repeated 
elements of 222 bp (open arrows) ~6 kb upstream of the Cyp18a1 transcription 
start site and 300 bp downstream of the lead SNP for Cyp18a1 (G/A at position 
1,613,665). In the alternative F allele, one of these elements is deleted. b–e, In 
24 stored beetles of each selection line, we determined the frequencies of FF 
(red circles), FS (black circles) and SS (blue squares) individuals in generations 
0, 3, 7, 10 and 21. We fitted starting allele frequency and relative fitness models 

to these observations, taking equal fitnesses as null hypothesis (H0). Best-fit 
relative fitness values (w) are indicated next to the genotypes. P values indicate 
how significantly the permutated model fits the data compared to the equal 
fitness model (χ2 test, d.f. = 2, see Methods). We find strong evidence for positive 
selection on the F allele in the fast lines (P = 6.3 × 10−11 in FastA, P = 1.3 × 10−5 
in FastB) (b,c). We detect no selection in the non-selected A line (P = 0.15) (d) 
and non-directional selection in the non-selected B line (weak evidence for 
heterozygote advantage, P = 0.03) (e).
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The fast allele makes Cyp18a1 less sensitive to 
ecdysone
We reasoned that the deletion may be located in a cis-regulatory ele-
ment affecting Cyp18a1 expression. Indeed, FIMO48 predicts, in the 
whole upstream 8 kb intergenic region, only a single high-affinity 

binding site for Broad (Z4) (P < 1 × 10−5) and a single binding site for 
Tramtrack (P < 1 × 10−4) right in the element, thus repeated in the S 
allele, immediately followed by an ecdysone receptor/USP binding site  
(Fig. 6a and Supplementary Data 2). The transcription factor Broad is 
critical for the appropriate upregulation of ecdysone-inducible genes49. 
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Fig. 5 | CRISPR/Cas9 re-creation of the F allele. a, Schematic drawing of the 
CRISPR/Cas9 approach: using a single guide (scissors) targeting the repeat 
(arrows) in GA-1, we re-created the deletion (CRISPR, red) in the homogeneous 
genetic background. b, Distribution of embryonic developmental time (egg 
laying to hatching) of GA-1 eggs (blue) and eggs of the homozygous CRISPR 
line (red). Average DT is 153 h for GA-1 (n = 81) and 148 h for CRISPR (n = 75). c, 
Fecundity expressed as number of eggs laid by 50 females in 4 h for GA-1 (blue) 
and CRISPR (red) lines. Fecundity is significantly reduced in the CRISPR line 
(means ± s.e.m., unpaired two-sided t-test, P = 5.9 × 10−5). d, Ecdysteroid levels 
(pg ml−1) in eggs of the GA-1 (blue) and CRISPR (red) lines (means ± s.e.m.). The 
20E peak is higher and earlier in the CRISPR line (3 biological replicates measured 
in 2 technical replicates). e, Cyp18a1 expression in GA-1 (blue) and CRISPR (red) 

lines relative to expression of the reference gene RPL13a (means ± s.e.m.). 
Cyp18a1 starts to rise later in the CRISPR line. f–h, Live imaging analysis of 
GA-1/nGFP (blue, n = 9) and CRISPR/nGFP (red, n = 12) heterozygous embryos 
(means ± s.e.m.). Stages are defined in Extended Data Fig. 2. f, Times from egg 
laying to the completely retracted germband are not significantly different 
(unpaired two-sided t-test, P = 0.90). g, The intervals between the completely 
retracted germband and the onset of dorsal closure (membrane rupture, dorsal 
organ formation) are significantly shorter in CRISPR/nGFP heterozygotes 
(unpaired two-sided t-test, P = 0.0038). h, Durations of dorsal closure (interval 
from start of dorsal closure to complete dorsal closure) are not significantly 
different (unpaired two-sided t-test, P = 0.196).
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The chromatin architectural protein Tramtrack is generally consid-
ered a repressor50 but can also be a strong activator51 and is required 
for the ecdysone-induced upregulation of Cut52. Thus, our analysis of 
transcription factor binding sites strongly suggests that the deletion 
is located in an ecdysone-inducible enhancer.

To examine whether altered Cyp18a1 induction by ecdysone could 
cause timing shifts in the embryonic ecdysone peak, we developed a 
dynamic model of these interactions (Supplementary Information). First, 
we assume that ecdysone levels (E) are dependent on a self-regulated 
positive feedback loop with strength b, dampened by the degradation 
of ecdysone by Cyp18a1 (C) (Fig. 6d equation 3). Further, we model the 
response of Cyp18a1 expression to ecdysone as a sigmoidal curve53 which 

we can shape by varying a parameter (s) representing sensitivity to low 
ecdysone (Fig. 6d(equation 1),e). When this sensitivity to ecdysone is 
low (s = 100), our model predicts that Cyp18a1 expression starts later 
(Fig. 6f) but results in an earlier and higher ecdysone peak (Fig. 6g), as 
observed with the F allele. Thus, these modelled dynamics explain the 
quickly rising ecdysone levels as a consequence of delayed Cyp18a1 in the 
presence of the F allele (Fig. 5d,e). In contrast, this sensitivity is predicted 
to be high (s = 1,000) in the S allele that contains additional Tramtrack 
and Broad binding sites and appears more prone to form enhancer–
promotor interactions (Fig. 6b,c). This triggers Cyp18a1 expression 
and concurrent ecdysone degradation already at lower ecdysone levels 
(Fig. 6e,f), resulting in slower accumulation of the hormone (Fig. 6g). 
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Fig. 6 | Altered regulation of Cyp18a1 by ecdysone leads to shifts in the 
ecdysone peak. a, In the whole intergenic upstream region of Cyp18a1 (numbers 
are positions on chromosome 9), binding sites for Broad (Br, yellow circles) and 
Tramtrack (Ttk, grey ovals) were only found exactly in the repeat (red arrows), 
followed by an ecdysone receptor/USP binding site (EcR, dark blue). These sites 
are duplicated in GA-1 (light blue letters, homozygous for the S allele) and single 
in our CRISPR line (red letters, re-creation of F allele). b,c, We propose that the 
enhancer in the S allele (GA-1) with the duplicated binding sites more readily 
forms enhancer–promotor contact at low ecdysone levels (b), whereas the F 
allele (re-created in the CRISPR line) with the single binding sites is more 
refractory to ecdysone (c). d, We model Cyp18a1 levels (C) as a sigmoidal function 

of ecdysone (ƒ(E)) in which we can vary sensitivity to ecdysone (s) (equation 1) 
minus a degradation rate (λ) (equation 2). We assume that ecdysone levels (E) are 
dependent on a self-regulated positive feedback loop (b) minus its degradation 
by Cyp18a1 (C) (equation 3). See details in Supplementary Information.  
e, Proposed production of Cyp18a1 as function of ecdysone concentration (ƒ(E)) 
at different sensitivities for ecdysone (s = 1,000 for GA-1, blue; s = 100 for CRISPR, 
red). f, Resulting Cyp18a1 expression over time, taking the assumptions from e. In 
CRISPR (F allele, red), Cyp18a1 expression starts to rise later and steeper than  
in GA-1 (S allele, blue). g, Resulting ecdysone levels over time, taking the 
assumptions from e. In the CRISPR line, ecdysone peaks higher and earlier  
(F allele, red), as observed in the fast lines.
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Thus, these alternative sensitivities shift ecdysone peaks, and are likely 
to also affect larval and pupal ecdysone pulses. In the presence of the  
F allele, ecdysone peaks are advanced and all developmental stages are 
shortened (Fig. 1b,c and Extended Data Fig. 1a,b).

Discussion
Our analysis of pooled resequencing data obtained from Tribolium 
castaneum lines that have been selected for embryonic DT revealed 
an allele of large effect on chromosome 9. The data do not rule out the 
existence of other major alleles affecting DT. On the contrary, a peak 
in the Manhattan plot comparing the slow and the non-selected lines 
(Extended Data Fig. 3) suggests that there is an important allele driv-
ing slow development on chromosome 6. Moreover, in the Manhattan 
plot comparing the fast and non-selected lines, a further conspicuous 
peak is present on chromosome 3 (Fig. 2a). This suggests the presence 
of another fast allele of large effect. Our expression analysis and RNAi 
screen indicate that this allele on chromosome 3 may affect melted 
or SLC25-35-2 (Fig. 2d,e), two adjacent genes located to the left of the 
centromere, which in turn is located between the two high SNP clusters 
(Fig. 2b). Melted is a likely candidate to influence DT. By interacting with 
Tsc1 and FOXO, it enhances insulin/TOR activity54, a pivotal pathway 
enhancing growth rate41,55. It is not clear how the mitochondrial carrier 
protein SLC25-35-2 would affect DT. It may be possible that RNAi against 
SLC25-35-2 reduces transcription of the adjacent melted gene, similar 
to the observed spreading of RNAi-induced transcriptional silencing 
in pericentromeric repeats of yeast56. Thus, it is possible that this allele 
on chromosome 3 and the allele on chromosome 9 studied here are the 
only two driving alleles causing the broad peaks on chromosomes 3 and 
9 (Fig. 2a), and that all other SNPs in these areas (Fig. 2b,c) are neutral 
hitchhikers dragged along by linkage disequilibrium57.

However, it is also very likely that many other alleles of smaller 
effect are present, especially on other chromosomes since we restricted 
our analysis to the two areas with highly significant SNPs on chromo-
somes 3 and 9 (Fig. 2a). But we may also have missed crucial alleles 
within these areas studied. First, the thresholds to define lead SNPs 
(Fig. 2b,c), or the cut-off for differential expression (Fig. 2d) may have 
eliminated relevant genes. For instance, a gene with a less than 2.5-fold 
change in expression may well have a large effect on DT. Second, dif-
ferential expression in a specific embryonic tissue (for example, meso-
derm or neuronal tissue) may have been masked by our approach to 
isolate RNA from total embryos. Lastly, although RNAi in Tribolium is 
very effective58, we did not verify individual knockdown efficiency in the 
RNAi screen of this scale (Fig. 2e). Regardless of these considerations, 
we have successfully identified Cyp18a1 as a main target of selection 
for fast embryonic development.

Cyp18a1 is a cytochrome P450. Cytochrome P450s are an extremely 
divergent family of genes with a plethora of functions including the 
detoxification of xenobiotics59–61. However, the Halloween genes all 
have highly conserved substrate recognition sites60, and the orthology 
of Tribolium Cyp18a1 with other insect Cyp18a1 genes has been clearly 
established61. Importantly, all cytochrome P450s involved in detoxifica-
tion and insecticide resistance belong to completely different branches 
(‘clans’) of the cytochrome P450 phylogeny59,61. Together with our experi-
mental data, this makes it highly unlikely that Cyp18a1 has been under 
selection for some other reason than its role in ecdysone dynamics.

Ecdysone dynamics have been associated with alternative life his-
tories in previous studies. For instance, ecdysone levels differ between 
different morphs of the cricket Gryllus firmus62, and the timing of a 
pupal ecdysone peak differs between seasonal morphs of the butterfly 
Bicyclus anynana63. Morphs of both species differ in reproductive out-
put62,63 and Bicyclus morphs also differ in DT63. In Bicyclus, precocious 
ecdysone injections alter DT and fecundity64. In both species, ecdysone 
dynamics responded to artificial selection on these life-history traits65,66 
including DT in Bicyclus65. Thus, evolutionary tinkering with ecdysone 
dynamics may be a general mechanism for altering life histories and 

DT. So far, a whole field of ‘evolutionary endocrinology’ exists67. Our 
study now reveals the molecular genetic details of a natural life-history 
allele affecting ecdysone dynamics.

This fast allele and the alternative S allele are both present in the 
original wild population that was used to set up our outbred starting 
population (see Extended Data Fig. 5 and first line of the Methods). 
Although Tribolium may have been associated with human food storage 
for a few millennia68, maintenance of such polymorphism must have an 
ecological explanation. Several explanations are possible, but balanc-
ing selection appears an important force maintaining polymorphisms 
in a population69. Selection may, for instance, favour fast development 
and rapid adult dispersal when food sources are temporary, or allow 
slow development and higher fecundity when food storage is more 
permanent. Nevertheless, it is striking that life-history alleles with 
such large pleiotropic effects are present in the wild T. castaneum 
population. These alleles mediated the observed experimental evolv-
ability of DT, a trait that is thought to be highly optimized and cana-
lized5–7. Classically, quantitative traits were thought to be determined 
by many alleles of small effect70,71 and natural selection is expected to 
purge large-effect mutations in critical regions determining complex 
traits72. Our study, however, demonstrates the existence of large-effect 
life-history alleles in a natural population. We suggest that such alleles 
are likely to be crucial when insect developmental time has to adapt 
rapidly to current global warming.

Methods
Artificial selection
Around 40 beetles were obtained from a bakery in the Netherlands. 
This population was expanded until 125 male and 125 female pupae 
could be collected for 250 individual virgin crosses with an individual 
virgin beetle from the San Bernardino lab strain. Offspring from these 
crosses were mixed and allowed to mate randomly for another 7 genera-
tions. From this outbred strain, we obtained a 2 h egg lay. These eggs 
were placed on a small sieve above a funnel. Eggs did not fall through 
this sieve, but freshly hatched larvae fell or crawled through the sieve 
immediately and were collected with a device (‘the selection machine’) 
that rotates a fresh tube under the funnel every 2 h (see https://www.
youtube.com/watch?v=T-hXTMS8gb0). In every tube, individuals 
were counted, their developmental time was registered and selection 
differentials were calculated. We selected the fastest 50% of individuals 
for the fast line (F) and the slowest half for the slow line (S). However, 
we never included larvae from the middle tube that contained larvae 
with exact median embryonic DT. This procedure was repeated for the 
B lines with another 2 h egg lay from the outbred strain. Independent 
2-h egg lays were collected for each of the non-selected lines and also 
placed on the selection machine to measure embryonic DT. Using this 
semi-automated set-up, we continued to select the earliest-hatching 
half of the larvae for the fast line (F) and the latest-hatching half for the 
slow line (S) for 21 generations (or 17 for the slow lines). Eggs for the next 
generation were collected as soon as all beetles in a box were mature. 
If necessary, 2-h egg lays and selection rounds were repeated to keep 
adult populations of the next generation constant at n = 500. At these 
densities, effective population size is estimated to be ~400 (ref. 73). All 
populations were kept on wheat flour supplemented with 5% (w/w) dry 
yeast powder. Stock keeping and artificial selection were performed 
at 25 °C at 65% relative humidity. When displaying DT of the slow lines 
(Fig. 1a), we zeroed against the measurement in the non-selected lines 
that was closest in time (and not of the same generation) to minimize 
distortion by slightly different environmental conditions.

Life-history traits
Forty-eight freshly hatched larvae (maximum 4 h old) of each selec-
tion line were individually placed in a well of a 24-well plate with a 
little 5% yeast-supplemented wheat flour and kept at 25 °C. Moults 
were monitored daily. Freshly pupariated pupae and newly emerged 

http://www.nature.com/natecolevol
https://www.youtube.com/watch?v=T-hXTMS8gb0
https://www.youtube.com/watch?v=T-hXTMS8gb0


Nature Ecology & Evolution | Volume 8 | January 2024 | 70–82 78

Article https://doi.org/10.1038/s41559-023-02246-y

adults were weighed on a Mettler Toledo XS105 balance. To measure 
early fecundity, 50 males and 50 females were put in a Petri dish with 
5% yeast-supplemented wheat flour in duplicate for each selection line. 
The eggs that these beetles laid in 4 h on fine, pure wheat flour were 
sieved out with a 300 μm sieve and counted. This process was repeated 
three times for each duplicate. To measure longevity, 20 freshly eclosed 
females and 10 freshly eclosed males of each selection line were put 
into a Petri dish with 5% yeast-supplemented wheat flour in triplicate. 
Mortality was logged weekly. Fecundity and longevity were measured 
at 30 °C and 50% relative humidity.

For each phenotype, the effect of selection treatment was tested 
using a mixed-effects analysis of variance (ANOVA) in R (v.3.6.1), where 
the line identities (A/B) were fitted as random effects. First, we fitted 
three models, with treatment (fast, ns, slow) and sex (Mcomplete) and 
two models without treatment (Msex) using lmer (lme4 package). Then, 
we contrasted these two models using the anova function (Mcomplete, 
Msex) to test for the effect of sex. Only when sex had a significant effect 
was the model kept in further tests and shown separately in graphs 
(see Extended Data Fig. 1). Similarly as above, we then tested for the 
effect of treatment by fitting the complete model (Mcomplete) and 
without treatment (Mtreatment) and contrasted these using the anova 
function (Mcomplete, Mtreatment). The significance of the test was 
assessed using the χ2 statistic and considered significant if the P value 
was below 0.05. For each trait, the effect of treatment (fast, ns, slow) 
was generally tested and as a post-hoc test, each pairwise difference 
between treatments (fast vs slow, slow vs ns and ns vs fast) was tested 
in a similar way. For lifespan, a Cox mixed-effects model was fitted, 
using the coxme package74 in R, where the effect of selection regime 
was used as a fixed factor, and replicate line and replicate tube were 
used as nested random effects. A model without selection regime was 
used as null hypothesis and significance was tested using the anova 
(full model, H0, test=’Chi’) function.

Embryo fixation and DAPI staining
Eggs were dechorionated in commercial bleach (5% NaClO), fixed for 
20 min in a 1:1 mixture of heptane and 3.7% formaldehyde in PBS, and 
devitellinized using a methanol shock for subsequent 15 min DAPI 
staining and washes in PBST. Embryos were photographed under a 
Zeiss Axioplan 2 microscope.

Pooled resequencing and SNP analysis
Approximately 100 eggs of each selection line were dechorionated in 
commercial bleach (5% NaClO) and washed well with tap water. DNA 
was extracted using a standard phenol-chloroform extraction (phenol
:chloroform:isoamyl-alcohol 25:24:1). The pooled DNA was sequenced 
on an Illumina Hiseq4000 machine with a paired-end 150-bp layout. 
Reads have been deposited as NCBI BioProject PRJNA942224.

The raw reads were trimmed using TRIMMOMATIC (v.0.27, LEAD-
ING:3, TRAILING:3, SLIDINGWINDOW:4:15, MINLENGTH:70)75. The 
trimmed reads were aligned on the Tcas 5.2 (GCF_000002335.3) 
genome using bwa mem (v.0-7-15, default parameters, https://arxiv.org/
abs/1303.3997). After mapping, reads were filtered for quality (20) and 
sorted using samtools (v.0.1.19)76. We then removed duplicates using 
picard tools (v.2.8.2, http://picard.sourceforge.net) and performed 
realignment around indels with GATK (v.3.7-0)77. The resulting BAM 
files were combined in mpileup format (samtools, mpileup, default 
parameters, v.0.1.19)76, after which SNPs and indels were separately 
called using varscan (v.2.3.9, using mpileup2snps and mpileup2in-
del resp., −output-vcf 1, −min-var-freq 0.05)78 for which we only kept 
those variants that differed between the samples. The resulting raw 
vcf files were then annotated with snpEff (v.4.3)79 using the Tcas 5.2 
GCF_000002335.3 annotation file (GFF)80 as input.

The resulting vcf files were further filtered using the R (v.3.6.1) pack-
age vcfR (v.1.8.0)81. For the contrast between the fast and non-selected 
treatments, as well as the slow and non-selected treatments, a similar 

approach was used. Only biallelic SNPs were analysed that had a mini-
mum coverage between the 0.05 and 0.98 quantiles (using the quan-
tile() function) of total depth for all samples. Furthermore, SNPs were 
removed if they lay near indels (<10 bp) and if they were not present 
on the major chromosome scaffolds. A GLM was fitted with binomial 
error structure testing for treatments against non-selected lines, which 
was previously shown to be a powerful test for evolve-and resequence 
experiments38. To create an H0 permutated P value distribution, the two 
other possible sample configurations were used and a GLM was also 
run. For instance, for fast against non-selected, we tested FastA and 
FastB against NSA and NSB as the observed GLM. Then FastA and NSA 
were tested against FastB and NSB as the first permutation and FastA 
and NSB were tested against FastB and NSA as a second permutation. 
These two permutated distributions were then used to calculate the 
permutated P value distribution (empPvals(observed,c(H0_1,H0_2), 
pool=TRUE)), and the resulting permutated P values were transformed 
into q values using the qvalue function (qvalue package). Loci were 
considered significant when this q value was below 0.01. Lead SNPs had 
an allele frequency change >0.6 and a −loge(P) > 58.5 for chromosome 
3, or >60.5 for chromosome 9, and did not have a higher SNP within 
~10 kb distance. Code is available in Zenodo at https://doi.org/10.5281/
zenodo.839504883.

RNA isolation, cDNA synthesis and qPCR
RNA was extracted from 200–300 eggs from each selection line at the 
desired timepoint after a 2-h egg lay using Trizol (Invitrogen) extrac-
tion, followed by DNA digestion and purification over an RNeasy col-
umn (Qiagen). Total RNA (1 μg) was used for cDNA synthesis (Promega 
reverse transcription system). Diluted cDNA (2 μl, 1:10) was used for 
RT–qPCR with the Universal SYBR Green Supermix (Biorad) on a CFX96 
thermocycler (Biorad). Thermal conditions were 95 °C for 30 s, fol-
lowed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. 
Primer sequences can be found in Supplementary Table 4. RPL13a was 
used as reference gene82. Relative expression was calculated with refer-
ence to the average of the non-selected lines (Fig. 2) or a defined time-
point (Fig. 3) using the 2−ΔΔCt method83, or presented as a fraction of 
RPL13a expression (Fig. 4). All experiments were performed with two 
biological replicates measured in two technical replicates. Unpaired 
t-tests were used to determine significant differences between the fold 
change in the fast lines with that in the non-selected lines.

RNAi
Gene fragments (see primers and product sizes in Supplementary 
Table 4) were cloned into the TOPO II vector (Invitrogen) and inserts 
were confirmed by Sanger sequencing. The plasmids were linearized 
with an appropriate restriction enzyme to generate DNA templates for 
in vitro transcription with SP6 and T7 polymerases, and the resulting 
double-stranded RNA (dsRNA) was purified using the Ambion MEGAs-
cript RNAi kit. Parental RNAi in female adults of the GA-1 laboratory 
strain was performed as previously described84. Two-hour egg lays were 
placed on the selection machine (see ‘Artificial selection’) to measure 
developmental time next to a control RNAi with dsRNA from a 500-bp 
bacterial vector sequence without target in the Tribolium genome85. 
Measurements were performed in triplicate and the significance of the 
difference from control developmental time was determined using a 
Student’s t-test.

Ecdysone detection
At the desired timepoint after a 2-h egg lay, ~50 eggs were dechorion-
ated in 0.5% bleach for 2 min, homogenized in 300 μl of methanol and 
centrifuged for 10 min at 12,000 × g. The supernatant was collected 
into a new 1.5 ml tube, dried completely in a vacuum centrifuge and the 
precipitate was redissolved in 120 μl EIA buffer provided by a competi-
tive enzyme immune assay (EIA) kit for 20-hydroxyecdysone (Bertin 
Pharma). After a 2-h incubation at room temperature, the samples were 
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diluted 4 times in EIA buffer and applied to the detection plate follow-
ing manufacturer protocol. For measuring ecdysone levels after RNAi  
(Fig. 3d), fewer living eggs were used and dilution was adjusted. The 
plate was developed with 200 μl of Ellman’s reagent and incubated with 
an orbital shaker in the dark at r.t. After 90 min, the plate was measured 
at a wavelength of 410 nm on a Tecan Spark microplate reader. The 
concentrations were determined by a four-parameter logistic fitting.

In situ hybridization
A 1,124-bp fragment of Cyp18a1 and an 837-bp fragment of Spo were 
cloned into TOPO II vector (Invitrogen) and sequenced (see primers in 
Supplementary Table 4). Templates were generated using M13 primers. 
DIG-labelled antisense probes were synthesized using SP6 polymerase 
for Cyp18a1 and T7 polymerase (Ambion) with Roche RNA labelling 
mix. Sense probes were synthesized as control. In situ hybridizations 
on whole-mount fixed eggs (see ‘Embryo fixation and DAPI staining’) 
were essentially performed as described in ref. 86 but without the 
ProteinaseK step.

Reassembly of Illumina reads around Cyp18a1 lead SNP
Using IGV (v.2.8.0)87, visual inspection of the Illumina reads mapping 
around the Cyp18a1 lead SNP P5/A12 (reference genome position 
1,613,665) detected a conspicuous drop in coverage on a repeated 
sequence, suggesting a deletion. To reassemble this region, we identi-
fied three kmers (ATATTTTTGGTTACTGTTTTTGATAGCAGATATTCTC, 
GATTGTTTTTTTGCTTATTTTAAAATCACTCT and AATACCGACAG-
TAAAAGTTTCACTTAATGACTT) that lay before, within and after the 
duplication, respectively, and searched for reads containing these 
sequences using BBduk (v.38.91, https://sourceforge.net/projects/
bbmap/) with default settings. Both the forward and reverse reads 
that matched were fed into SPAdes (v.3.13.1)88 for both the control 
and fast lines, resulting in scaffolds that were then compared to the 
reference genome80.

PCR genotyping
DNA from individual beetles was extracted using phenol-chloroform 
extraction (phenol:chloroform:isoamyl-alcohol 25:24:1) after 1.5 μg μl−1 
proteinaseK incubation overnight at 55 °C. PCRs with Bio SeqAMP poly-
merase (Takara) using the primers 5′-AAGGGGCCCTCTCAAACATC-3′ 
and 5′-CAGGCACCTCTGCGTTATCC-3′ generated a 942-bp band for 
homozygotes containing both repeats, a 720-bp band for homozygotes 
for the deletion and both bands plus a hybrid band running slower 
because of the formed loop for the heterozygotes.

Population genetic modelling
Using the genotyping data from generations 0, 3, 7, 10 and 21, we fitted a 
model with and without fitness (w) differences for the three genotypes 
using R (v.3.6.1). For each generation, the initial allele frequency for F 
was fitted. For each of the parameter settings, the model was calculated 
forward and the multinomial probability of finding the actual genotype 
counts was calculated and denoted as the likelihood of the model. The 
two models, with or without selection, were then tested for significant 
difference using the likelihood ratio test, which was tested against the 
χ2 distribution using

χ2 = −2(LWFF==WFS==WSS − LWFF!=WFS!=WSS)

where L is the log likelihood. The models were fitted starting from the 
estimated initial frequency for F, using the count data at generation 
0 and equal fitness values for the genotypes FF, FS and SS. Then the 
likelihood of the model was calculated and the parameters updated 
using a change randomly drawn from a normal distribution (mean 
0, s.d. 0.01). The new parameters for allele frequency were limited 
such that they were not smaller than 0 or larger than 1. For fitness, the 
changes were not allowed to become lower than 0. At each iteration, 

the maximum fitness was set to 1. When the likelihood of the model was 
higher than the previous best fit, the parameters were updated using 
the new best-fit parameters. Code is available in Zenodo at https://doi.
org/10.5281/zenodo.8395048 ref. 89.

CRISPR/Cas9
The oligonucleotides 5′-AGTGAAATATAGGGTGTTCCATT-3′ 
and 5′-AAACAATGGAACACCCTATATTT-3′ were ligated into the 
BsaI-digested p(U6a-BsaI-gRNA) vector90 (Addgene) for in vivo expres-
sion of the desired gRNA (gRNA sequence green in Supplementary 
Data 3). This construct and the TrueCut Cas9 Protein v2 (Invitrogen) 
were co-injected each at a concentration of 500 ng μl−1 into 2-hour-old 
embryos of the Georgia laboratory strain according to ref. 91. Single 
crosses of virgin G0 animals were set up and their G1 offspring was 
collected. A PCR (as described above for genotyping) on the mosaic 
G0 parents was performed to get an impression of excision efficiency. 
Offspring from G0 parents that still showed the repeat containing 
the 942-bp band (the S allele) was rejected. Among the remaining G1 
offspring, single virgin crosses were set-up and their G2 offspring 
was collected. The non-mosaic G1 parents were genotyped by Sanger 
sequencing until all four parental alleles were recovered to choose the 
G2 offspring to set up a stock. The alleles present in the stock exactly 
reproduced the F allele with a maximum indel of 9 bp around the proto-
spacer adjacent motif (PAM) (Supplementary Data 3).

Live imaging
Two hundred females of the nGFP line47 were selected at the pupal stage 
and 100 of these females were crossed with 100 males of GA-1, and the 
other 100 females were crossed with 100 males of the CRISPR line (see 
above). These two groups of 200 parents were allowed to lay eggs for 
20 min, and 10–15 of their eggs were imaged under a NikonAX confocal 
microscope taking full scans every 26 min.

Binding site analysis
Binding matrices for Br(var.4), Ttk and EcR::usp were downloaded 
from JASPAR92 and used to search motifs in the whole intergenic region 
upstream of Cyp18a1 (chromosome 9: NC_007424.3(1611573.1619999)) 
with FIMO48.

Mathematical modelling of Cyp18a1/ecdysone regulation
See Supplementary Information.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Sequencing reads have been deposited in NCBIs Sequencing Read 
Archive as BioProject PRJNA942224. All other data are provided as 
supplementary data files. Source data are provided with this paper.

Code availability
All custom code is available in Zenodo at https://doi.org/10.5281/
zenodo.8395048 ref. 89. All other code used is referenced.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Life history traits of the selection lines. (a) Pupal DT 
(days from pupation to eclosion; means ± 2 × s.e.m.) of the selection lines. 
Selection regime had an effect (χ2 = 10.75; df = 2; p = 0.046): pupae from the fast 
lines develop significantly faster than those of the non-selected lines (χ2 = 8.13; 
df = 1; p = 0.004). Sex had no effect (χ2 = 0.017; df = 1; p = 0.897). N = 48 for each 
selection line. b, Total postembryonic developmental time of the selection 
lines (days from hatching to eclosion; means ± 2 × s.e.m.). Selection regime 
had an effect (χ2 = 22.98; df = 2; p = 0.00001): fast lines develop significantly 
faster than the non-selected lines (χ2 = 19.43; df = 1; p = 0.00001). Sex had no 
effect (χ2 = 0.2647; df = 1; p = 0.61). N = 48 for each selection line. (c) Growth 
rate defined as adult weight (see e) divided by total postembryonic time (see 
b) of an individual (mg/day; means ± 2 x s.e.m.). Selection regime had an effect 
(χ2 = 11.099; df = 2; p = 0.0039), but the fast lines are not significantly different 

from the slow lines (χ2 = 2.34; df = 1; p = 0.127). Sex had no significant effect 
(χ2 = 3.42; df = 1; p = 0.065). N = 48 for each selection line. (d) Pupal weight in the 
selection lines (mg; means ± 2 x s.e.m). Sex had an effect; closed circles are male, 
open circles are female means (χ2 = 4.24; df = 1; p = 0.039). Selection regime also 
had an effect (χ2 = 17.84; df = 2; p = 0.00013): pupae from the slow lines are heavier 
than those of the non-selected lines (χ2 = 13.09; df = 1; p = 0.0003). N = 48 for each 
selection line. (e) Adult weight in the selection lines (mg; means ± 2 x s.e.m.). Sex 
had an effect (χ2 = 6.04; df = 1; p = 0.014), closed circles are male, open circles are 
female means. Selection regime also had an effect (χ2 = 11.08; df = 2; p = 0.039): 
adults of the slow lines are significantly heavier than adults of the non-selected 
lines (χ2 = 7.78; df = 1; p = 0.005). N = 48 for each selection line. (f ) Life span in the 
selection lines (weeks as adult; means ± 2 × s.e.m). Selection regime had no effect 
(χ2 = 4.6, df = 2, p = 0.10). N = 90 for each selection line, see Methods.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Numerical staging table for Tribolium castaneum. 
Largely based on93,94. (a) 0 = no nuclei at surface; (b) 1 = undifferentiated 
blastoderm (equal nuclei at the surface). (c) 2 = differentiated blastoderm (the 
large polyploid nuclei of the serosa can be distinguished from the more dense, 
smaller nuclei of the germ rudiment). (d) 3 = gastrulation (amnion and serosa 
fold over the embryo; serosal window not yet closed). (e) 4 = extending germband 
(serosa closed). (f ) 5 = extended germ band (distance between posterior end and 
head is small, size bar; limbs are buds). (g) 6 = limbs growing and extending (head 
and posterior of the germband still close, see size bar; limbs well developing 

and extending). (h) 7 = retracting germband (dorsal distance between head 
and posterior end of the embryo increases again). (i) 8 = completely retracted 
germband. ( j) 9 = start of dorsal closure (rupture of the extraembryonic 
membranes, dorsal organ formation). (k) 10 = dorsal closure in progress 
(dorsal organ flatter, lateral sides of the embryo have moved towards dorsal). 
(l) 11 = dorsal closure completed (lateral sides of the embryo dorsally fused). 
(m) 12 = hatching (still in vitelline membrane). (n) 13 = hatched (out of vitelline 
membrane). Scalebar in (a) = 200 μm and applies to all panels.
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Extended Data Fig. 3 | Manhattan plot of SNPs that differ in allele frequency between the Slow and Non-Selected lines. P values of SNPs, based on a GLM 
contrasting the slow (n = 2) and the non-selected (n = 2) lines (see Methods), along the 10 chromosomes of Tribolium castaneum. In total, 1258 SNPs differ in frequency 
significantly (above the red line = q < 0.01, −logep > 33.0538).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Embryonic phenotypes upon Cyp18a1 pRNAi.  
(a) Numbers (percentages) of the different phenotypic classes from one fixation 
analysis (upper 4 rows), in which Cyp18a1 dsRNA injected mothers were allowed 
to lay eggs for one day, and batches of 25-50 eggs were fixed every subsequent 
day for DAPI staining and microscopic analysis. Percentages of developmental 
arrests are indicated with dark grey background, normal development with 
white background. The total number of developmental arrests corresponded 
well to the number of unhatched eggs after the pRNAi screen for developmental 
time (lower two rows). In 20% of the embryos, we did not observe any start 
of development at all (upper row), compared to 7.8% in the control RNAi. 

No developmental arrests were observed upon control pRNAi. (b) Control 
RNAi, normal blastoderm stage. (c) Cyp18a1 RNAi. Developmental arrests at 
the blastoderm stage were recognized by irregular positioning of aberrant 
nuclei. (d) Control RNAi. Normal extending germband (fully extended in (d)). 
(e) Developmental arrests during germband extension were recognized by 
shortened and irregular germbands. (f ) Control RNAi, normal dorsal closure.  
(g) Cyp18a1 RNAi. Embryos that were arrested during dorsal closure were still 
open at the dorsal side, but showed otherwise advanced development. Scale bar 
in (b) = 200 μm and applies to panels b-g.
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Extended Data Fig. 5 | Allele frequency of F in a natural population is 0.81. 
Genotyping PCR (Ethidium bromide staining shown on agarose gel) of one 
sample of 48 beetles from the (expanded) wild population collected by Rentokil 
from a bakery in The Netherlands (see Methods). 31 show only a 740 bp band 

(homozygous F allele), 2 show only a 942 bp band (homozygous S allele), and 14 
are heterozygote (both bands + a hybrid band present). Thus the allele frequency 
of F is 0.81, and S is 0.19. Ladder is GeneRuler 1kb plus DNA ladder (Invitrogen).
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