Global transcriptomic analysis reveals candidate genes for
diapause induction in the malt fly Chymomyza costata.
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Experimental approach

Introduction
Diapause is an environmentally programmed and hormonally regulated
period of dormancy which makes an important part of the life-cycle in many
species of invertebrates. In this study, we focused on global gene expression
patterns associated with photoperiodic diapause in larvae of drosophilid fly,
Chymomyza costata.
Our main goal was to identify candidate genes and processes linked to
very early stages of diapause induction phase. Thus, we used 3-day-old 3rd
instar larvae showing maximum sensitivity to photoperiodic signals,
transferred them from long-day (direct development promoting) to shortday (diapause inducing) conditions and observed immediate transcriptomic
responses that might be linked to developmental switch. In parallel, we also
compared larvae reared continuously under long or short days.

Results

Chymomyza costata (Diptera: Drosophilidae) were cultured at constant temperature of 18°C on an artificial diet. Developmental destiny of
larvae was programmed using two different photoperiodic regimes: a long day regime (LD, 16 hour light: 8 hour dark) at which all larvae continue
direct development (i.e. pupariate, pupate and metamorphose to adults), and a short day regime (SD, 12 hour light: 12 hour dark) that induces
larval diapause in all individuals. In order to switch the developmental destiny from direct development to diapause, the LD-reared wild-type larvae
were transferred to SD conditions (T, transfer) on day three of their 3rd larval instar (i.e. approximately when 15-day-old since the egg deposition).
All wild-type strain larvae respond to such transfer by switching the developmental destiny from direct development to diapause.
The total RNA was extracted from whole larvae and used for cDNA library production and Illumina RNAseq (50nt single end sequencing). The
differential expression analysis was conducted using DeSEQ2. Only those transcripts, which showed a log2 fold change (FC) above 0.55 or below 0.55 (equivalent to 1.5 absolute fold change) and a corrected P-value below 0.01 were considered as significantly differentially expressed.

For the SD vs LD comparison, 1686 transcripts were found differentially expressed during day (SD1 vs
LD1) while 3053 transcripts were differentially expressed during night (SD13 or LD17, respectively). After
transfer from LD to SD conditions, large variation in gene expression was observed between T13 vs LD17
(421 up, 482 down), while the comparison of T17 vs LD17 showed smaller variation (130 up, 150 down).

(A) Insect diapause is typically associated with intensive feeding and building of energy reserves during its early phases (preparation and/or
initiation), which is followed by cessation of feeding and metabolic suppression during its later phase (maintenance). Our enrichment
analysis confirmed that various metabolic pathways involving lipids, amino acids and organic acids were significantly upregulated in SD vs.
LD larvae of C. costata. We observed strong upregulation of several sequences coding for different triacylglycerol lipases, elongases,
desaturases and also for lipophorin receptor. This conforms well to the fact that triacylglycerol depot fats serve as major substrates to fuel
metabolism during the period of dormancy.
(B) Diapausing insects are typically exposed to various environmental insults including extreme temperatures, desiccation, hypoxia, and
immune challenges, which led some authors to expect the activation of cellular protection systems. Indeed, a cluster of genes related to
detoxification processes was found significantly upregulated in SD vs. LD larvae in our enrichment analysis. Most sequences of this cluster
were also upregulated in response to T. The cluster contains various cyp sequences (coding for cytochrome P450 enzymes) and also UDPglucuronyltransferase, various isoforms of glutathione S-transferase, and disulfide isomerase.
(C) The diapause individuals are designed for much longer survival than their non-diapause counterparts and will be exposed to different
environmental stressors. Therefore, the cuticle of diapause insect probably requires compositional modifications, which was reflected in
our analysis as specific enrichment of diapause-destined larvae in sequences coding for genes related to development of larval cuticle.
(D)We found several genes involved in recognition of nascent proteins in endoplasmic reticulum (ER), their quality control, folding end
export of misfolded proteins from ER to cytoplasm for proteasome degradation showing an upregulation response specifically to T
conditions. Hypothetically, such activation of a whole pathway for processing of the newly synthesized proteins in ER might serve for rapid
removal of protein species which are no more compatible with newly initiated developmental destiny after switching from direct
development to diapause.

Heat map constructed for a cluster of 41 selected genes linked to development, morphogenesis and cell division
cycle confirms that developmental arrest under SD (or T) conditions is a hallmark of diapause induction.
The ecdysteroid hormones mediate transitions between developmental stages in insects and are also very
central in regulating many forms of insect diapause. Some of the genes coding for enzymes involved in
biosynthesis of ecdysone were significantly downregulated in SD vs LD larvae. Notably, the spook/spookier
sequence was 5-fold downregulated under SD conditions and showed a rapid and statistically significant
downregulation (1.3 to 1.4-fold) in response to transfer (T). The ecdysone receptor gene ecr was also
dowregulated in SD vs LD larvae and in response to T. Next, two of the most important ecdysone early response
genes, broad and E74 were significantly downregulated in SD vs LD and also in T.
One of the most striking responses we have observed in this study was a dramatic and fast downregulation of
dpy-30 under SD conditions and in response to T. The dpy-30 gene encodes an integral subunit of enzymatic
complex that is important for global H3-K4 histone methylation in yeast, worms, insects and mammals. The
histone H3-K4 methylation is generally associated with transcriptional activation. Three other factors involved in
global regulation of gene expression were found to be strongly downregulated in relation to diapause induction
and photoperiodic switch in the larvae of C. costata: the translation initiation factor eIF4e; transcription factor
vrille; and a regulator of response to miRNA argonaute-2 (ago-2).

Conclusions
Our RNAseq study revealed candidate genes (highlighted in summary Figure) that might be principal regulators
of very early stages of photoperiodically induced diapause in larvae of C. costata and, possibly, in other insects.
The sequence of upstream events under diapause-inducing short days might include the following basic steps:
•
•
•
•
•

inhibition of the enzymatic pathway (spookier) for the synthesis of 20-hydroxy ecdysone
decreased expression of ecdysone receptor (ecr),
elimination of a small peak of ecdysone titer during early 3rd instar ontogeny
decreased transcription of early (broad and E74) and late (eip 28/29, eip e3) ecdysone response genes
alteration of gene expression in factors with broad influence on gene transcription (e2f2, vrille), protein
translation (eIF4e), alternative histone marking by methylation (dpy-30), alternative splicing and small RNAmediated regulation of gene expression (ago-2)
• deep alteration of gene expression profile and development of diapause phenotype:
- blockade of morphogenesis (cell cycle regulators)
- restructuring of metabolic pathways (lipid metabolic enzymes, larval storage proteins)
- bolstered environmental stress tolerance (detoxification, redox balance, oxidative stress)
- altered cuticle structure (cuticular proteins)
One of the most salient outcomes of our study is that this highly complex and directed alteration of gene
transcription was observed within a time frame of only four hours after the change of photoperiodic signal
(transfer from long to short days).
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