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Abstract

:

Simple Summary


Starvation increases olfactory sensitivity in a manner that enhances the search for food in animals, including insects. However, the molecular mechanisms via which starvation modulates olfactory receptor neuron function are poorly understood. In this study, we sequenced and compared the whole transcriptomes of the main olfactory organs (antennae and palps) of fed and starved caterpillars from the species Spodoptera littoralis. We revealed that transcripts involved in several biological processes are regulated upon starvation. These processes include glucose metabolism, immune defense, foraging activity, and olfaction. In this last process, we evidenced regulation of chemosensory proteins and odorant-degrading enzymes, known to play a role in the dynamics and the sensitivity of the olfactory receptor neuron response. Our results identify new elements in the cascade of olfactory neuron modulation, in addition to insulin, GABA, and short neuropeptide F signaling.




Abstract


Starvation is frequently encountered by animals under fluctuating food conditions in nature, and response to it is vital for life span. Many studies have investigated the behavioral and physiological responses to starvation. In particular, starvation is known to induce changes in olfactory behaviors and olfactory sensitivity to food odorants, but the underlying mechanisms are not well understood. Here, we investigated the transcriptional changes induced by starvation in the chemosensory tissues of the caterpillar Spodoptera littoralis, using Illumina RNA sequencing. Gene expression profiling revealed 81 regulated transcripts associated with several biological processes, such as glucose metabolism, immune defense, response to stress, foraging activity, and olfaction. Focusing on the olfactory process, we observed changes in transcripts encoding proteins putatively involved in the peri-receptor events, namely, chemosensory proteins and odorant-degrading enzymes. Such modulation of their expression may drive fluctuations in the dynamics and the sensitivity of the olfactory receptor neuron response. In combination with the enhanced presynaptic activity mediated via the short neuropeptide F expressed during fasting periods, this could explain an enhanced olfactory detection process. Our observations suggest that a coordinated transcriptional response of peripheral chemosensory organs participates in the regulation of olfactory signal reception and olfactory-driven behaviors upon starvation.







Keywords:


starvation; olfaction; RNA-seq; caterpillars; Spodoptera littoralis












1. Introduction


The sense of smell and food intake are strongly connected in animals. Olfaction is indeed a critical regulator of food-seeking behaviors across species, and food odor alone can trigger behaviors essential for survival [1,2]. For example, in humans, smelling dark chocolate without eating it increases the feeling of satiety [3]. In rats, food deprivation increases olfactory abilities [4]. In mammals, food intake is under the control of two major anorectic hormones, leptin and insulin [5]. These hormones have been shown to regulate olfactory behaviors, targeting both the central and the peripheral olfactory systems [6,7,8]. In insects, the nutritional status—satiety or hunger—also regulates olfactory sensitivity. After a blood meal, mosquitoes show a decreased attraction toward prey odors [9,10,11], changes in olfactory sensitivity [11], and down-regulation of some chemosensory genes [10,12,13]. Olfactory behavior learning is not possible with fed insects [14,15]. Conversely, upon starvation, fruit flies exhibit an increase in their behavioral response to different odors including food odors [16,17], a modification in pheromone perception and courtship [18], and a reduced behavioral avoidance to aversive odors [19].



Several studies investigated the mechanisms via which starvation affects odor-guided behaviors in insects. Electrophysiological recordings conducted on Drosophila melanogaster antennae revealed no difference in responses of an odorant receptor (OR47a) to 3-methylthio-1-propanol in the fed or fasted state, whereas an increased olfactory attraction to this compound was observed upon starvation [16]. The authors, thus, suggested that the increased behavioral attraction in the starved state may be caused by more central mechanisms, such as increased activity in the antennal lobe—the primary olfactory processing center—or higher brain structures [16]. However, other studies conducted at the periphery on a variety of Drosophila olfactory receptor neuron (ORN) types did not support this hypothesis since an increased physiological activity was observed upon starvation in all cases [17]. In triatomines, electroantennography also revealed modulation of the peripheral sensory responses upon starvation [20]. In Drosophila, the short neuropeptide F (sNPF) that is known to be a modulator of nutrient sensing is expressed in ORNs [21]. Neural signaling mediated by sNPF was shown to increase olfactory-mediated food-seeking behavior after starvation in flies [22]. In this later study, starvation was shown to increase sNPF receptor signaling, which in turn enhanced presynaptic activity in Drosophila olfactory neurons. It has also been shown that insulin signaling interacts with GABA signaling to impact ORN function upon starvation in Drosophila [23], potentially impacting the expression of downstream genes. Thus, modulation of the peripheral olfactory activity makes an important contribution to food search behavior in response to starvation.



At the molecular level, several studies have investigated the transcriptional changes induced by starvation using microarray approaches on Drosophila [24,25] or RNA sequencing (RNA-seq) [26], but only a few precisely focused on the chemosensory organs [16,27]. Zinke et al. [24] investigated the whole body of larvae, while Fujikawa et al. [25] focused on the adult heads, with both studies searching for genetic mechanisms underlying nutrient signaling. Farhadian et al. included chemosensory tissues, namely, antennae, maxillary palps, and proboscis [16], and Ko et al. used adult antennae [27]. Apart from this last study that focused only on G-protein-coupled receptor transcript variation, reasonable correspondence could be evidenced across the different studies, such as downregulation of genes involved in immunity, response to stresses, and/or detoxification and resource allocation upon starvation, as well as the regulation of several chemosensory genes, including odorant-binding proteins (OBPs). Interestingly, the nutrient level has also been shown to regulate circadian oscillating genes [25], including the potential clock gene takeout [16]. Takeout proteins are known to be involved in foraging activity regulation and in improving the sensitivity of taste nerves to carbohydrates during starvation [28].



These different studies were all conducted in Drosophila, a convenient genetic model organism for which a whole genome array is available. However, we are still far from understanding the molecular events that occur in the peripheral olfactory organs upon starvation. The use of other insect models will help in identifying common gene families modulated in response to starvation and, thus, allow proposing common processes underlying enhanced olfactory responses. Today, RNA-seq approaches have proven to be very efficient for transcriptome expression studies [29,30,31], allowing the rapid development of a variety of new insect models. Spodoptera littoralis, a noctuid moth, is one of these new model species [32]. The study of the feeding behavior of this herbivorous species is particularly relevant since, as many Lepidoptera, it is an important crop pest. A better understanding of the mechanisms that regulate olfactory sensitivity and, thus, food intake, offers the possibility to develop olfactory-based strategies to perturb these critical behaviors. For instance, as early as in 1985, Cain et al. [33] showed in field experiments that 20 h starved caterpillars of the crop pest Pieris rapae were more efficient in localizing their host plant than fed caterpillars. Here, we investigated the transcriptional changes induced by starvation in the peripheral chemosensory tissues of S. littoralis caterpillars, using RNA-seq expression profiling. We took advantage of a reference transcriptome we previously established in this species [32,34,35], in which we annotated 127 chemosensory genes, to align and count Illumina reads obtained from antennae and maxillary palps collected from either fed or 24 h starved caterpillars. This led us to identify 81 transcripts whose expression levels are modulated according to nutritional status, including chemosensory genes. Our results contribute to a better understanding of the peripheral mechanisms linked to food intake.




2. Materials and Methods


2.1. Insect Rearing and Behavioral Assay


S. littoralis were reared in the laboratory on a semiartificial diet [36] at 22 °C, 60% relative humidity, under a 16 h/8 h light/dark cycle. At the fourth larval instar (L4), some larvae were deprived of food in the middle of their photophase, while others were kept on the diet. The behavioral tests were conducted 24 h later (middle of the next photophase) in closed glass Petri dishes (14.5 cm diameter) under red dim light. One regular diet spot (1 g) was deposited on one side of the dish (Figure 1a). Ten L4 larvae were placed in the middle of the dish. The dish area was divided into two parts delimited by arc circles centered on the food spots (radius 5.5 cm). The numbers of larvae in each area were computed after 10 min, and preference indices were calculated as follows: (number of larvae in the diet area—number of larvae in the empty area)/(total number of larvae). Ten independent replicates, each including 10 larvae, were performed, and preference indices were compared using a Mann–Whitney test (Figure 1b). Each caterpillar was tested only once.




2.2. Tissue Collection and Illumina Sequencing


At the fourth larval instar, some larvae were deprived of food in the middle of their photophase, while others were kept on the diet. Then, 24 h later, antennae and maxillary palps were dissected from ~100 starved larvae (SLAP: starved larvae antennae and palps) and ~100 fed larvae (FLAP: fed larvae antennae and palps). We performed all dissections at the same time-point (middle of the photophase) for both fed and starved larvae to avoid any circadian rhythm effect on gene expression. This operation was reproduced three times on three different generations to avoid any generation effect. Total RNAs were extracted from each sample using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA). Then, RNAs from starved larvae were pooled together, as were RNAs from fed larvae. These two RNA samples were independently used as templates for cDNA synthesis and Illumina sequencing as described in [32] (HiSeq2000, one channel for the two samples, single read; GATC Biotech SARL). Totals of 1,947,899 and 2,389,809 raw reads were obtained from FLAP and SLAP samples, respectively (Table 1). The RNA-seq data were deposited in GenBank (BioProject) under the accession numbers SAMN01908929 (fed S. littoralis larvae) and SAMN01908927 (starved S. littoralis larvae).




2.3. Illumina Read Alignment and Statistical Analysis


Processed Illumina datasets FLAP and SLAP were aligned on the S. littoralis reference transcriptome [32] with Bowtie [37]. Totals of 1,513,384 out of 1,807,931 processed sequences (FLAP) and 1,813,092 out of 2,171,664 sequences (SLAP) were successfully aligned, representing ratios of 83.7% and 83.5% of the trimmed datasets, respectively (Table 1). Unaligned reads and multiple aligned reads were excluded from further analyses. For both FLAP and SLAP datasets, the number of reads aligned on each contig from the reference transcriptome was counted with SAMtools [38]. Count normalization was performed by estimating the normalization factor by the median of scaled counts. The final contingency table was obtained using a Perl custom script and imported in R v 2.11.0 [39]. No and low expressed contigs (≤2 reads aligned found in both SLAP and FLAP) were preliminary filtered, excluding 45% of low expressed contigs and keeping 42,645 contigs for the statistical analysis. Differentially expressed contigs between FLAP and SLAP were identified using the DESeq package v. 1.8.3 [40], applying a method based on the negative binomial model implemented in R software. The estimation of the dispersion parameter was conducted by assuming a local linear relationship between variance and mean expression levels. DESeq provided p-values for an exact test which were next adjusted to p-value FDRs for multiple testing with the Benjamini–Hochberg procedure [41]. Transcripts were considered differentially expressed for an FDR < 0.10. Annotation of the differentially expressed contigs between FLAP and SLAP was performed using BLASTX (BLASTX 2.2.23) against the NCBI nonredundant database using an E-value cutoff of 10−5.




2.4. Validation of RNA-Seq Data by Reverse Transcription Quantitative PCR


Total RNAs from three different pools of antennae and palps collected on both starved and fed larvae from different generations (biological replicates; n = 3 for each condition) were extracted with the RNeasy MicroKit (Qiagen, Hilden, Germany), which included a DNase treatment. cDNAs were synthesized using the advantage RT-for-PCR Kit (Clontech, Mountain View, CA, USA). Gene-specific primers for three S. littoralis regulated contigs (c6022, encoding a putative odorant-degrading enzyme: ODE; c997 and c65324, both encoding candidate chemosensory proteins: CSPs [32]) and for the reference gene rpL8 were designed using Primer3Plus v. 2.3.0 [42] (Table S1), yielding PCR products ranging from 100 to 200 bp. The qPCR mix was prepared in a total volume of 12 μL with 6 μL of iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA), 3 μL of diluted cDNA (or water for the negative control or RNA for controlling the absence of genomic DNA), and 200 nM of each primer. The qPCR assays were performed using a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). The PCR program began with a cycle at 95 °C for 3 min, followed by 40 cycles of 10 s at 95 °C and 30 s at 60 °C. To assess the specificity of the PCR reactions, a dissociation curve of the amplified products was performed by gradual heating from 65 °C to 95 °C at 0.5 °C/s. Standard curves were generated by a 5-fold dilution series of a cDNA pool evaluating primer efficiency E (E = 10(−1/slope)). For each case, the presence of only one amplified product was verified. All reactions were performed in duplicate on the three biological replicates. Expression levels between chemosensory tissues from fed and starved larvae were calculated relative to the expression of the reference gene according to Pfaffl (2001) [43].





3. Results and Discussion


3.1. Starvation Enhanced Olfactory Behavior in S. littoralis Larvae


We first investigated the effect of 24 h starvation on the olfactory behavior of fourth instar S. littoralis larvae using a Petri dish assay (Figure 1a). The preference index of starved larvae toward a piece of food compared to the empty side of the dish significantly differed from that of fed larvae (Figure 1b; p < 0.001, Mann–Whitney test), revealing that starvation enhanced olfactory attraction to food, although we cannot exclude a group effect. This result confirms earlier observations on this species [44,45].




3.2. Starvation Leads to Up- and Down-Regulation of 81 Transcripts in Larval Chemosensory Organs


Behavioral and physiological evidence of an increase in olfactory sensitivity upon starvation has been reported in both vertebrates and insects [4,16,17,20], but the molecular mechanisms leading to this enhanced sensory sensitivity remain elusive. Here, we used the reference transcriptome we previously established in S. littoralis [32] to profile gene expression in antennae and maxillary palps of fed (“FLAP” sample) and 24 h starved (“SLAP” sample) larvae (dataset accession numbers are available in Section 2.2). Short Illumina reads from each condition were mapped on the reference and counted, after which the numbers were compared for each mapped contig (Table 1). After data filtering and median normalization, we observed a high correlation between FLAP and SLAP datasets (r = 0.93), indicating that the expression of the large majority of contigs remained stable irrespective of the feeding status. A list of 81 contigs differentially expressed was determined by applying an FDR cutoff of 0.1 (Figure 2). Fifty-five contigs were up-regulated in SLAP with fold change values from 5.7 to infinity (i.e., no expression in fed larvae) (list in Table S2, sequences in File S1), 47% of which had an expression level more than 10-fold found in fed larvae. On the other hand, 26 contigs were downregulated in SLAP, with fold change values from 5.6 to infinity (i.e., no expression in starved larvae) (list in Table S3, sequences in File S2) and, impressively, all contigs but one exhibited large variations (i.e., >10-fold).




3.3. Starvation Affects Different Biological Functions


Differentially expressed contigs were annotated by homology search against the NCBI NR database. Among the 81 contigs, 15 had no hit or hits with hypothetical proteins of unknown function. Highly up-regulated sequences under starvation (more than 10-fold) consisted of contigs encoding nine cytochrome P450 enzymes (known to be involved in response to stress, detoxification, or metabolism), 17 takeout-like proteins, a juvenile hormone-binding protein (JHBP, JH being involved in maintaining larval development), two JH acid methyltransferases, two chemosensory proteins (CSPs), a viral enzyme (integrase), a farnesyl diphosphate synthase (providing cells with metabolites), and a putative CRAL/TRIO domain-containing protein (involved in interaction of retinoids with visual cycle enzymes [46]) (Table S2). Highly down-regulated sequences under starvation (more than 10-fold) consisted of contigs encoding proteins involved in host defense and response to pathogens, such as chitin-binding proteins [47] (seven contigs) and REPAT proteins (two contigs) [48], enzymes involved in digestion/immune response such as a protease (trypsin-like serine protease) and a lipase, five takeout-like proteins, and a cuticle protein (Table S3).



Thus, starvation led to a complex transcriptomic response in the peripheral chemosensory organs of caterpillars involving diverse molecular pathways. Among the transcripts whose expression level was related to the nutritional status, some belong to gene families that one would expect to be controlled by feeding, such as genes involved in nutrient metabolism (protease and lipase) and in food search (foraging behavior, olfaction, and vision, although caterpillar vision is poor, as they can only differentiate dark from light). Others are assigned to functions that are not obviously related to starvation, such as larval development or diapause (JH, cuticle proteins, and cytochrome P450s, with the last being known to be involved in the synthesis and degradation of ecdysteroids and hormones), pathogen infestation (e.g., REPAT), and responses to stress and/or xenobiotics (such as cytochrome P450s).



Similar pathways have previously been observed to be regulated in studies conducted in Drosophila. At the whole organism level, Zinke et al. [24] evidenced modulation of genes possibly involved in cell growth in the face of nutrient deprivation. In Drosophila heads, Fujikawa et al. [25] evidenced regulation of the immune response, a phenomenon further observed in all tissues examined by Farhadian et al. [16]. On the contrary, while Ko et al. evidenced regulation of many receptors for biogenic amines, peptides, and neurotransmitters in the antennae of adult D. melanogaster upon starvation (including sNPF receptor, dopamine 2-like and dopamine-ecdysone receptors, serotonin 2A receptor, and the GABA-B receptor type 1 [27]), we did not find such receptors to be regulated in larval antennae and maxillary palps, even though our reference transcriptome contained many of these receptors, e.g., octopanime/tyramine, cardioacceleratory peptide, moody, and somatostatine receptors [32].



When precisely focusing on Drosophila chemosensory organs, Farhadian et al. [16] revealed down-regulation of transcripts involved in numerous defense and immune processes, as well as sensory responses, in particular to odor and pheromone, and up-regulation of genes involved in different metabolic processes and responses to extracellular stimuli [16].



Looking in detail at specific genes, previous studies reported contradictory results on the regulation of sNPFR1 in the fly antennae; whereas Root et al. [22] and Ko et al. [27] found strong up-regulation of this gene after fasting; Farhadian’s study [16] failed to find any regulation of this gene, probably because of different temporal timings in the experiments. In S. littoralis, the expression of this gene in chemosensory organs could not be examined because no sNPFR-encoding sequence could be identified in the reference transcriptome [32]. Interestingly, we could identify a transcript encoding the sNPF peptide precursor (Slit_qualite_c16336) in the reference transcriptome, and its expression was not impacted by starvation. Since sNPF and its receptor usually fluctuate together, this result suggests that sNPF is not regulated under our conditions, as in Farhadian et al. [16]. Takeout genes also revealed discordant results from previous studies conducted in Drosophila. These genes encode putative juvenile hormone-like-binding proteins and are expressed by the fat body, similarly to leptin in vertebrate adipose tissues. Very little is yet known on the function of takeout in Lepidoptera, but a link between circadian rhythm and feeding behavior in Drosophila has been described [49], while it has been proposed to participate in food intake regulation, with increased expression upon starvation [16,28]. While almost all S. littoralis takeout-like contigs (17 out of 22) appeared to be up-regulated under starvation in our RNA-seq study (Table S2), a few (five contigs) also appeared to be down-regulated (Table S3). A deeper study of these sequences revealed that the 17 up-regulated ones corresponded to at least two different takeout-like proteins, whereas the five downregulated ones could be translated to at least three different takeout-like proteins. This suggests a complex network of behavioral regulation via such proteins.




3.4. Starvation Modulates Peri-Receptor-Encoding but Not Chemosensory Receptor-Encoding Transcripts


Odorant receptors (ORs) and ionotropic receptors (IRs) are key proteins in the peripheral olfactory detection process. They are both expressed at the membrane of ORNs, and, upon olfactory ligand binding, they generate an electrical signal that is transmitted to the brain [50,51,52]. We did not evidence any OR IR transcripts to be modulated 24 h after starvation. Accordingly, two studies based on microarray analyses conducted on D. melanogaster did not reveal any chemosensory receptors as up- or down-regulated upon starvation [16,25], not even 48 h post fasting [16]. On the contrary, OR expression modulation has been demonstrated after a blood meal in the mosquito Anopheles gambiae, with down-regulation of an OR [10]. Thus, depending on the species considered, hunger and satiety may not lead to the same transcriptional response, at least for ORs. In another RNA-seq study comparing the antennal transcriptomes of A. sinensis females 5 h after being fed on blood or on sugar, the authors reported no change in the expression of ORs. However, three CSPs and one OBP were found to be overexpressed following the blood meal, while one IR transcript and one GR transcript were found to be overexpressed after the sugar meal [53].



Interestingly, we observed several up-regulated CSPs 24 h after starvation (Table S2). Together with OBPs, these proteins are thought to bind and transport volatile ligands through the sensillum lymph to the chemosensory receptors [54], among other functions [55]. Whereas we found some CSPs as being up-regulated upon starvation, other previous studies demonstrated down-regulation of OBPs in both vertebrates [56] and Drosophila [16,25]. Although these results appear contradictory, they could be explained by the respective functions of the regulated binding proteins. Indeed, one of the Drosophila downregulated OBP genes, OBP99b, is in fact male-enriched and, thus, supposed to play a role in reproduction rather than food search. OBP99b down-regulation upon starvation suggests that this is a candidate gene mediating a possible tradeoff between starvation resistance and reproduction [25].



In our study, we also evidenced the modulation of one esterase and numerous P450s. In S. littoralis, some antennal esterases have been proven to degrade odorants and pheromone components and, thus, to act as odorant-degrading enzymes (ODEs) [57,58]. Some P450s also act as ODEs in insects [59], and numerous antennal P450s have been described in S. littoralis [60].



Taken together, our results suggest that the increased olfactory capacities observed at the peripheral level in insects under starvation would be mainly due to increased expression of genes involved in peri-receptor events (OBPs, CSPs, and ODEs) rather than chemosensory reception events (ORs and IRs). A possible scheme would be that starvation induces increased olfactory sensitivity in insects by increasing the odorant access to the receptor (OBP/CSP expression) and the odorant clearance (ODE expression) close to the ORs. In these conditions, ORNs would be able to detect odorants in lower concentrations than during feeding conditions. Further electrophysiological recordings of larvae ORN responses to food could investigate this hypothesis, although such recordings are challenging to perform on caterpillar antennae.




3.5. qPCR Validates the RNA-Seq Expression Profiling


To validate the accuracy of the expression profiling approach, we used RT-qPCR on a selected set of genes. We focused on three candidate olfactory genes encoding one ODE (esterase, c6022) and two CSPs (c997and c65324) whose expression was regulated by starvation. Their relative expression levels in larval antennae and palps were measured relative to the reference gene rpl8 and compared between starved and fed larvae (Table 2). All three transcripts were found to be up-regulated under starvation, as in the RNA-seq analysis (Table 2). In addition, the maximum and the minimum fold changes were obtained for the same transcripts in both methods, confirming the robustness of the RNA-seq results. Interestingly, the fold changes appeared to be systematically overestimated (2-fold) in RNA-seq analyses compared to the qPCR measurements for all the transcripts studied. Such over- or under-estimation of gene expression in RNA-seq has already been observed, depending, for instance, on the normalization process [61] or the depth of the sequencing [62]. Nevertheless, whereas all studies performed before mainly focused on Drosophila, we demonstrated in this study the possibility to use RNA-seq for the transcriptome profiling of starvation in a species for which a genome is not yet available.





4. Conclusions


Whereas it has been demonstrated that the olfactory plasticity observed in fasted animals results from enhanced presynaptic activity in the antennal lobes mediated via the short neuropeptide F [22] and possibly insulin and GABA signaling [23], we show here that the nutritional status clearly impacts peri-receptor events in the olfactory detection process. In addition to chemodetection modulation, starvation induces a complex transcriptional response in caterpillar peripheral chemodetection organs. The coordinated regulation of transcripts possibly involved in the defense response to stress and/or detoxification, immune response, energy metabolism, chemical senses, and foraging we evidenced in these organs, reflects the insect global strategy for surviving starvation, reallocating resources where needed. Some of the genes we found modulated by fasting may represent novel pathways that regulate feeding behavior in caterpillars. To confirm their role in hunger regulation, functional studies are now needed, which may highlight new targets to fight against the appetite of these voracious animals.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/insects12070573/s1, File S1: Fast sequences of up-regulated contigs after 24 h of starvation, File S2: Fast sequences of down-regulated contigs after 24 h of starvation, Table S1: Primers used in RT-qPCR experiments, Table S2: Transcripts with up-regulated expression after 24 h of larval starvation, Table S3: Transcripts with down-regulated expression after 24 h of larval starvation.





Author Contributions


E.J.-J. conceptualized and supervised the project; E.P. designed and conducted the experiment, as well as analyzed the results; C.M. helped with qPCR analyses; A.G., N.M., P.S. and F.L. helped with the analyses of bioinformatics results; E.P., A.G. and E.J.-J. wrote the manuscript. All authors refined the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the NGS INRAE “AIP Bioresources” project (coordinated by Philippe Fournier, INRAE DGIMI, Montpellier), ANR-09-BLAN-0239-01 and ANR-16-CE21-0002-01.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The RNA-seq data generated in this study were deposited in GenBank (BioProject) under the accession numbers SAMN01908929 (fed S. littoralis larvae) and SAMN01908927 (starved S. littoralis larvae).




Acknowledgments


We thank Pascal Roskam and Jean-Christophe François for insect rearing, as well as Nicolas Glaser and the BioGenouest platform for their bioinformatics support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dobzhansky, T.; Cooper, D.M.; Phaff, H.J.; Knapp, E.P.; Carson, H.L. Studies on the ecology of Drosophila in the yosemite region of California: 4.Differential attraction of species of Drosophila to different species of yeasts. Ecology 1956, 37, 544–550. [Google Scholar] [CrossRef]

	



Ruebenbauer, A.; Schlyter, F.; Hansson, B.S.; Lofstedt, C.; Larsson, M.C. Genetic variability and robustness of host odor preference in Drosophila melanogaster. Curr. Biol. 2008, 18, 1438–1443. [Google Scholar] [CrossRef]

	



Massolt, E.T.; van Haard, P.M.; Rehfeld, J.F.; Posthuma, E.F.; van der Veer, E.; Schweitzer, D.H. Appetite suppression through smelling of dark chocolate correlates with changes in ghrelin in young women. Regul. Pept. 2010, 161, 81–86. [Google Scholar] [CrossRef]

	



Aime, P.; Duchamp-Viret, P.; Chaput, M.A.; Savigner, A.; Mahfouz, M.; Julliard, A.K. Fasting increases and satiation decreases olfactory detection for a neutral odor in rats. Behav. Brain Res. 2007, 179, 258–264. [Google Scholar] [CrossRef] [PubMed]

	



Hillebrand, J.J.; de Wied, D.; Adan, R.A. Neuropeptides, food intake and body weight regulation: A hypothalamic focus. Peptides 2002, 23, 2283–2306. [Google Scholar] [CrossRef]

	



Savigner, A.; Duchamp-Viret, P.; Grosmaitre, X.; Chaput, M.; Garcia, S.; Ma, M.; Palouzier-Paulignan, B. Modulation of spontaneous and odorant-evoked activity of rat olfactory sensory neurons by two anorectic peptides, insulin and leptin. J. Neurophysiol. 2009, 101, 2898–2906. [Google Scholar] [CrossRef]

	



Prud’homme, M.J.; Lacroix, M.C.; Badonnel, K.; Gougis, S.; Baly, C.; Salesse, R.; Caillol, M. Nutritional status modulates behavioural and olfactory bulb Fos responses to isoamyl acetate or food odour in rats: Roles of orexins and leptin. Neuroscience 2009, 162, 1287–1298. [Google Scholar] [CrossRef] [PubMed]

	



Baly, C.; Aioun, J.; Badonnel, K.; Lacroix, M.C.; Durieux, D.; Schlegel, C.; Salesse, R.; Caillol, M. Leptin and its receptors are present in the rat olfactory mucosa and modulated by the nutritional status. Brain Res. 2007, 1129, 130–141. [Google Scholar] [CrossRef]

	



Takken, W.; van Loon, J.J.; Adam, W. Inhibition of host-seeking response and olfactory responsiveness in Anopheles gambiae following blood feeding. J. Insect Physiol. 2001, 47, 303–310. [Google Scholar] [CrossRef]

	



Fox, A.N.; Pitts, R.J.; Robertson, H.M.; Carlson, J.R.; Zwiebel, L.J. Candidate odorant receptors from the malaria vector mosquito Anopheles gambiae and evidence of down-regulation in response to blood feeding. Proc. Natl. Acad. Sci. USA 2001, 98, 14693–14697. [Google Scholar] [CrossRef] [PubMed]

	



Siju, K.P.; Hill, S.R.; Hansson, B.S.; Ignell, R. Influence of blood meal on the responsiveness of olfactory receptor neurons in antennal sensilla trichodea of the yellow fever mosquito, Aedes aegypti. J. Insect Physiol. 2010, 56, 659–665. [Google Scholar] [CrossRef]

	



Biessmann, H.; Nguyen, Q.K.; Le, D.; Walter, M.F. Microarray-based survey of a subset of putative olfactory genes in the mosquito Anopheles gambiae. Insect Mol. Biol. 2005, 14, 575–589. [Google Scholar] [CrossRef] [PubMed]

	



Rinker, D.C.; Pitts, R.J.; Zhou, X.; Suh, E.; Rokas, A.; Zwiebel, L.J. Blood meal-induced changes to antennal transcriptome profiles reveal shifts in odor sensitivities in Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2013, 110, 8260–8265. [Google Scholar] [CrossRef]

	



Piesik, D.; Rochat, D.; van der Pers, J.; Marion-Poll, F. Pulsed odors from maize or spinach elicit orientation in European corn borer neonate larvae. J. Chem. Ecol. 2009, 35, 1032–1042. [Google Scholar] [CrossRef] [PubMed]

	



Krashes, M.J.; DasGupta, S.; Vreede, A.; White, B.; Armstrong, J.D.; Waddell, S. A neural circuit mechanism integrating motivational state with memory expression in Drosophila. Cell 2009, 139, 416–427. [Google Scholar] [CrossRef]

	



Farhadian, S.F.; Suarez-Farinas, M.; Cho, C.E.; Pellegrino, M.; Vosshall, L.B. Post-fasting olfactory, transcriptional, and feeding responses in Drosophila. Physiol. Behav. 2012, 105, 544–553. [Google Scholar] [CrossRef] [PubMed]

	



Farhan, A.; Gulati, J.; Grobetae-Wilde, E.; Vogel, H.; Hansson, B.S.; Knaden, M. The CCHamide 1 receptor modulates sensory perception and olfactory behavior in starved Drosophila. Sci. Rep. 2013, 3, 2765. [Google Scholar] [CrossRef]

	



Lebreton, S.; Trona, F.; Borrero-Echeverry, F.; Bilz, F.; Grabe, V.; Becher, P.G.; Carlsson, M.A.; Nassel, D.R.; Hansson, B.S.; Sachse, S.; et al. Feeding regulates sex pheromone attraction and courtship in Drosophila females. Sci. Rep. 2015, 5, 13132. [Google Scholar] [CrossRef]

	



Bracker, L.B.; Siju, K.P.; Varela, N.; Aso, Y.; Zhang, M.; Hein, I.; Vasconcelos, M.L.; Grunwald Kadow, I.C. Essential role of the mushroom body in context-dependent CO(2) avoidance in Drosophila. Curr. Biol. 2013, 23, 1228–1234. [Google Scholar] [CrossRef]

	



Reisenman, C.E. Hunger is the best spice: Effects of starvation in the antennal responses of the blood-sucking bug Rhodnius prolixus. J. Insect Physiol. 2014, 71, 8–13. [Google Scholar] [CrossRef] [PubMed]

	



Nassel, D.R.; Enell, L.E.; Santos, J.G.; Wegener, C.; Johard, H.A. A large population of diverse neurons in the Drosophila central nervous system expresses short neuropeptide F, suggesting multiple distributed peptide functions. BMC Neurosci. 2008, 9, 90. [Google Scholar] [CrossRef]

	



Root, C.M.; Ko, K.I.; Jafari, A.; Wang, J.W. Presynaptic facilitation by neuropeptide signaling mediates odor-driven food search. Cell 2011, 145, 133–144. [Google Scholar] [CrossRef]

	



Slankster, E.; Kollala, S.; Baria, D.; Dailey-Krempel, B.; Jain, R.; Odell, S.R.; Mathew, D. Mechanism underlying starvation-dependent modulation of olfactory behavior in Drosophila larva. Sci. Rep. 2020, 10, 3119. [Google Scholar] [CrossRef] [PubMed]

	



Zinke, I.; Schutz, C.S.; Katzenberger, J.D.; Bauer, M.; Pankratz, M.J. Nutrient control of gene expression in Drosophila: Microarray analysis of starvation and sugar-dependent response. EMBO J. 2002, 21, 6162–6173. [Google Scholar] [CrossRef] [PubMed]

	



Fujikawa, K.; Takahashi, A.; Nishimura, A.; Itoh, M.; Takano-Shimizu, T.; Ozaki, M. Characteristics of genes up-regulated and down-regulated after 24 h starvation in the head of Drosophila. Gene 2009, 446, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Moskalev, A.; Zhikrivetskaya, S.; Krasnov, G.; Shaposhnikov, M.; Proshkina, E.; Borisoglebsky, D.; Danilov, A.; Peregudova, D.; Sharapova, I.; Dobrovolskaya, E.; et al. A comparison of the transcriptome of Drosophila melanogaster in response to entomopathogenic fungus, ionizing radiation, starvation and cold shock. BMC Genom. 2015, 16, S8. [Google Scholar] [CrossRef]

	



Ko, K.I.; Root, C.M.; Lindsay, S.A.; Zaninovich, O.A.; Shepherd, A.K.; Wasserman, S.A.; Kim, S.M.; Wang, J.W. Starvation promotes concerted modulation of appetitive olfactory behavior via parallel neuromodulatory circuits. Elife 2015, 4, e08298. [Google Scholar] [CrossRef] [PubMed]

	



Meunier, N.; Belgacem, Y.H.; Martin, J.R. Regulation of feeding behaviour and locomotor activity by takeout in Drosophila. J. Exp. Biol. 2007, 210, 1424–1434. [Google Scholar] [CrossRef]

	



Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [Google Scholar] [CrossRef]

	



Marguerat, S.; Bahler, J. RNA-seq: From technology to biology. Cell. Mol. Life Sci. 2010, 67, 569–579. [Google Scholar] [CrossRef]

	



Buermans, H.P.J.; den Dunnen, J.T. Next generation sequencing technology: Advances and applications. Biochim. Biophys. Acta. 2014, 1842, 1932–1941. [Google Scholar] [CrossRef] [PubMed]

	



Poivet, E.; Gallot, A.; Montagné, N.; Glaser, N.; Legeai, F.; Jacquin-Joly, E. A comparison of the olfactory gene repertoires of adults and larvae in the noctuid moth Spodoptera littoralis. PLoS ONE 2013, 8, e60263. [Google Scholar] [CrossRef]

	



Cain, M.L.; Eccleston, J.; Kareiva, P.M. The influence of food plant dispersion on caterpillar searching success. Ecol. Entomol. 1985, 10, 1–7. [Google Scholar] [CrossRef]

	



Legeai, F.; Malpel, S.; Montagne, N.; Monsempes, C.; Cousserans, F.; Merlin, C.; Francois, M.C.; Maibeche-Coisne, M.; Gavory, F.; Poulain, J.; et al. An Expressed Sequence Tag collection from the male antennae of the Noctuid moth Spodoptera littoralis: A resource for olfactory and pheromone detection research. BMC Genom. 2011, 12, 86. [Google Scholar] [CrossRef]

	



Jacquin-Joly, E.; Legeai, F.; Montagné, N.; Monsempes, C.; François, M.C.; Poulain, J.; Gavory, F.; Walker III, W.B.; Hansson, B.S.; Larsson, M.C. Candidate chemosensory Genes In Female Antennae Of The Noctuid Moth Spodoptera littoralis. Int. J. Biol. Sci. 2012, 8, 1036. [Google Scholar] [CrossRef]

	



Poitout, S.; Buès, R. Elevage de chenilles de vingt-huit espèces de Lépidoptères Noctuidae et de deux espèces d’Arctiidae sur milieu artificiel simple. Particularités de l’élevage selon les espèces. Ann. Zool. Ecol. Anim. 1974, 6, 431–441. [Google Scholar]

	



Langmead, B. Aligning short sequencing reads with Bowtie. Curr. Protoc. Bioinform. 2010, 11, 7. [Google Scholar] [CrossRef]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; Subgroup, G.P.D.P. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef]

	



R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2011. [Google Scholar]

	



Anders, S.; Huber, W. Differential expression analysis for sequence count data. Genome Biol. 2010, 11, R106. [Google Scholar] [CrossRef]

	



Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate a practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B-Methodol. 1995, 57, 289–300. [Google Scholar] [CrossRef]

	



Untergasser, A.; Nijveen, H.; Rao, X.; Bisseling, T.; Geurts, R.; Leunissen, J.A. Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res. 2007, 35, W71–W74. [Google Scholar] [CrossRef] [PubMed]

	



Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef]

	



Poivet, E.; Rharrabe, K.; Monsempes, C.; Glaser, N.; Rochat, D.; Renou, M.; Marion-Poll, F.; Jacquin-Joly, E. The use of the sex pheromone as an evolutionary solution to food source selection in caterpillars. Nat. Commun. 2012, 3, 1047. [Google Scholar] [CrossRef]

	



Rharrabe, K.; Jacquin-Joly, E.; Marion-Poll, F. Electrophysiological and behavioral responses of Spodoptera littoralis caterpillars to attractive and repellent plant volatiles. Front. Ecol. Evol. 2014, 2, 5. [Google Scholar] [CrossRef]

	



Panagabko, C.; Morley, S.; Hernandez, M.; Cassolato, P.; Gordon, H.; Parsons, R.; Manor, D.; Atkinson, J. Ligand specificity in the CRAL-TRIO protein family. Biochemistry 2003, 42, 6467–6474. [Google Scholar] [CrossRef]

	



Raikhel, N.V.; Lee, H.I.; Broekaert, W.F. Structure and Function of Chitin-Binding Proteins. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1993, 44, 591–615. [Google Scholar] [CrossRef]

	



Navarro-Cerrillo, G.; Hernandez-Martinez, P.; Vogel, H.; Ferre, J.; Herrero, S. A new gene superfamily of pathogen-response (repat) genes in Lepidoptera: Classification and expression analysis. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2013, 164, 10–17. [Google Scholar] [CrossRef]

	



Sarov-Blat, L.; So, W.V.; Liu, L.; Rosbash, M. The Drosophila takeout gene is a novel molecular link between circadian rhythms and feeding behavior. Cell 2000, 101, 647–656. [Google Scholar] [CrossRef]

	



Touhara, K.; Vosshall, L.B. Sensing odorants and pheromones with chemosensory receptors. Annu. Rev. Physiol. 2009, 71, 307–332. [Google Scholar] [CrossRef]

	



Silbering, A.F.; Rytz, R.; Grosjean, Y.; Abuin, L.; Ramdya, P.; Jefferis, G.S.; Benton, R. Complementary function and integrated wiring of the evolutionarily distinct Drosophila olfactory subsystems. J. Neurosci. 2011, 31, 13357–13375. [Google Scholar] [CrossRef]

	



Benton, R.; Vannice, K.S.; Gomez-Diaz, C.; Vosshall, L.B. Variant ionotropic glutamate receptors as chemosensory receptors in Drosophila. Cell 2009, 136, 149–162. [Google Scholar] [CrossRef]

	



Chen, Q.; Pei, D.; Li, J.; Jing, C.; Wu, W.; Man, Y. The antenna transcriptome changes in mosquito Anopheles sinensis, pre- and post- blood meal. PLoS ONE 2017, 12, e0181399. [Google Scholar] [CrossRef] [PubMed]

	



Leal, W.S. Odorant reception in insects: Roles of receptors, binding proteins, and degrading enzymes. Annu. Rev. Entomol. 2013, 58, 373–391. [Google Scholar] [CrossRef] [PubMed]

	



Pelosi, P.; Iovinella, I.; Zhu, J.; Wang, G.; Dani, F.R. Beyond chemoreception: Diverse tasks of soluble olfactory proteins in insects. Biol. Rev. Camb. Philos. Soc. 2018, 93, 184–200. [Google Scholar] [CrossRef]

	



Badonnel, K.; Denis, J.B.; Caillol, M.; Monnerie, R.; Piumi, F.; Potier, M.C.; Salesse, R.; Baly, C. Transcription profile analysis reveals that OBP-1F mRNA is downregulated in the olfactory mucosa following food deprivation. Chem. Senses 2007, 32, 697–710. [Google Scholar] [CrossRef]

	



Durand, N.; Carot-Sans, G.; Bozzolan, F.; Rosell, G.; Siaussat, D.; Debernard, S.; Chertemps, T.; Maibeche-Coisne, M. Degradation of pheromone and plant volatile components by a same odorant-degrading enzyme in the cotton leafworm, Spodoptera littoralis. PLoS ONE 2011, 6, e29147. [Google Scholar] [CrossRef] [PubMed]

	



Durand, N.; Carot-Sans, G.; Chertemps, T.; Bozzolan, F.; Party, V.; Renou, M.; Debernard, S.; Rosell, G.; Maïbèche-Coisne, M. Characterization of an antennal carboxylesterase from the pest moth Spodoptera littoralis degrading a host plant odorant. PLoS ONE 2010, 5, e15026. [Google Scholar] [CrossRef]

	



Maïbeche-Coisné, M.; Nikonov, A.A.; Ishida, Y.; Jacquin-Joly, E.; Leal, W.S. Pheromone anosmia in a scarab beetle induced by in vivo inhibition of a pheromone-degrading enzyme. Proc. Natl. Acad. Sci. USA 2004, 101, 11459–11464. [Google Scholar] [CrossRef]

	



Durand, N.; Carot-Sans, G.; Chertemps, T.; Montagne, N.; Jacquin-Joly, E.; Debernard, S.; Maibeche-Coisne, M. A diversity of putative carboxylesterases are expressed in the antennae of the noctuid moth Spodoptera littoralis. Insect Mol. Biol. 2010, 19, 87–97. [Google Scholar] [CrossRef]

	



Aanes, H.; Winata, C.; Moen, L.F.; Ostrup, O.; Mathavan, S.; Collas, P.; Rognes, T.; Alestrom, P. Normalization of RNA-sequencing data from samples with varying mRNA levels. PLoS ONE 2014, 9, e89158. [Google Scholar] [CrossRef]

	



Tarazona, S.; Garcia-Alcalde, F.; Dopazo, J.; Ferrer, A.; Conesa, A. Differential expression in RNA-seq: A matter of depth. Genome Res. 2011, 21, 2213–2223. [Google Scholar] [CrossRef] [PubMed]








[image: Insects 12 00573 g001 550] 





Figure 1. Starvation enhances olfactory behavior: (a) The choice test was performed in a closed glass Petri dish (14.5 cm diameter). One regular diet spot (1 g) was deposited on one side of the dish. Ten L4 larvae were placed in the middle of the dish. The dish area was divided into two parts delimited by arc circles centered on the food spots (radius 5.5 cm). The numbers of larvae in each area were computed at 10 min; (b) Box plots showing the median and the first and third quartiles of the distribution. Bars delimitate maximum and minimum values. The preference indices were calculated as follows: (number of larvae in the diet area—number of larvae in the empty area)/total number of larvae; n = 10; *** p < 0.001, Mann–Whitney test. 
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Figure 2. Venn diagram showing the expression of transcripts in the starved (blue) and fed larvae (red) conditions. The number of up-regulated transcripts are indicated as “up”. Numbers of transcripts expressed in only one condition are indicated as “unique”. 
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Table 1. Summary of Illumina data. FLAP: fed larvae antennae and palp dataset, SLAP: 24 h starved larvae antennae and palp dataset.
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	FLAP
	SLAP





	Number of raw reads
	1,947,899
	2,389,809



	Number of processed reads
	1,807,931
	2,171,664



	Number of mapped reads
	1,513,384
	1,813,092
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Table 2. Real-time RT-PCR (qPCR) quantification of expression levels of selected chemosensory genes and comparison with their RNA-seq fold change. qPCR expression levels are expressed relatively to the rpl8 reference gene. N = 3. ODE: Odorant-degrading enzyme. CSP: Chemosensory protein.
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	Gene Name and ID
	qPCR Relative Expression Level in Fed Larvae
	qPCR Relative Expression Level in Starved Larvae
	qPCR Relative Fold Change (Starved/Fed)
	RNA-Seq Fold Change (Starved/Fed)





	ODE (c6022)
	1.12 × 10−3 ± 3.85 × 10−4
	5.09 × 10−3 ± 2.77 × 10−3
	3.23 ± 1.00
	6.00



	CSP (c997)
	0.06 ± 0.03
	0.29 ± 0.20
	6.98 ± 2.33
	9.14



	CSP (c65324)
	0.13 ± 0.07
	0.59 ± 0.33
	5.42 ± 2.31
	11.34
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Starved larvae Fed larvae






nav.xhtml


  insects-12-00573


  
    		
      insects-12-00573
    


  




  





media/file0.png





media/file2.png
(a)

Regular
diet

A

v El.

14.5 cm

(b)

Preference index

0.75-

0.60-

0.45-

0.30-

0.15-

— 0.15-

— 0.30-

2.}

Fed Starved

Feeding status





media/file3.jpg
Starved larvae Fed larvae






media/file1.jpg
(@)

Regular
diet

14.5cm

(b)

Preference index

075

060

045

030

o5

Fed Starved

Feeding status.





