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Original article (Orijinal araştırma) 

Identification of odorant receptor protein genes in two Cephid stem 
borers (Hymenoptera: Cephidae) by high-throughput sequencing1 

İki Cephid sap arısında (Hymenoptera: Cephidae) odorant reseptör protein genlerinin 
yüksek verimli dizileme ile tanımlanması 

Mahir BUDAK2*   

Abstract 

Insects are well adapted organisms to the terrestrial life on Earth. The evolution of the odorant receptor family 

is one of the causes underpinning this remarkable adaptation. Odorant receptors (ORs) sense aromas in the 

environment and cause the insect to respond. The ability of phytophagous insects to detect odor signals from their 

hosts is crucial for mating, oviposition, and feeding. The family of odorant receptor genes in Cephidae, pest on some 

economically important plants, is little understood. Bioinformatic tools were used to analyze the genomic data of the 

two pest species, Syrista parreyssii (Spinola, 1843) (Hymenoptera: Cephidae) (a rose pest) and Pachycephus 

smyrnensis J.P.E.F. Stein, 1876 (Hymenoptera: Cephidae), (a poppy pest), to determine their odorant receptors. The 

whole genome sequencing of P. smyrnensis collected in Sivas in 2020 was performed by next generation sequencing 

and short reads of S. parreyssii genome were obtained from previous studies. Following bioinformatic analyses, 67 and 

82 putative odorant receptor genes were identified and annotated for P. smyrnensis and S. parreyssii, respectively. 

The ORs of these two species were found to be organized as repetitive genes in five separate clusters. No species-

specific OR genes were identified in any of the investigated species. As a result, it was hypothesized that host specificity 

was acquired through the combined effect of multiple ORs. 

Keywords: Cephini, next-generation sequencing, odorant receptors, repetitive genes, Sawflies  

Öz  

Böcekler, Dünya'daki karasal yaşama iyi uyum sağlamış organizmalardır. Koku reseptör ailesinin evrimi, bu 
olağanüstü adaptasyonun altında yatan nedenlerden biridir. Koku reseptörleri (OR'ler) çevredeki aromaları algılar ve 
böceğin tepki vermesine neden olur. Fitofag böceklerin konukçularından gelen koku sinyallerini algılama yeteneği 
çiftleşme, yumurtlama ve beslenme için çok önemlidir. Ekonomik açıdan önemli bazı bitkilerde zararlı olan 
Cephidae'deki koku reseptör genleri ailesi çok az anlaşılmıştır. Biyoinformatik araçlar, iki zararlı türün, Syrista parreyssi 

(Spinola, 1843) (Hymenoptera: Cephidae) (bir gül zararlısı) ve Pachycephus smyrnensis J.P.E.F. Stein, 1876 
(Hymenoptera: Cephidae), (bir haşhaş zararlısı), koku reseptörlerini belirlemek amacıyla genomik verilerini analiz 
etmek için kullanılmıştır. Sivas'ta 2020 yılında toplanan P. smyrnensis tüm genom dizilemesi yeni nesil dizileme ile 
yapılmış ve S. parreyssii genomuna ait kısa okumalar ise önceki çalışmalardan elde edilmiştir. Analizler sonucunda P. 
smyrnensis'ten 67 olası koku reseptörü geni ve S. parreyssii'den 82 olası koku reseptörü geni tanımlandı ve açıklandı. 
Bu iki türün OR'lerinin beş ayrı kümede tekrarlayan genler olarak organize olduğu bulunmuştur. İncelenen türlerin 

hiçbirinde türe özgü OR genleri tespit edilmemiştir. Sonuç olarak, konakçı özgüllüğünün birden fazla OR'nin birleşik 
etkisi yoluyla kazanıldığı varsayılmıştır. 

Anahtar sözcükler: Cephini, yeni nesil dizileme, koku almaçları, tekrarlayan genler, Testereli arılar 
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Introduction 

The Cephidae family is a member of the Cephoidea (Hymenoptera) superfamily. Fossil forms belonging 
to the Cephidae family were encountered in the Lower Cretaceous period (Gauld & Bolton, 1988). Cephidae 
contains approximately 160 species. The family is divided into three subfamilies: Athetocephinae, Australcephinae, 
and Cephinae. Cephinae is the most diverse and widespread subfamily among them. More than 40 of the 
species are distributed in Europe and the Mediterranean Region (Benson, 1951; Smith & Shinohara, 2002; 
Smith & Schmidt, 2009; Taeger et al., 2018). So far, twenty-eight species belonging to this family have 
been reported from Anatolia (Budak, 2012). All members of the Cephinae subfamily continue their life cycles 
as phytophagous in different plant groups. Several members of the Cephinae subfamily are responsible for 
substantial product losses on commercially relevant plants. Pachycephus smyrnensis J.P.E.F. Stein, 1876 
(Hymenoptera: Cephidae), for example, causes harm to poppy plants (Papaver somniferum L., 1753 
(Ranunculales: Papaveraceae)), whilst Syrista parreyssi (Spinola, 1843) (Hymenoptera: Cephidae) causes 
damage to roses by laying eggs on stems (Giray, 1985; Demirözer et al., 2011). 

Pesticides are often used to control these insects; however, the chemicals are unsuccessful since 
the larvae develop in the stem (Altınayar, 1975; Li et al., 2015). Both to reduce product loss and to safeguard 
the environment, more environmentally friendly and effective pest control solutions must be developed. 
Insects use chemical sensors to identify host plants, which may be valuable for insect control (Venthur & 
Zhou, 2018). The chemosensory gene families are important members of insect genomes, which are 
involved in olfactory and gustatory functions (Sánchez-Gracia et al., 2009). Perception of chemicals in the 
environment enables insects to react. Therefore, the behaviors such as finding mates, hosts, food, 
oviposition sites and avoiding harmful situations are stimulated (Haverkamp et al., 2018). The olfactory 
system detects and recognizes many different volatile signal molecules belonging to various chemical 
classes (Keller & Vosshall, 2016). These molecules are detected by two gene families, odorant receptors 
(ORs), and ionotropic receptors (IRs). While ORs only detect volatile molecules, IRs can distinguish 
different types of molecules (Rimal & Lee, 2018). Research to date has shown that OR proteins cause 
stimulus-specific responses and that receptor structure provides a basis for detecting and identifying a wide 
range of chemicals (Hallem & Carlson, 2004; Hallem et al., 2004; Andersson et al., 2015). 

The first insect ORs were identified in the fruit fly Drosophila melanogaster Meigen, 1830 (Diptera: 
Drosophilidae) at the end of the last century using a bioinformatics-based approach combined with the 
sequencing of an antenna cDNA library (Vosshall et al., 1999; Leal, 2013), and soon after, the data obtained 
by completing the genome sequence was expanded to complement 60 genes encoding 62 receptors 
(Vosshall et al., 2000; Robertson et al., 2003; Robertson, 2018). Since then, significant progress has been 
made in elucidating the roles of this ecologically essential gene family in insect biology. Based on a model 
of genetic evolution in D. melanogaster, Robertson et al. (2003) argued that the OR family may have 
evolved from the much larger (ancient) GR family, with the influence of terrestrial environment in insects, 
confirming the hypothesis of Scott et al. (2001). The origins of the GR family have been dates back to early 
animals, but ORs have to be a more recent gene family because they are not present in non-insect 
arthropods (Arthropods) (Robertson, 2015; Saina et al., 2015; Eyun et al., 2017). The appearance and 
spread of ORs among insects could be key to the insects' success (Yan et al., 2020). Also, it may have 
cleared the way for very distinct life strategies to develop over time.  

Adapting to different hosts requires the development of specific odour receptors. Two large gene 
families, the odor-binding proteins (OBPs) and ORs, form the molecular basis of insect odor recognition 
(Hansson & Stensmyr, 2011). Great attempts have been made to reveal the evolutionary dynamics of the 
odorant receptor gene family since the initial identification of odorant receptors in insects (Clyne et al., 
1999). Researchers have observed that the amount of OR genes and their diversity between insects can 
differ depending on the species (Missbach et al., 2014; Andersson et al., 2015). No correlation was found 
between OR number and genome size. Genome size varies even between closely related Hymenoptera 
species but is more commonly associated with the insect's life history (Ardila-Garcia et al., 2010; Niu et al., 
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2022). Insect olfactory receptors function as heteromultimers consisting of at least one ligand-specific OR 
and the coreceptor Orco (Wicher et al., 2008). While the olfactory-related gene orco is substantially 
conserved among insect linages, other olfactory-related genes exhibit little sequence similarity, even 
among members of the Hymenoptera (Gress et al., 2013; Robertson et al., 2018). The number of OR genes 
vary from ten to six hundred in various insect genomes (Kirkness et al., 2010; McKenzie & Kronauer, 2018). 
Recent advances in the sequencing of genomes and transcriptomes have enabled the identification of 
putative OR genes of various insect species. Genes encoding ORs that are co-expressed in flies 
(Drosophila) and mosquitoes (Anopheles) are clustered together in the genome, as proven by 
transcriptome and genome studies involving OR genes (Ray et al., 2007). Then, expression analyses of 
clustered OR genes uncovered polycistronic RNA (Karner et al., 2015). 

In this study, odorant receptor genes in two cephid pest species, P. smyrnensis and S. parreyssii 
were annotated by using next-generation sequencing and bioinformatics techniques. The gene annotation 
tools and were used to identify the sequences of odorant receptor gene families from de novo assembly of 
whole genome reads. Putative odorant receptor genes were then checked manually. On the basis of 
analyzed species, a gene family tree was constructed to infer the relationships between ORs across 
species. The main purpose of this study was to gain a better understanding of the evolutionary dynamics 
of the ORs in the Cephini subfamily. 

Materials and Methods 

The male specimens of P. smyrnensis were collected in Sivas (Türkiye), on flower of Papaver rhoeas L., 
1753 (Ranunculales: Papaveraceae) in June 2020. Simple salting out protocol was used to recover whole 
genomic DNA from the specimen's hind leg (Miller et al., 1988). To verify the size distribution (>20 kbp), 
the isolated DNA was examined on a 0.8% agarose gel using a 1 kb extension ladder (Invitrogen). The libraries 
were constructed with Illumina DNA Prep with tagmentation and a 150bp pairwise short reads sequenced 
by Novagen (Beijing, China) by using HiSeq 2500 (Illumina, U.S.A.) Sequencing Platform. BioProject 
accession codes PRJNA816475 can be used to obtain short reads in GenBank and the SRA databases. 

Genome assembly and annotation 

The short reads produced in this study and other reads available in the SRA database (P. smyrnensis; 
SRX12828967, 164.3M paired reads and S. parreyssii; SRX12142183, 169.4M paired reads) were used 
for genome assembly analyses. The raw data was cleaned from adapter sequences and low-quality reads 
using fastp v 0.20.1. (Chen et al., 2018). Scaffolds construction was done using SPAdes v3.13.1 (Bankevich 
et al., 2012) with “-k 55, 87, 109, 121 --careful --cov-cutoff auto” options on TRUBA (TUBITAK ULAKBIM, 
High Performance and Grid Computing Center). Genome size (hence, GS) was estimated by Jellyfish 
version 1.1.11 (Marçais & Kingsford, 2011) and summary statistics for assemblies were calculated by a 
custom python script. The assembly quality was evaluated using BUSCO v.5.4.6 (Benchmarking Universal 
Single-Copy Orthologs) (Waterhouse et al., 2018) with the hymenoptera odb10 reference set. 

Genome assembly of Cephus cinctus Norton, 1872 (Hymenoptera: Cephidae) (Acc.no: GCA_000341935.1) 
was included to analyses to test accuracy of genome annotations.  Contigs over 1000 bp belonging to each 
specimen were analysed with Augustus v3.3.3 (Stanke et al., 2008) to predict coding sequences and saved 
as “gff” file. The amino acid sequences of each annotated gene were extracted from the “gff” file using the 
getAnnoFasta.pl script available in the Augustus (Stanke et al., 2006) and saved as a “fasta” file. 
InterProScan5 v54-87.0 (Jones et al., 2014; Blum et al., 2021) software was used to annotate the coding 
sequences of predicted genes identified in the previous analyses. The results were saved as “tsv” file, then 
sequences of ORs were pulled and saved separate files. The tblastn search was utilized to verify the 
discovered sequences by the automated pipelines. The obtained results are available at 
https://doi.org/10.5281/zenodo.7540708.  
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Genome assembly and annotation 

The OR sequences annotated from transcriptome analysis of antenna in the study of Robertson et 
al. (2018) was also included to final data sets. OR protein alignments were produced with Mafft v7.453 
(Katoh & Standley, 2013) with L-INS-i algorithm to find more accurately conserved regions. Gaps were 
trimmed using TrimAl v1.2 (Capella-Gutiérrez et al., 2009) with “-gt 0.7 -cons 60” options to remove gaps 
in 30% or more of the sequences. Gene tree inference was performed using RaxML v8.2.12 (Stamatakis, 
2014) under the JTT + G substitution model, which was previously determined to be the most accurate model 
for OR gene trees (Brand & Ramrez, 2017) for 10 separate ML searches and 1000 bootstrap replicates. 

Results and Discussion 

The assembly of the genome of P. smyrnensis was accomplished by two pairs of short reads 
(193,287,106 in total), one from this study and one from the GenBank database. To facilitate genome 
assembly, we employed the haploid male P. smyrnensis to obtain NGS data. As a result, complexity 
associated with length polymorphisms between haplotypes were averted. The short reads used for S. 
parreyssii (169,365,520 reads) genome assembly were downloaded from GenBank. In their respective 
assemblies, the genomes of P. smyrnensis and S. parreyssii were found to have 95.6 (complete and single-
copy BUSCOs: 95.4%, complete and duplicated BUSCOs: 0.2%) and 96.6 (complete and single-copy 
BUSCOs: 96.5%, complete and duplicated BUSCOs:0.1%) complete single-copy and duplicated genes, 
respectively. BUSCO is a powerful tool to assess the robustness and quality of genomic data based on 
expected gene content. For this purpose, BUSCO uses datasets of single copy orthologs derived from 
OrthoDB (Manni et al., 2021). Statistics for genome assemblies of P. smyrnensis and S. parreyssii were 
given in Table 1. The assembly sizes are quite similar to the in-silico genome size estimates (160.8 for S. 
parreyssii and 226.2 Mb for P. smyrnensis) determined by k-mer-based genome-size assessments (158 
for S. parreyssii and 210.1 Mb P. smyrnensis). The NG50 and LG50 values are comparable with those for 
other hymenopterans in GenBank (Table 1).  

Table 1. Pachycephus. smyrnensis, Syrista parreyssi, and Cephus cinctus genome assembly statistics 

 Pachycephus smyrnensis Syrista parreyssi Cephus cinctus 

Number of scaffolds 313,296 73,263 1,975 

Contig length (max) 1,380,577 4,473,258 4,355,184 

Number of scaffolds (>1K) 6366 1427 1,975 

N50 113,745 733,566 622,163 

L50 398 58 56 

NG50 137,571 756,37 624,847 

LG50 334 55 55 

k-mer based estimated genome size 210.1M 158.0M - 

Genome size 226.2M 160.8 M 162.2M 

k-mer based single copy region 149.1M 138.4M - 

Considering that C. cinctus and S. parreyssii are more recently evolved clades in Cephidae than P. 
smyrnensis (Budak, 2012), a decrease in genome size (GS) can be suggested. However, this reduction 
may be resulted from the insect-host relationship because insect-symbiont relationships are also known to 
play a role in genomic integration (Wernegreen, 2012). The k-mer-based estimates of single-copy regions 
are very close for both species (S. parreyssii and P. smyrnensis; Table 1). Therefore, this decrease in GS 
can be mostly attributed to the reduction of repetitive regions. There may be a correlation between insect 
lifestyle and genome size, but this correlation is not always easy to demonstrate (Gregory, 2004). While the 
lifestyles of all three species studied in here are similar, their host plants preferences are different. Although 
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GS seems to evolve in response to host change, more research is needed to study the genomes of host 
plants and insects to elucidate this connection. According to Chak et al. (2021), eusocial organisms have 
larger genomes with the high proportion of repetitive sequences. Although several studies have attempted 
to explain the relationship between GS and insect lifestyles (Johnston et al., 2004; Tsutsui et al., 2008; 
Ardila-Garcia et al., 2010), additional studies are needed to shed light on genome size differences. 

Selection of candidate OR genes 

Augustus analysis projected 33,972 and 42,904 genes for the S. parreyssii and P. smyrnensis 
genomes, respectively (Table 2). It is a fact that this approach probably overestimates the actual number 
of genes present in the genome due to false positives (Saari et al., 2017). Genome annotation of non-model 
organisms is more challenging, but it is obvious that this obstacle will be addressed with high-throughput 
sequencing and improvements in bioinformatics. To identify the predicted genes obtained from the 
Augustus analysis, Pfam filtering and HMMER profiling were performed against the InterPro database 
(Blum et al., 2021) with interproseq5 software. Putative ORs were extracted from the identified genes using 
custom linux scripts. A total of 82, 67 and 56 ORs were found for S. parreyssii, P. smyrnensis and C. 
cinctus, respectively. To test the validity of the found OR genes, the amino acid sequences of the genes 
were compared with the GenBank database using the tblastn algorithm. One candidate gene identified in 
the P. smyrnensis genome did not match any OR available in the database (see supplementary material). 
OR genes annotated through bioinformatic analyses are named in the order in which they were discovered 
by the Augustus analysis. The suffixes (Cc for C. cinctus, Ps for P. smyrnensis, and Sp for S. parreyssii) were 
appended to the genes to help identify which ORs are related with which species on the tree (Figure 1). 

Table 2. Number of predicted genes and ORs identified from insect genomes 
 

Pachycephus smyrnensis Syrista parreyssi Cephus cinctus 
Number of predicted genes 42904 33972 36242 

Number of predicted Ors 67 82 56 

Ors in tandem repeats 27 45 24 

Orco 1 1 1 

Ten of the 72 CcinORs (CcinOR20, CcinOR23, CcinOR24, CcinOR36, CcinOR38, CcinOR41, 
CcinOR42, CcinOR53, CcinOR59 and CcinOR72) identified by Robertson et al. (2018) were not grouped 
with any of the annotated genes in the branches of the dendrogram. Five were found to be more closely 
linked to S. parreyssii OR genes (CcinOR5, CcinOR7P, CcinOR16, CcinOR34, and CcinOR43), while four 
were found to be more closely related to P. smyrnensis OR genes (CcinOR3p, CcinOR15, CcinOR28 and 
CcinOR71P). The remaining CcinORs were grouped with genes annotated from the C. cintus genome. 
Each of the three species tested had one conserved Orco gene as expected (g14373_Cc, g3653_Sp and 
g2593_Ps). Even in the absence of transcriptome data, gene annotation success can be considered 
satisfactory. It is also necessary to correctly identify the repeating genes within a cluster to gain a better 
understanding of the evolution of ORs. The presence of repetitive sequences in the genome complicates 
genome assembly with short reads. The better way to circumvent this challenge is to use long reads in 
combination with short reads in genome assembly analyzes (Treangen & Salzberg, 2011; Claros et al., 
2012). 
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Figure 1. Phylogenetic relationships of the odorant receptor family in three cephid species. The branches are coloured by OR family 

clusters, red for cluster 1, blue for cluster 2, purple for cluster 3, green for cluster 4, and yellow for cluster 5. The scale bar 
indicates substitutions per site. 

Nearly half of the annotated ORs were in tandem-array (see Table 2, Figure 1), which was consistent 
with previous research but not agree with the findings of Robertson et al. (2018). The phylogenetic tree 
using amino acid sequences of the identified ORS from these species revealed that the five clades were 
composed of tandem array genes (Figure 1). The existence of ORs in the genome as a tandem-array 
supports the hypothesis of gene gain through duplication (Andersson et al., 2015). All three species have 
tandem-array genes in these five clades, however the cluster3 is dominated by S. parreyssii and C.cinctus 
ORs. Because S. parreyssii and C. cinctus are younger species (Budak et al., 2011), it is possible that P. 
smyrnensis' solitary OR (g28439_Ps, an orthologue of CcinOR25) at the clade's base gave rise to a new 
gene cluster.  
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If ORs are the primary pathway for host recognition, it is reasonable to expect that organisms prefer 
different hosts will evolve specialized ORs for different odours. However, studies suggest that two strategies 
predominate for the processing and evaluation of odour signals. The first is combinatorial coding based on 
broadly tuned receptors: several different odours activate one type of receptor or, a particular odor can 
activate several types of receptors. The second is based on labelled lines: receptor types are narrowly 
tuned for specific odours (Galizia, 2014; Wicher & Miazzi, 2021). There was no evidence of a species-
specific OR gene family in any of the three species under investigation. It appears likely that it is more 
successful at host recognition when numerous receptors function in concert rather than when a single OR 
acts alone. The combined effect of mutations accumulated in different OR genes may have caused host 
shift in members of the Cephinae subfamily. On the other hand, it is likely that the plant generates a variety 
of odours, each of which is detected by different receptors, ensuring the insect's attraction to the host. 
Another notable finding is that while S. parreyssii has the fewest genes discovered as a result of gene 
annotations analysis, it has the highest number of ORs identified. This could also indicate that OR genes 
have evolved in concert within a clade, such as the observed evolutionary pattern in ribosomal genes. 
(Ganley & Kobayashi, 2007). Finally, it appears that there is no OR that is particular to host recognition 
among the ORs of these species. In order to better understand the host change mechanism in insects, it is 
important to examine a greater number of insect genomes as well as a greater number of gene interactions. 

The functional characterization of insect ORs has been extensively studied in moths, flies, and 
mosquitoes, but has been neglected in other insect orders (Yuvaraj et al., 2021). The lack of functional data 
is a factor that severely limits our understanding of the molecular evolution of olfaction in symphyta. This 
challenge could be more easily addressed if more ORs for this group were identified and characterized. 
Studying the interactions between insect ORs and their ligands is important for understanding the molecular 
and functional evolution of insect OR families. This knowledge helps to find more effective OR agonists or 
antagonists for pest control. Future applications may lead to the development of more environmentally 
friendly strategies to replace chemicals in sawfly control. 
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