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ABSTRACT

Background: The time-length between the first colonization of necrophagous insect
on the corpse and the beginning of investigation represents the most important
forensic concept of minimum post-mortem inference (PMImin). Before
colonization, the time spent by an insect to detect and locate a corpse could
significantly influence the PMImin estimation. The olfactory system plays an
important role in insect food foraging behavior. Proteins like odorant binding
proteins (OBPs), chemosensory proteins (CSPs), odorant receptors (ORs),
ionotropic receptors (IRs) and sensory neuron membrane proteins (SNMPs)
represent the most important parts of this system. Exploration of the above genes and
their necrophagous products should facilitate not only the understanding of their
roles in forging but also their influence on the period before PMImin. Transcriptome
sequencing has been wildly utilized to reveal the expression of particular genes
under different temporal and spatial condition in a high throughput way. In this
study, transcriptomic study was implemented on antennae of adult Aldrichina
grahami (Aldrich) (Diptera: Calliphoridae), a necrophagous insect with forensic
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significance, to reveal the composition and expression feature of OBPs, CSPs, ORs,
IRs and SNMPs genes at transcriptome level.

Method: Antennae transcriptome sequencing of A. grahami was performed using
next-generation deep sequencing on the platform of BGISEQ-500. The raw data were
deposited into NCBI (PRJNA513084). All the transcripts were functionally
annotated using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. Differentially expressed genes (DEGs) were analyzed
between female and male antennae. The transcripts of OBPs, CSPs, ORs, IRs

and SNMPs were identified based on sequence feature. Phylogenetic development of
olfactory genes of A. grahami with other species was analyzed using MEGA 5.0.
RT-qPCR was utilized to verify gene expression generated from the transcriptome
sequencing.

Results: In total, 14,193 genes were annotated in the antennae transcriptome based
on the GO and the KEGG databases. We found that 740 DEGs were differently
expressed between female and male antennae. Among those, 195 transcripts were
annotated as candidate olfactory genes then checked by sequence feature. Of these,
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27 OBPs, one CSPs, 49 ORs, six IRs and two SNMPs were finally identified in
antennae of A. grahami. Phylogenetic development suggested that some olfactory
genes may play a role in food forging, perception of pheromone and decomposing
odors.

Conclusion: Overall, our results suggest the existence of gender and spatial
expression differences in olfactory genes from antennae of A. grahami. Such
differences are likely to greatly influence insect behavior around a corpse. In addition,
candidate olfactory genes with predicted function provide valuable information

for further studies of the molecular mechanisms of olfactory detection of forensically
important fly species and thus deepen our understanding of the period before
PMImin.

Subjects Entomology, Molecular Biology
Keywords Blow fly, Forensic entomology, Aldrichina grahami, Antennae transcriptome,
Minimum post-mortem interval

INTRODUCTION

Forensic entomology uses insects to help in determining origin, location and time of death
of a human. The estimation of the postmortem interval by forensic entomologists is
based on the development of the insects that colonize the corpse. The time elapsed between
the first insect colonizing on the corpse to the start of forensic examination represents the
most important forensic concept of minimum post-mortem inference (PMImin).

When and how the first insect detects and colonizes the corpse could obviously affect the
beginning of the PMImin. The length of time between the time point of death and the
first insect colonization on corpse was defined as the pre-colonization interval (Pre-CI),
which would account for large part of decomposition time depending on various
conditions (Tomberlin et al., 2011). Thus, the PMImin error could vary from a few
hours to a few days when pre-CI was overlooked unconsciously, which could limit the
application of forensic entomology. Some irritant compounds, such as volatile compounds
(VOCs), are produced during the process of corpse decomposition (Rosier et al., 2016).
It is believed that these VOCs provide clues for host detection and oviposition in
necrophagous flies. Studies have shown that these behaviors can be mediated by the
olfactory system and may exhibit gender difference (Wicker-Thomas, 2007).

The insects’ olfactory system is a highly specific and extremely sensitive chemical
sensory nervous system, formed during long-term evolution. Antennae are the main
olfactory organs in insects. They have critical roles in detecting environmental chemical
signals and subsequently affecting insect behaviors (Zhou et al., 2015; Das et al., 2011),
such as mate choice, host searching, oviposition site selection and toxic compound
avoidance (Liu et al., 2018). Olfactory proteins are commonly expressed in olfactory tissue
antennae and maxillary palp, or in non-olfactory like tentacles, lower lip whiskers, and
so on (De Bruyne, Clyne & Carlson, 1999; Kwon et al., 2006). One study suggests that
different types of olfactory-related proteins could participate in sensing different odors
(Hallem ¢ Carlson, 2006). Generally, olfactory-related proteins are classified as odorant
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binding proteins (OBPs), chemosensory proteins (CSPs), odorant receptors (ORs),
ionotropic receptors (IRs), sensory neuron membrane proteins (SNMPs) and odor
degrading enzymes (ODEs) (Gu et al., 2015; Leal, 2013; Wang, Liu & Wang, 2017).

The OBPs and the CSPs represent the key step in the insect olfactory signaling process
(Zhou et al., 2010). They are small soluble proteins in the sensilla lymph, and when
combined with chemical molecules form a conjugate which could be recognized by
corresponding receptors (Gong et al., 2007; Pelosi et al., 2006). The OBPs are highly
conserved protein, firstly discovered in Antheraea polyphemus (Vogt ¢ Riddiford, 1981).
Notably, many OBPs have binding preference or higher affinity to specific odor
compounds (Maida, Ziegelberger ¢» Kaissling, 2003; Pophof, 2004). Based on the literature,
OBPs can be divided into four sub-types according to sequence feature: “Classical” OBPs,
“Dimer” OBPs, “Minus-C” OBPs and “Plus-C” OBPs (Campanini ¢ De Brito, 2016;
Zhou et al., 2004). In 2011, there is a study further classified the classical OBPs into three
sub-families, as pheromone-binding proteins (PBPs), general odorant-binding proteins
(GOBPs) and antennal-binding protein X homologs (ABPXs) (Zhang et al., 2011).
Compared OBPs, CSPs are mainly involved in insects’ perception of chemical signals and
exhibit multifarious functions (Jacquin-Joly et al., 2001; Mei et al., 2018).

The ORs are participants in chemosensory signal transduction processes. ORs have
seven transmembrane domains and a specific reversed membrane topology (Benton, 2006;
Jacquin-Joly & Merlin, 2004; Clyne et al., 1999). In insects’ olfactory nervous systems, there
are two types of ORs: Conventional ORs and olfactory receptor co-receptor (ORCo),
previously known as OR83b (Larsson et al., 2004; Smith, 2007). The conventional ORs, a
highly divergent family, respond to pheromones and VOCs (Carey et al., 2010; Mitchell
et al., 2012; Vosshall, Wong ¢ Axel, 2000). Compared with traditional ORs, ORCo is a
highly-conserved family (Jores et al., 2005). They act as ion channel (Mitchell et al., 2012;
Sato et al., 2008), but their involvement in olfactory transduction remains controversial
(Zufall & Domingos, 2018).

The IRs are also membrane-bound chemosensory receptors located in the dendritic
membrane of receptor neurons like ORs (Benton et al., 2009). Based on their function, IRs
are divided into two types: the conserved “antennal IRs” and the species-specific “divergent
IRs” (Benton et al., 2009; Rimal & Lee, 2018; Wang et al., 2016). The antennal IRs are
mainly involved in the sensory process of odorant, while divergent IRs plays a role in taste
(Benton et al., 2009; Croset et al., 2010; Wang et al., 2016).

Likewise, the SNMPs are transmembrane proteins, homologous to the mammalian
CD36 protein family (Nichols & Vogt, 2008; Rogers et al., 1997), and are important for odor
detection (Hu et al., 2016). Subtypes SNMP1 and SNMP2 are organs specifically expressed
at different locations (Rogers, Krieger ¢~ Vogt, 2001; Rogers, Steinbrecht ¢» Vogt, 2001;
Rogers et al., 1997). Indeed, the SNMP1 is especially expressed in the dendritic membrane
of olfactory receptor neurons, and functions as a pheromone induction (Rogers,
Steinbrecht & Vogt, 2001; Vogt et al., 2009; Zhang et al., 2015a), whereas the SNMP2 is
found in supporting cell (Forstner et al., 2008; Liu et al., 2013; Zhang et al., 2015a), but its
function is uncertain.
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Aldrichina grahami (Aldrich) (Diptera: Calliphoridae) is a common necrophagous
insect of forensic importance. It feeds on corpses or feces and mainly distributes in the
Palearctic and the partial Oriental regions. Research reported its intrusion into other
parts of the world in the past decades (Sukontason et al., 2004; Fan, 1992). A. grahami is a
species with characteristic strong cold tolerance (Wang et al., 2018), and it could be the first
and major insect species which locate and colonize on corpses in early spring and late
autumn when temperature is relative low (Guo et al., 2011; Kurahashi et al., 1984).

This means seasonal distribution of A. grahami could be useful for the PMI estimation
in cold environment. Moreover, the emission of VOCs from corpses could be reduce
under the low temperature (Forbes et al., 2014). In addition, A. grahami should be able to
detect VOCs of corpses even when it at relative low density. The report of myiasis by
A. grahami shows that the olfactory system is also helpful in host detection (Liu, 1980;
Yinong Duan & Zhou, 2002). However, so far, there has been no study about the
olfactory system of A. grahami. Considering that olfactory related proteins play a critical
role in olfactory system, exploration of their genes and products should deepen our
understanding of its behavior like food forging, locating, host recognizing and colonization
as well as further improve methods for an accurate PMI estimation.

In this study, the first antennal transcriptome analysis of A. grahami was performed
using next generation sequencing (NGS) to identify the genes of olfactory family from
A. grahami. Differences between female and male gene expression were analyzed. A set of
putative OBPs, CSPs, ORs, IRs and SNMP in A. grahami was annotated and the expression
level was verified. Additionally, different expression profiles of the olfactory related
proteins between female and male organs were explored. Finally, predicting function of
olfactory genes was discussed based on phylogenetic analysis.

MATERIALS AND METHODS

Insect rearing

The first generation of A. grahami was captured using pork as baits in Changsha, Hunan
province, China. Adults were identified based on the description of Fan (Fan, 1992).
Both sexes were bred in plastic containers (30 cm x 30 cm X 30 cm) and reared with milk
and sugar (1:1) as food sources to gain more individuals for sampling. The daylight regime
was 12:12 (L:D) and the temperature in the rearing room was 25 + 2 °C with 70-80%
relative humidity. Adult antennae were obtained from females and males under a
dissecting microscope and flash-frozen in liquid nitrogen in 1.5 mL microcentrifuge tubes
and then stored at —80 °C until used to isolate RNA.

RNA isolation and quality assessment

Total RNA samples of antennae were isolated using TRIzol Reagent according to the
manufacturer’s protocol (invitrogen, Carlsbad, CA, USA). The quality of RNA was
confirmed using a NanoVue UV-Vis spectrophotometer (GE Healthcare Bio-Science,
Sweden, Europe), and RNA integrity was verified using a standard 1% agarose gel
electrophoresis. Purification of RNA was carried out using DNase I as per manufacturer’s
instructions (Takara, Tokyo, Japan).
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CDNA library preparation and sequencing

Total RNA was treated by enriching poly-A tail mRNA with magnetic beads with OligodT,
and the desired RNA was obtained after purification. Subsequently, the RNA was
fragmented with a break buffer, and reverse transcribed with random N6 primers to
synthesize cDNA double strands to obtain double stranded DNA. The synthesized
double-stranded DNA was flattened at the end and phosphorylated at the 5" end, flattened
at the 3’ end with sticky’ A’, and connected with adaptor. The ligation product was
amplified by two specific primers then denatured by heat. Single-stranded DNA was
cyclized with a bridge primer to obtain a single-stranded circular DNA library. Finally, the
cDNA libraries were sequenced on the BGISEQ-500 sequencing platform (BGI-Shenzhen,
Guangdong, China).

Sequence reads mapping, assembly and annotation

Primarily, the raw reads were filtered by removing reads that contain adapters, poly
nitrogen and low quality. The remaining high quality clean reads had a base quality 20%
lower than Q20. Consequently, we calculated the Q20, Q30, GC-content and sequence
duplication levels of the clean data. All subsequent analyses were performed using high
quality clean reads. Clean reads were mapped to the A. grahami genome assembly (NCBI:
PRJNA513084) by using HISAT2. (Parameter: —dta —phred64 unstranded —new-
summary -x index -1 read_r1 -2 read_r2 (PE).)

Analysis of differentially expressed genes

The quantity of gene expression levels from male and female groups were performed
using FPKM (Fragments per kilobase of transcript per million mapped reads). It was
calculated with NCBI gtf file through gene length annotation. The count calculation was
performed using the HTSeq (Anders, Pyl ¢ Huber, 2015). The Differentially expressed
genes (DEGs) between male and female groups were identified by the DEG-seq

(an R package to identify DEGs from RNA-Seq data) (Wang et al., 2010). To improve the
accuracy of the DEGs, the DEGs were filtered with a fold change >2 or <0.5, and the false
discovery rates (FDR) <0.05 (Anders ¢~ Huber, 2010). Transcripts were annotated using
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (Kanehisa et al., 2008)
and Gene Ontology (GO). The GO annotation of genes was obtained using BLast2GO
software. DEGs were enriched via KEGG and GO database. A Fisher exact test was
used to find the vital enrichment pathway in the study by taking the significance of
p-value < 0.05 and FDR < 0.05 as thresholds.

Identification of candidate transcripts

The tBLASTn program was performed with available sequences of OBPs, CSPs, ORs
IRs and SNMPs from other species as a “query” to identify candidate genes that
encoded putative OBPs, CSPs, ORs, IRs and SNMPs in A. granhmi, respectively.

All candidate OBPs, CSPs, ORs, IRs and SNMPs were manually checked by the BLASTp
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) search application. Soon after, the prediction
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opening reading frame (ORF) of the candidate OBPs, CSPs, ORs, IRs and SNMPS genes
was identified by the ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). Conserved
domain was predicted utilizing Batch CD-search (https://www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi). The transmembrane domains (TMDs) of IRs, ORs and
SNMPs were predicted by TMHMM server (v2.0) (http://www.cbs.dtu.dk/services/
TMHMMY/). The signal peptide of putative OBPs and CSPs were predicted using SignalP
(v5.0) (http://www.cbs.dtu.dk/services/SignalP/) server version with the default
parameters.

Quantitative real-time PCR analysis
To compare the differential expression of chemosensory genes between female and male
antennal transcriptomes in A. grahami, the reads number of each olfactory-related
gene was converted to FPKM (Livak ¢ Schmittgen, 2001). Quantitative real-time PCR
analysis (QRT-PCR) was performed to quantify the expression levels of olfactory-related
genes in male and female antennae with rp49 as the reference gene (Rodrigues et al., 2017).
Total RNA was extracted from 50 antennae obtained from females and males separately
as described in the section of RNA isolation and quality assessment. The cDNA from
antennae of both sexes was synthesized using the Goldenstar™ RT6 cDNA Synthesis Mix.
One pg of total RNA from samples was used in reverse transcription in a total volume
of 20 pL reaction system to obtain the first-stand cDNA. The qRT-PCR was performed on
an ABI 7500 using SYBR green dye (2xT5 Fast gPCR Mix) binding to double stranded
DNA at the end of each elongation cycle. Primer sequences were designed by the Primer
Premier 5.0 program (Table S1). QRT-PCR was conducted using previous method
(Jia et al., 2016). In order to check reproducibility, qRT-PCR test for each sample was
performed with three technical replicates and three biological replicates.

The Relative quantification analyses among samples were performed using comparative
2784C method (Schmittgen & Livak, 2008).

Tissue expression analysis

The expression of OBPs, ORs and non-olfactory genes of different organs were evaluated
by qRT-PCR using the same procedure as the one for quantitative real-time PCR analysis.
Female antennae (FA), leg (FL), wing (FW), head (FH) and male antennae (MA), leg
(ML), wing (MW), head (MH) were collected from adult A. grahami. The Relative
quantification analyses among samples were also performed using comparative 244

method.

Phylogenetic analysis

Protein sequences of Drosophila melanogaster, Calliphora stygia, Musca domestica and
Lucilia cuprina were obtained from Uniprot (Apweiler et al., 2004). The phylogenetic
development of OBPs, ORs IRs, SNMPs and CSP trees were constructed by MEGA
5.0 with neighbor-joining method utilizing default setting and 1,000 bootstraps
respectively (Li et al., 2017).
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RESULTS

Overview of transcriptomes

An average of 6.46 GB raw data were generated from each sample by reading the male and
the female’s antenna samples. After removing adaptor sequences, low quality sequences,
and N-containing sequences, a mean of 48.35 Mb clean reads were obtained for each
sample (Table S2). The mean Q30 was about 89.0% for each sample. Clean reads from six
samples, 74.83-78.58% were successfully mapped against the reference A. grahami genome
(SRA: PRJNA513084). The percentage of unique mapping reads was from 49.82% to
51.92% in each sample. Pearson Correlation Coefficient between three biological replicates
from the two groups (male and female) had high repeatability (i.e., all R* > 0.9731).

Gene prediction and annotation
A total of 14,193 genes were annotated, including 11,327 known genes and 2,866 predicted
novel genes. A total of 16,995 new transcripts were found, of which 9,460 belonged to
newly alternative splicing subtypes of known protein coding genes, 2,951 belonged to
transcripts of new protein coding genes, and the remaining 4,584 were long-noncoding RNA.

A total of 9,667 genes were enriched by GO annotation. GO divided genes into three
categories, representing the molecular functions, cellular component, and biological
processes, respectively. The first three categories that contain the largest number of genes
are represented in Fig.1. The category includes binding (4,708), cell (3,617) and cellular
process (3,549).

In total, 7,243 were functionally clustered into six KEGG categories including
cellular processes, environmental and genetic information processing, and diseases and
metabolism. Among the 44 sub-categories, “signal transduction” (1,677) and “global and
overview maps” (1,397) were the most enriched (Fig. S1).

Moreover, 195 candidate olfactory related transcripts were found based on the results
of annotation, including 36 OBPs (Table 1), 70 ORs (Table 2), seven IRs (Table S3), one
CSP (Table S4), two SNMPs (Table S5) and nine non-olfactory genes (Fig. 52).

Identification of olfactory genes of A. grahami
In total, 36 putative OBPs encoding sequences were found in the antennal transcriptome
(Table 1) with five having no signal peptide. A total of 28 putative OBPs transcripts
have intact open reading frames (ORF) with the lengths ranging from 100 to 300 aa.
After analysis, out of the 28 genes 26 were selected with predicted domain belonging to
pheromone/general odorant-binding protein (PhBP or PBP_GOBP) family. According to
the number and sites of conserved cysteines, 21 A. grahami OBPs transcripts shared
structural characteristics of OBPs (i.e., having typical six conserved cysteines) with
other insects (Jia et al., 2016), including four “Minus-C” OBPs with C missing, and
one “Plus-C” OBPs with more than six conserved cysteines and a proline (Fig. 2).
Seventy candidate ORs transcripts were found in the results of annotation (Table 2).
Of these, 49 genes which contained 3-8 transmembrane domains (TMDs) and conservative
domain (7tm_6 superfamily) were selected for further analysis. Seven putative IRs were
identified in both male and female A. grahami antennal transcriptomes (Table S3) including
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Figure 1 Gene Ontology (GO) classifification analysis of the A. grahami antennal different
expression genes. Unigenes are classifified into three categories: biological process, cellular compo-
nent, and molecular function. GO functions are shown on the y-axis. The x-axis shows the number of
genes that have a particular GO function. Full-size k&l DOL: 10.7717/peerj.9581/fig-1

six IRs had 3-8 TMDs. One transcript encoding putative CSP (A. grahami OF01513)
(Table S4) had a signal peptide and only two conserved cysteine residues. Two transcripts
(A. grahami OF05479 and OF07379) which contained two TMDs with 450-600 aa were
identified as SNMPs (Table S5).

Gene expression differences between female and male

Based on the RNA-Seq by Expectation Maximization selection, 740 DEGs were chosen
between female and male antennae. In total, 357 up-regulated and 383 down-regulated
genes were found in male antennae. Among the DEG results, 21 differentially expressed
olfactory genes, including four OBPs, eight ORs and nine other genes (which were
enriched in the term of olfactory transduction function in KEGG) were found between the

females and the males. The log, 44rich-MAIdrh-E) papoed from 1.00 to 11.01 in the
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Figure 2 Amino acid alignment of OBPs in A. grahami and OBPs sequences from D. melanogaster. Amino acid sequences of A. grahami and

D. melanogaster OBPs are aligned by DNAMAN. Blue and pink boxes show conserved cysteine.

Full-size &l DOL: 10.7717/peerj.9581/fig-2

up-regulated genes. Meanwhile, in the down-regulated genes, the log,

ranged from —1.00 to —10.64.

Sex-specific expression
Based on the transcriptome results, 76 genes exhibited sex-specific expression, among
which 37 genes only found in male antennae and 39 genes only present in female antennae.
In addition, among the 195 candidate olfactory genes, 10 genes were male-specific and
seven were female-specific genes. These include five OBPs and three ORs male-specific and

two ORs female-specific.
For qRT-PCR verification, we selected two male-specific and one female-specific

gene with relatively high expression based on the FPKM. These genes were A. grahami
OF03173, OF08934 and BGI_novel G000488 in males, OF12341 in females, respectively.
A total of 10 DEGs were selected for qRT-PCR verification (Figs. 3-5).

The qRT-PCR results supported the data obtained by transcriptome sequencing.

The expression levels of three OBPs genes (A. grahami OF08228, OF03173 and OF08934) in
male antennae were significantly upregulated in QRT-PCR results and consistent with those
obtained by RNA-seq (Fig. 3), suggesting that these genes were gender specific. In addition,

(Aldrich_M/Aldrich_F)
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Figure 4 Relative expression levels of A. grahami ORs genes. (A) A. grahami OF05347. (B) A. grahami OF11636. (C) A. grahami OF03270.
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“*” above each bar indicate significant differences in transcript abundances (*p < 0.05, **p < 0.01, ***p < 0.001).
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the expression of six ORs genes in qRT-PCR analyses was consistent with the results of our
transcriptome (Fig. 4). The A. grahami OF05347 and BGI_novel G000488 were highly
expressed in male, while the rest of four genes were significantly expressed in female. Among
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Figure 5 Relative expression levels of A. grahami non-Olfactory genes. (A) A. grahami OF12624.
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these genes, OF05347 and OF11636 both exhibited gender specific expression. Particularly,
OF05347 was highly expressed in male antennae, while A. grahami OF11636 was in female
antennae (Fig. 4). The qRT-PCR results of four non-olfactory genes showed that only

A. grahami OF12624 was different between female and male (Fig. 5).

Expression of putative olfactory genes in different organs
Thirteen genes including three OBPs, six ORs and four non-olfactory genes were selected
to explore the level of expression in olfactory and non-olfactory organs (head, leg and
wing) in both females and males A. grahami. Three OBPs were highly expressed in
head than other organs (Fig. 3). The OF08934 was highly expressed in both female head
and in male antennae both. This may be due to the relative high expression of OF08934 in
the female’s mouth parts.

In addition, the six ORs (OF05347, OF11636, OF03270, OF03271, OF12341 and BGI-
novel-G000488) genes were significantly upregulated in antennae, compared with other
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organs (Fig. 4). Among these genes, both OF05347 and OF11636 both exhibited organ-

and gender-specific expression.

The three of four non-olfactory genes showed no difference in female and male
antennae (Fig. 5). However, difference was found between organs as well as genders.
A. grahami OF12624 was mainly expressed in the head and antennae of male, BGI-novel-
G000012 was expressed in the head and wing of female, and BGI-novel-G000010 were
expressed in the leg of females and males. However, for A. grahami OF04198 expression,

there was no difference between male and female.

Phylogenetic analysis of olfactory genes

A phylogenic tree of OBPs was constructed using OBPs of A. grahami with
D. melanogaster (40), C. stygia (20), M. domestica (11) and L. cuprina (10) (Fig. 6).
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Some pairs of A. grahami OBPs were paralogous genes, such as A. grahami OF12161/
OF12164 and A. grahami OF12163/OF12164. In addition, the OBPs of A. grahami,

C. stygia, and L. cuprina were grouped with higher homology, for example, A. grahami
OF00694/C. stygia OBP11, A. grahami OF08066/C. stygia OBP5, A. grahami
OF08068/C. stygia OBP15, A. grahami OF08069/L. cuprina OBP2 and so on. Moreover,
A. grahami OF12159, OF12160, OF12166, OF12165, OF12161, OF12162, OF12163 and
OF12164 was clustered with D. melanogaster LUSH (an OBP with a combination of
pheromone). A. grahami OF03991 was clustered with D. melanogaster 83a/83b (a class of
OBPs that were co-expressed with LUSH and related to pheromone detection), and
OF06321 with D. melanogaster 28a.

The phylogenetic tree of A. grahami ORs with D. melanogaster, C. stygia, M. domestica
and L. cuprina showed that ORs were clustered into multiple groups. But the A. grahami
OF07668 was clustered into the type of ORCo. All ORCos were grouped with high
support value (99%) (Fig. 7).

For IRs analysis, A. grahami OF11318 was clustered into a group of IR8a/25a (Fig. S3).
The IR8a/25a has been proved to be IR co-receptors in other species (Abuin et al., 2011;
Benton et al., 2009). A. grahami OF09221 was clustered into “antennal IRs” with high
supporting value. Specifically, A. grahami OF00615 belongs to “divergent IRs”, a family of
proteins involved in taste detection and evaluation of ingested food before entering the
digestive system (Croset et al., 2010). Moreover, IR25a and IR8a fell into a conserved
branch in the phylogenetic tree, which was consistent with the results obtained in
Anoplophora glabripennis (Hu et al., 2016).

The CSPs of three different species had relatively high conservativeness. According to
the motif analysis, CSPs were found to be an extremely conservative proteins family
(Zhao et al., 2018) (Fig. S4). The two SNMPs found in the present study exhibited high
conversation with the A. grahami OF05479 clustering into SNMP2 (Fig. S5).

DISCUSSION

The PMImin estimation is a major task of forensic investigation and research. But the
period (pre-CI) between the point of death happened and the beginning of PMImin
represent a non-negligible factor which may greatly influence the PMImin estimation.
Exploration on the mechanism beneath the corpse locating behavior of necrophagous
insect should facilitate the understanding of pre-CI, which will definitely improve the
estimation of PML. It has been well demonstrated that insects’ olfactory system plays a
major role in their food foraging behavior. Related genes and their products like

OBPs, ORs, CSPs, IRs and SNMPs, were responsible for the odor detection and signal
transduction. A. grahami is usually one of the first arrived insect group on corpses.
Moreover, its obvious cold tolerance and seasonal distribution pattern could be applied as
a potential “season stamp” of the time of death in the PMI estimation, especially in

the period when other insects are inactive (Kurahashi et al., 1984; Kurahashi, Kawai ¢
Shudo, 1991). Therefore, the exploration of olfactory genes and their expression feature of
A. grahami could provide candidate genes for further research on mechanism of corpse
location and factors determining the time length before insect colonization.
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The predicted function of genes in antennal transcriptome of A. grahami was found
similar to other invertebrates (Glaser et al., 2013; Olafson, Lohmeyer ¢» Dowd, 2010)
(Fig. 1), especially the function of binding is the most enrich term. In general the number
of olfactory gene family candidate transcripts were consistent with that of other species
(Liu et al., 2012; Pitts et al., 2011; Riveron, Boto ¢ Alcorta, 2013), except for CSP and IR.
We also found that the expression difference of olfactory genes between the sexes is
consistent to that of other insects (Leitch et al., 2015; Li et al., 2018; Yuan et al., 2019;
Zhao et al., 2018). In addition, some olfactory genes are highly expressed in other organs
(head, leg or wing) rather than antennae. In fact, this is common in other research results
(Li et al., 2018; Zhao et al., 2018).

The premier step in pheromone or odorant perception is their interaction with
members of the OBP and the CSP families (Vieira ¢ Rozas, 2011). The OBPs and CSPs
mainly transport odor molecules and bind to receptors on dendrites through lymphatics,
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and served as a link between the external environment stimuli and odor receptor.

In A. grahami antennae, three OBPs namely, OF08228, OF03173 and OF08934 were
sex-specifically expressed in male. Interestingly, these three genes were also highly
expressed in other organs compared to antennae, indicating that those genes were not
solely involved in olfactory transduction. In fact, study had reported that part of OBPs
could function in the gustatory system of the insect (Jeong et al., 2013). Additionally, two
PBPs were also male-enriched. Those PBPs may play an essential function in male’s
perception to sex pheromone components emitted from female according to previous
researches (Allen & Wanner, 2011; Gu et al., 2013). A study of D. melanogaster has
reported that a single OBP could bind with different odors (Liu et al., 2017). For example,
D. melanogaster OBP LUSH was sensitive to alcohols and 11-cis vaccenyl acetate

which were found in both the active and the advanced decay stages of corpse (Paczkowski
et al., 2015). The eight OBPs of A. grahami clustering with LUSH on the topological
tree (Fig. 6) suggested their similar function and sensitiveness to alcohols and esters.
Specifically, A. grahami OF00694 and D. melanogaster 84a were clustered into the same
branch in topological tree. The latter were located in the coeloconic sensilla and functioned
in detection of organic acids and amines (Larter, Sun & Carlson, 2016). Since organic
acids and amines are vital voltaic compound during corpse decomposition, and mainly
appear in the active and the advanced decay stages. These OBPs genes may play a key
role in the odor preference of A. grahami to corpse. Although further studies are needed
for identification of the specific types of odor molecules and how they may affect the
blowfly.

Odorant receptors and OBPs are essential in the response of insect receptors to odors
(Barbosa, Oliveira & Roque, 2018). In our study, 48 transcripts were typical ORs and
one (A. grahami OF07668) was the atypical co-receptor ORCo. ORCo was previous
reported highly conserved between species (Butterwick et al., 2018; Jones et al., 2005),
indicating that A. grahami OF07668 should be subdivided as ORCo. Notably, ORCo is an
important component in the regulation of insect smell, which indicates the position of
other traditional ORs in olfactory sensory neurons (OSNs) of membranes (Liu et al., 2015).
In the present study, we found gender differences in the expression level of some ORs.
On the one hand, this could be explained by male and female difference in sensitiveness
to similar odor stimuli. On the other hand, these differently expressed ORs may be
involved in both sex pheromone and food resource detection. Based on previous a study
on ORs (Leitch et al., 2018), different types of ORs have diverse responses to odors.
Functional analysis of D. melanogaster odorant responses demonstrated their role in
the detection of alcohol, phenols and esters, all of which are emitted during biological
decomposition (Munch ¢ Galizia, 2016). Based on previous research led by (Forbes et al.,
2014), alcohols were the main compounds volatilized from corpses in winter. Some other
studies suggested that mono-alcohol was attractive to flies (Frederickx et al., 2012;
Paczkowski et al., 2012). The ORs of A. grahami identified in our study were clustered
with that of D. melanogaster in the phylogenetic tree. For instance, A. grahami
OF00900 and D. melanogaster OR43a had high supporting value and clustered together.
D. melanogaster OR43a had a sharp response to the 1-hexanol (Munch ¢ Galizia, 2016).
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Furthermore, it has been reported that 1-hexanol was the component of VOCs during
decomposition (Paczkowski et al., 2015). The former could be an important receptor of
A. grahami in the detection of VOCs of corpses and affect foraging behavior, such as
locating the corpses.

Ionotropic receptors are also transmembrane proteins which comprise the ion channels
in olfactory reaction (Gu et al., 2019). IRs of D. melanogaster have been proved useful in
the detection of amines and acids (Benton et al., 2009; Yao, Ignell ¢» Carlson, 2005).

In present study, there was no significant difference in the expression of six IRs between
females and males. Although, one candidate IR was homologous to the antennal IRs

of D. melanogaster (Fig. S3) was sensitive to individual decomposition compounds

(e.g., propionic acid, ammonia, butyric acid and putrescine) between male and female
(Rytz, Croset ¢ Benton, 2013). Antennal IRs represent the basis for an accurate odor
response from antenna neuron subgroup (Croset et al., 2010). We found that A. grahami
OF09221 was homologous to D. melanogaster IR64a. Since the later gene was sensitive
to acid-sensing (Ai et al., 2010) and organic acids, both of which are components of VOCs.
A. grahami OF09221 is likely to play an acid-sensing role in the process of detecting
corpses. Additionally, A. grahami OF11318 was rooted in the IR8a/25a in phylogenetic tree
suggesting that it should be an ancestor the conserved member of IRs family. Besides the
antennal IRs and the co-expressed receptor IRs mentioned above, the divergent IRs
represent a large part of total IRs revealed by the present study. These divergent IRs are
a type of proteins expressed in gustatory organs as taste receptors (Croset et al., 2010).

Chemosensory proteins are a group of soluble carrier proteins harboring a similar
function to that of OBPs (Wanner et al., 2004). We identified a single putative CSP
transcript and CSP protein in A. grahami. Therefore, this protein is less present in
A. grahami versus other species (Wanner et al., 2004; Zhang et al., 2015b; Zhou et al.,
2010). The reason for this difference is still unclear. The expression level, organ or species
specificity were all possible.

In general, SNMPs are conversed in insects with limit family members (Qiu et al., 2018).
Similar to previous studies, we identified two SNMPs (Liu et al., 2013, 2014). Based on
the phylogenetic analysis, the differently expressed A. grahami OF05479 is clustered
into SNMP2, which is a protein that considered to be an important component
of protecting olfactory function (Blankenburg, Cassau ¢ Krieger, 2019) (Fig. S5).

In addition, we have found that A. grahami OF07379 and L. cuprina SNMP3 were
gathered in the same cluster, indicating that they possibly have a similar function.
And, there are no reporters about SNMP3 in present. However, L. cuprina SNMP3 has
high homology with SNMP1, which is a protein necessary for pheromone detection in
other species (Leitch et al., 2015; Rogers et al., 1997).

In addition to the conventional protein family mentioned above, nine non-olfactory genes
possibly related to olfactory transduction have also been revealed by our transcriptome.
Four of the nine genes (A. grahami BGI_novel_G000010, BGI_novel_G000012, OF04198
and OF12624) were differently expressed when male and female antennae were compared.
Based on the annotation results, these non-olfactory genes could be participant in both
sensory system and signal transduction in A. grahami olfactory system (Table S6).
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CONCLUSION

Our current investigation is the first comprehensive analysis of antennal transcriptome
from the forensically important insect, A. grahami. Particularly, we determined gender and
organ-specifically expressed olfactory genes of A. grahami and discussed their potential
functions in necrophagous behavior. Further studies should focus on the co-relationship
between specific genes and VOCs components emitted by the corpse, as well as one the
functional differences of particular olfactory gene from various necrophagous insects.

In conclusion, olfactory genes found in present paper should provide important
information that can be used in the future for functional studies of A. grahami
olfactory-associated genes and other forensic related flies. Moreover, our findings will
facilitate the exploration of olfactory mechanisms in necrophagous blowfly species as well
as improve PMImin estimation during forensic investigations.
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