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Ultraviolet A (UV-A) radiation is a significant environmental factor that causes photoreceptor
damage, apoptosis, and oxidative stress in insects. Ostrinia furnacalis is an important pest of corn.
To understand the adaptation mechanisms of insect response to UV-A exposure, this study revealed
differentially expressed genes (DEGs) and differently expressed metabolites (DEMs) in O. furnacalis
under UV-A exposure. Three complementary DNA libraries were constructed from O. furnacalis
adult females (CK, UV1h, and UV2h), and 50,106 expressed genes were obtained through Illumina
sequencing. Of these, 157 and 637 DEGs were detected in UV1h and UV2h after UV-A exposure for 1
and 2 h, respectively, compared to CK, with 103 and 444 upregulated and 54 and 193 downregulated
genes, respectively. Forty four DEGs were detected in UV2h compared to UV1h. Comparative
transcriptome analysis between UV-treated and control groups revealed signal transduction,
detoxification and stress response, immune defense, and antioxidative system involvement.
Metabolomics analysis showed that 181 (UV1h vs. CK), 111 (UV2h vs. CK), and 34 (UV2h vs. UV1h)
DEMs were obtained in positive ion mode, while 135 (UV1h vs. CK), 93 (UV2h vs. CK), and 36 (UV2h
vs. UV1h) DEMs were obtained in negative ion mode. Moreover, UV-A exposure disturbed amino acid,
sugar, and lipid metabolism. These findings provide insight for further studies on how insects protect
themselves under UV-A stress.

Solar ultraviolet (UV) radiation, including UV-A (315-400 nm), UV-B (280-315 nm), and UV-C (200-280 nm),
is a severe environmental factor that affects the ecosystem and every living organism'. Because of ozone layer
depletion in the past few decades, solar UV radiation levels have gradually increased?. UV-A constitutes ~ 95%
of solar UV radiation reaching the surface of the earth®. UV-A is used by insects to acquire visual cues for
foraging and selecting mates*. However, UV-A has many direct and indirect negative effects, such as oxidative
stress, photoreceptor damage, and apoptosis, in almost all organisms, including insects>®. UV-A alters juvenile
hormone (JH) metabolism and decreases the life span of Helicoverpa armigera adults”®. It can also damage the
photoreceptive cells, lipids, and DNA in the compound eyes of insects’. In addition, UV-A causes reactive oxy-
gen species (ROS) formation in insects and disturbs the functional activity of antioxidant enzymes'*-'% Insects
have developed various protective mechanisms against harmful UV-A, such as strengthening the reproductive
capacity as a trade-off of energy apportion between reproduction and longevity under UV-A stress’, regulating
antioxidant enzymes activity'’, activating the mitogen-activated protein kinase (MAPK) signaling pathway to
respond to UV-A stress', and regulating the expression of stress-responsive genes, such as cytochrome P450
monooxygenase (p450s) and heat shock protein (hsp), which might participate in decreasing UV-induced ecologi-
cal challenges'>!¢. Both injurious and protective mechanisms in insects are complex, network functions rather
than a single enzyme or protein function. The adaptive mechanism of insects to UV-A exposure is multifaceted
and involves various genetic and metabolic factors responsible for resistance against UV-A stress, such as gene
regulation and metabolite expression.

Transcriptomics is an effective tool for analyzing the function of some key genes and compare gene expres-
sion under different stress conditions'”. Metabonomics is a useful tool for identifying metabolites and explain-
ing changes in them in a biological system under different stress conditions'®. Numerous studies have reported
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transcriptome and metabolome analysis of insects under various environmental stresses, such as solar UV
radiation, temperature, fungi, viruses, and hypoxia'®!*24,

The Asian corn borer Ostrinia furnacalis (Guenée) (Lepidoptera: Pyralidae) is an important global agri-
cultural pest that frequently causes serious economic damage to corn, cotton, millet, and sorghum?®?. Adults
have strong phototaxis and are highly sensitive to UV-A light*®. UV-A is a common light source for light traps.
Previous studies demonstrated that the blacklight trap technology is an effective field forecasting means and
an important technology used to control lepidopteran insects *>7>7%, UV-A is used as black light for forecasting
and controlling O. furnacalis and directly affects the behavior and visual physiology of O. furnacalis®. Studies
also have reported the effects of UV-A on the proteome, reproductive system, and signal pathway proteins of
O. furnacalis®*=32, Therefore, O. furnacalis might have specific adaptive strategies for responding to UV-A stress
in order to better adapt to environmental stresses. This study investigated the adaptation mechanisms of adult
female O. furnacalis’s UV-A exposure response after 0, 1, and 2 h. High-throughput RNA sequencing (RNA-
seq) and liquid chromatography-mass spectrometry (LC-MS)-based metabolomics analysis was performed to
explore the mechanism underlying UV-A stress response on the basis of gene expression and metabolite patterns
in O. furnacalis.

Materials and methods

Insect rearing and UV-A treatment.  O. furnacalis were collected from corn fields in Puding County (26°
32'N, 105° 75" E), Guizhou Province, China, and reared in climate cabinets in 70% + 10% relative humidity and a
14 h/10 h light/dark cycle at 27 + 1 °C. The larvae were reared on artificial diets, as previously described®. Adult
insects were provided a 10% honey water solution.

Next, 3-day-old females were irradiated with a UV-A lamp (320-400 nm; Nanjing Huaqiang Electronic Engi-
neering Co. Ltd., China). The light intensity was ~300 uW/cm?, and the temperature was maintained at 26 °C.
After preadaptation of a 2 h scotophase, three groups of nine 3-day-old females each were treated with UV-A
for 0 (CK; control), 1 (UV1h), and 2 h (UV2h). The two treatment groups were replicated three times, while the
control group was replicated eight times. All insects were collected and stored at — 80 °C until transcriptomic
and metabolomics analysis.

Transcriptomic analysis

RNA extraction, cDNA library construction, and Illumina sequencing. The method described
by Nayak et al., 20207 was used to prepare libraries. Total RNA was extracted from 3-day-old O. furnacalis
females using TRIzol reagent (Invitrogen Carlsbad, CA, USA) according to the manufacturer’s instructions.
The RNA obtained was treated with DNase I (Invitrogen), and magnetic beads with oligo (dT) were used to
isolate poly(A) + messenger RNA (mRNA) and sheared into short fragments using a fragmentation buffer. Using
the mRNA as a template, first-strand complementary DNA (cDNA) was synthesized using random hexamer
primers, and then adding a buffer, deoxynucleoside triphosphates (ANTPs), DNA polymerase I, and RNase H,
second-strand cDNA was synthesized and purified using the AMPure XP system (Beckman Coulter, Beverly,
MA, USA). Next, the purified double-stranded cDNA was subjected to an end repair process, and poly(A) was
added, and suitable fragments were selected and enriched by polymerase chain reaction (PCR) to construct
three cDNA libraries. The cDNA library quality was assessed using the Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA), which was sequenced by Novogene (Beijing, China) on the Illumina Hiseq
platform (Illumina, San Diego, CA, USA).

De novo assembly and functional gene annotation. Before assembly, we removed the adaptor,
N<10%, and low-quality sequences from raw data to obtain clean reads, which were then de novo-assembled
using Trinity software® (http://trinityrnaseq.sourceforge.net/) to produce nonredundant unigenes without a ref-
erence genome. Subsequently, the unigenes assembled were analyzed and annotated using the Basic Local Align-
ment Search Tool with the nucleotide sequence databases (Nt), nonredundant protein database (Nr), Swiss-
Prot, EuKaryotic Orthologous Groups (KOG), and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(e-value <10-5). Finally, functional Gene Ontology (GO) annotations were obtained for All-unigenes using
the Blast 2 GO program on the basis of the biological process, molecular function, and cellular component
categories®*.

Differential gene expression and phylogenetic analysis. To determine the differential unigene
abundance, independent alignments of short reads from three cDNA libraries were performed against the set
of O. furnacalis in response to UV treatment unigenes using Blat software. Unigene transcripts were quantified
using the RSEM tool”. Quantitative results were expressed in fragments per kilobase of transcript sequence per
million mapped reads (FPKM)* as follows:

FPKM (A) = (1,000,000 x C x 1000)/ (N x L),

where FPKM (A) is the transcript quantification of gene A, Cis the number of reads mapped to gene A, N is the
total number of reads mapped to all genes, and L is the number of bases in gene A. The DESeq2 method was used
to screen differentially expressed genes (DEGs) between UV-A-exposed groups and the control (UV1h vs. CK,
UV2h vs. CK, UV2h vs. UV1h) using the following criteria as default: fold-change (FC) > 1.0 (log2 ratio > 1.0)
and P<0.05%.
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Sample Raw reads Clean reads | Clean bases | Q20 (%) | Q30 (%) | GC (%)
C 56,329,946 54,928,540 8.24G 97.63% 93.39% 45.92%
UV1ih 59,849,046 58,929,916 8.84G 97.62% 93.35% 46.64%
UV2h 55,089,476 53,456,458 8.02G 97.28% 92.66% 46.75%
Total 171,268,468 | 167,314,914 | 251G

Table 1. Summary of sequences analysis for transcriptomes of Ostrinia furnacalis after UV-A exposure.

Quantitative real-time RT-PCR analysis. To further evaluate DEGs identified, we randomly selected
15 genes to quantify their expression levels by quantitative reverse transcription PCR (RT-qPCR) after UV-A
exposure. RT-qPCR analysis was performed for samples previously used in RNA-seq analysis. Candidate DEG
expression analysis for each of the three biological replicates per sample was performed using three technical
replicates. Specific primer pairs for each gene were designed using Primer Premier 6 (Table S1). Tm (°C) is
55-60 °C, GC (%) is 50%-62% of primer, and amplification efficiency is 90.5%-100.3%. Total RNA was extracted
using TRIzol reagent (Invitrogen) from different UV treatments of 3-day-old O. furnacalis females. The RNA
obtained was reverse-transcribed in a 20 uL reaction system using the PrimeScript RT reagent Kit with genomic
DNA (gDNA) Eraser (TaKaRa, Japan). Next, RT-qPCR was performed using the Applied Bio System 7500 Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR Green (Bio-Rad, Japan). Each reac-
tion was conducted in a 20 uL mixture containing 10 uL of 2 x Universal SYBR Green Supermix, 1 uL of cDNA,
1 pL of forward primers (10 uM), 1 pL of reverse primers (10 uM), and 7 uL of diethyl pyrocarbonate (DEPC)
H,0. The gPCR cycling parameters were as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s and
60 °C for 30 s, and melting curve generation from 65 to 95 °C. The comparative 27*4°T method was used to
calculate the relative quantification®. S-actin (GenBank accession no. KT366041.1) and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (GenBank accession no. KC966942.1) were used as internal reference genes for
RT-qPCR analysis®*#,

Metabolomics analysis

Metabolite extraction. For metabolite extraction, 100 mg of tissue was ground with liquid nitrogen, and
the homogenate was resuspended with prechilled 80% methanol and 0.1% formic acid by well-vortexing as pre-
viously described”’. The samples were incubated on ice for 5 min and then centrifuged at 15,000 rpm for 5 min
at 4 °C. Some of the supernatant was diluted to a final concentration containing 60% methanol by LC-MS-grade
water. Subsequently, the samples were transferred to a new Ep tube with a 0.22 pm filter and then centrifuged at
15,000 x g for 10 min at 4 °C. Finally, the filtrate was injected into the LC-MS system for further analysis.

LC-MS analysis. Metabolomic analysis was carried out as previously described’. Briefly, LC-MS analysis
was performed using a Vanquish ultrahigh-performance liquid chromatography system (Thermo Fisher Sci-
entific, Waltham, MA, USA) coupled with an Orbitrap Q Exactive mass series spectrometer (Thermo Fisher
Scientific). The samples were injected into a Hyperil Gold column (100 x 2.1 mm, 1.9 um) using a 16 min linear
gradient at a flow rate of 0.2 mL/min. Eluents for positive (POS) ion mode were eluent A (0.1% FA in water) and
eluent B (methanol), while eluents for negative (NEG) ion mode were eluent A (5 mM ammonium acetate, pH
9.0) and eluent B (methanol). The solvent gradient was set as follows: 2% B, 1.5 min; 2-100% B, 12.0 min; 100%
B, 14.0 min; 100-2% B, 14.1 min; and 2% B, 16 min. The Orbitrap Q Exactive mass series spectrometer was oper-
ated in POS/NEG ion mode under the following conditions: spray voltage, 3.2 kV; capillary temperature, 320 °C;
sheath gas flow rate, 35 arb; aux gas flow rate, 10 arb.

Metabolomics data pretreatment and statistical analysis. Raw metabolite data were imported into
the CD 3.1 software (Thermo Fisher Scientific), spectrum processing was performed and the database searched,
quality control (QC) was performed to ensure the accuracy and reliability of the data result, and multivariate
statistical analysis of metabolites was performed. Principal component analysis (PCA) and partial least squares—
discriminant analysis (PLS-DA) were conducted to find differences in the metabolic composition of different
alignment groups. The score plots of PLS-DA models obtained from UV-A treatment and control group pairs
(UV1h-control, UV2h-control, UV2h-UV1h) were roughly separated (Fig. S3). The quality of the models was
primarily instructed by the correlation coefficient (R?) of the parameter and the cross-validated correlation coef-
ficient (Q); the closer R? and Q* are to 1, the more stable and reliable the model is. Functional analysis, such as
metabolic pathways, was performed to determine the biological significance of metabolites.

To identify differential metabolites (DEMs), analysis of variance (ANOVA) + t-test and variable influence on
projection (VIP) values were used to determine statistical significance. DEMs were considered significant when
P<0.05and VIP> 1.

Results

Transcriptomic analysis after UV-A exposure.  O. furnacalis transcriptome assembly.  Illumina paired-
end sequencing generated 171,268,468 raw reads. After filtering, 167,314,914 clean reads were obtained, and the
CK, UV1h, and UV2h cDNA libraries generated 549,285,40, 589,299,16, and 534,564,58 clean reads, respectively
(Table 1). As shown in Table S2, 414,05 unigenes in the range of 201-2000 bp were assembled from clean reads
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Figure 1. GO classification. The genes were summarized in three main categories: biological process (pink),
cellular component (green), and molecular function (blue). The y axis represents the number of genes in the
main category. GO gene ontology.

with N50 lengths of 2299 bp. After eliminating repeated and short-length sequences, 50,106 unigenes were an-
notated against 7 public databases using similarity searching (Table S3), resulting in 20,888 unigenes (41.68%)
matched to the Nt database and 19,207 unigenes (38.33%) matched to the Nr database. In total, 31,279 unigenes
(62.42%) were successfully matched to at least one of the Nt, Nr, Swiss-Prot, GO, KEGG, or KOG databases, and
3,484 unigenes (6.95%) were matched to all six databases.

Functional annotation of the O. furnacalis transcriptome. The similarity distribution of the uni-
genes identified showed that>70% unigenes shared >60% similarity with their nearest homologues (Fig. S1A).
In addition, the e-value distribution of the unigenes identified showed that 33% unigenes shared the highest
homology with an e-value cut-off< 1e7'% (Fig. S1B). As expected, the highest hits were from insect genomes,
with Lepidoptera Amyelois transitella (15.8%), Spodoptera litura (11.4%), H. armigera (11%), and Heliothis vire-
scens (8.8%) accounting for the top four unigenes with Nr annotations (Fig. S1C).

GO, KOG, and KEGG analyses predicted 28,812 unigenes from the functional annotation of O. furnacalis
unigenes. The GO gene functional classification system divided 14,563 Nr unigenes into three major functional
ontologies: biological process, with 26 subcategories; cellular component, with 19 subcategories; and molecular
function, with 10 subcategories (Fig. 1). The top 10 subcategories were cellular process (8363), binding (8015),
metabolic process (7311), single-organism process (6480), cell (4570), cell part (4570), catalytic activity (5660),
biological regulation (3316), organelle (3201), and biological process regulation (3135). In GO analysis, devel-
opmental process (392), localization (2551), locomotion (212), reproduction (232), reproductive process (215),
response to stimulus (2337), and rhythmic process (10) were categorized under “biological process.”

The KOG functional classification divided the 7028 assembled All-unigenes into 26 categories (Fig. 2), of
which the top 5 were translation and general function prediction only (16.76%); signal transduction mechanisms
(12.65%); posttranslational modification, protein turnover, and chaperones (11.34%); translation, ribosomal
structure, and biogenesis (8.05%); and transcription (5.93%). In contrast, the least represented categories were
nuclear structure (0.36%) and cell motility (0.17%).

The 7,221 assembled All-unigenes were assigned to 228 KEGG pathways belonging to 5 KEGG categories
(Fig. 3): cellular processes, environmental information processing, genetic information processing, metabolism,
and organismal systems. Of these, signal transduction (858 unigenes; 11.88%), translation (584 unigenes; 8.0,%)
and endocrine system (510 unigenes; 7.1%) contained the largest number of unigenes.

O. furnacalis genes differentially expressed in UV-A exposure response. After UV-A exposure,
157 and 637 DEGs were detected in UV1h and UV2h, respectively, compared to CK (no UV-A exposure), with
103 and 444 genes, respectively, being upregulated and 54 and 193 genes, respectively, being downregulated. In
addition, 44 DEGs were detected in UV2h compared to UV1h (Fig. 4A). The expression of most of these DEGs
increased, and 84 DEGs (73 upregulated, 11 downregulated) showed common differential expression in O. fur-
nacalis after UV-A exposure (Fig. 4B).

Of the three GO categories (biological process, cellular component, and molecular function) to which DEGs
were assigned (Fig. S2), “biological process” formed the largest group, followed by “cellular component” and
“molecular function” In “biological process,” single-organism process, cellular process, and metabolic process

Scientific Reports |

(2021) 11:6797 | https://doi.org/10.1038/s41598-021-86269-0 nature portfolio



www.nature.com/scientificreports/

KOG Function Classification

1400 — [A] RNA processing and modification

[B] Chromatin structure and dynamics

[C] Energy production and conversion

500 [D] Cell cycle control, cell division, chromosome partitioning
[E] Amino acid transport and metabolism
[F] Nucleotidk and boli

[G] Carbohyd and boli

1000 — [H] Coenzyme transport and metabolism
[1] Lipid transport and metabolism

[J] Translation, rib | structure and biog

[K] Transcription

[L] Replication, recombination and repair
[M] Cell wall b le lope bi
[N] Cell motility

Percent

g

600 |
[O] Posttranslational modification, protein turnover, chaperones

[P] Inorganic ion transport and metabolism

Q dary bolites biosynthesis, transport and catabolism

[R] General function prediction only
[S] Function unknown
[T] Signal transduction mechanisms

U llular trafficking, ion, and vesicular transport

200
[V] Defense mechanisms

[W] Extracellular structures

[Y] Nuclear structure
A B C D E F GH I J K L MNOPQR ST UV WY Z [4 Cytoskeleton
KOG Classification

Figure 2. Distribution of All-unigenes according to the KOG functional classification. KOG EuKaryotic
Orthologous Groups.
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Figure 4. DEGs in Ostrinia furnacalis after UV-A exposure. (A) Histogram of the number of annotated
unigenes in O. furnacalis after UV-A exposure. (B) Venn diagrams of common differential expression of
upregulated (right) and downregulated genes (left) between UV-treated and control groups. DEGs differentially
expressed genes, UV ultraviolet.

subcategories were dominant in the UV-A exposure response. In “cellular component,” most of the DEGs were
enriched in membrane, cell, and cell part subcategories, while in “molecular function,” most of the DEGs were
enriched in binding and catalytic activity subcategories.

KEGG database mapping showed that most of the DEGs were related to ABC transporters, followed by
amyotrophic lateral sclerosis and phototransduction-fly in UV1h compared to CK. In addition, most of the DEGs
were related to focal adhesion, bile secretion, and ABC transporters in UV2h compared to CK (Tables S3-S5).
On the basis of Nr and Pfam annotation, many DEGs were implicated in signal transduction, immune response,
antioxidant system and detoxification, and stress response genes, such as lipoprotein-related protein 2 (LRP2),
catalase (CAT), calmodulin (CALM), choline dehydrogenase (CHDH), serine/threonine-protein kinase (CST),
chitinase 3 (Chit3), p450s, aldehyde dehydrogenase (ALDH), c-Jun N-terminal kinase (JNK), and Ras guano-
sine triphosphatase (GTPase)-activating protein (RasGAP). Of the DEGs detected between UV1h and UV2h,
genes involved in immune response and signal transduction, including chitin binding-like protein (CBP) and
ATP-binding cassette subfamily A member 3 (ABCA3), were overrepresented after UV-A exposure (Table 2),
indicating that they might increase adaptation of O. furnacalis to UV-A stress.

RT-qPCR verification of transcriptomic data. Thousands of genes from transcriptome libraries showed
significantly different expression levels. Most of the 15 DEGs (TBC1 domain family member 22B, facilitated tre-
halose transporter Tret1-like; protein yellow-like; glucose dehydrogenase [FAD, quinone]-like; excitatory amino
acid transporter-like; UNC93-like protein; sugar transporter ERD6-like; transcript variant X3; catalase-like;
orexin receptor typel-like; TGF-beta-activated kinase 1 and MAP3K7-binding protein 1-like; down syndrome
cell adhesion molecule-like protein; SET and MYND domain-containing protein 4; sodium/potassium-trans-
porting ATPase subunit beta-2-like; lutropin-choriogonadotropic hormone receptor-like) selected had expres-
sion patterns similar to transcriptome data (Fig. 5). The expression patterns of all 15 DEGs matched sequencing
data. Therefore, these comparative analyses validated the accuracy and reliability of RNA-seq data.
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Genes UVlhvs.CK | UV2hvs.CK | UV2hvs. UVlh
Immune system

Serine/threonine-protein kinase (CST) UP UP N/A
Chitinase 3 (Chit3) N/A UP N/A
Kallikrein 1 (KLKBI) N/A UP N/A
G protein-coupled receptor (GPCR) N/A UP N/A
Chitin binding-like protein (CBP) N/A UP UP
Signal transduction

Lipoprotein-related protein 2 (LRP2) UP UP N/A
ATP-binding cassette subfamily A member 3 (ABCA3) | N/A N/A UP
Catalase (CAT) UP UP N/A
Calmodulin (CALM) UP 193 N/A
Collagen, type IV, alpha (COL4A) N/A UP N/A
Hypoxia-inducible factor 1 alpha (HIF1A) N/A UP N/A
GTP-binding protein N/A UP N/A
Antioxidant system

Catalase (CAT) UP UP N/A
Peroxidase (POD) N/A UP N/A
Detoxification and stress-response genes

Cytochrome P450 monoxygenases (CYP450s) UP UP N/A
UDP-glucuronosyltransferases (UGTs) N/A UP N/A
Aldehyde dehydrogenase (ALDH) N/A upP N/A
Carboxylesterase (CarE) N/A UP N/A
c-Jun N-terminal kinase (JNK) UP UP N/A
Ras GTPase-activating protein (RasGAP) N/A UP N/A

Table 2. List of DEGs in O. furnacalis under UV-A exposure. N/A not significantly changed, DEGs
differentially expressed genes, UV ultraviolet.

Metabolomic analysis after UV-A exposure. Multivariate statistical analysis. After QC, we detected
1756 and 1088 peaks using LC-MS in POS and NEG ion modes, respectively. After Pareto scaling treatment, the
PCA diagram constructed for multivariate variable pattern recognition analysis revealed a clear separation in
metabolite accumulation in UV1h, UV2h, and CK in both POS and NEG ion modes (POS: PC1, 17.17%; PC2,
11.66%; NEG: PC1, 16.15%; PC2, 10.45%) (Fig. 6A,B), indicating significant changes in metabolites between CK
and UV1h and UV2h. However, there was no significant difference in metabolites between UV2h and UV1h.

Differential metabolite analysis. The R? values of the six models were > 0.89 (Table 3). Permutation tests
(n=200; Fig. S4) showed that all PLS-DA models were robust with no overfitting. Filtering (VIP>1 and P<0.05
[t-test]) acquired DEMs for the separation of different groups. In POS ion mode, we screened 181 (up 42, down
139) (Fig. S5A), 111 (up 46, down 65) (Fig. S5B), and 34 (up 28, down 6) (Fig. S5C) DEMs from the PLS-DA
models. In NEG ion mode, we screened 135 (up 32, down 103) (Fig. S5D), 93 (up 38, down 55) (Fig. S5E), and
36 (up 31, down 5) (Fig. S5F) DEMs from the PLS-DA models for intergroup comparative analysis.

By comparing the number of DEMs in O. furnacalis between UV1h, UV2h, and CK, we detected 316 DEMs
in UV1h and 204 DEMs in UV2h with the same UV-A dose compared to CK. However, only 70 DEMs were
detected in UV2h compared to UV1h.

A part of saccharides, amino acids, fatty acids, and organic acids significantly changed after UV-A exposure.
The expression levels of some metabolites, such as phosphoarginine, L-aspartic acid, L-serine, arachidonic acid,
ethyl linoleate, and phenylglyoxylic acid, significantly increased in UV1h compared to CK. In contrast, other
metabolites, such as glucose, N-acetylornithine, b-tryptophan, and azelaic acid, were downregulated. Similarly,
the expression levels of some metabolites, such as D-glucopyranoside, N-acetylleucylleucine, arachidonic acid,
adipic acid, benzoic acid, and phenylglyoxylic acid, significantly increased in UV2h compared to CK. In con-
trast, other metabolites, such as glucose, acetyl-L-methionine, L-alanine, and azelaic acid, were downregulated.
In addition, the expression levels of most metabolites, such as 3-phosphoglyceric acid, tryptoline, thyronine,
gamma-L-glutamyl-L-tyrosine, D-a-hydroxyglutaric acid, and phthalic acid, significantly increased in UV2h
compared to UV1h. Details of these differences are given in Tables S6-S8.

KEGG pathway analysis of different metabolites. The DEM pathways in UV1h, UV2h, and CK were
biosynthesis of amino acids, histidine metabolism, nicotinate and nicotinamide metabolism, arachidonic acid
metabolism, citrate acid cycle (tricarboxylic acid [TCA] cycle), and pantothenate and coenzyme A (CoA) bio-
synthesis (Tables S9-S10).

Transcriptome and metabolome association analysis using KEGG. Association analysis revealed
that in POS ion mode, 20 and 36 pathways were conjointly involved in DEGs and DEMs in UV1h and UV2h,
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POS

kegg description

NEG

kegg description

Ion detection mode | Comparative analysis | R? Q
UVlhvs. C 091 |0.59

Positive (POS) UV2hvs.C 092 |0.48
UV2hvs. UV1h 0.94 | 0.44
UVlhvs. C 0.89 |0.63

Negative (NEG) UV2hvs. C 0.91 |0.50
UV2hvs. UV1h 093 |0.51

Table 3. Parameters of projections to PLS-DA models on the basis of different comparative analyses. PLS-DA
partial least squares-discriminant analysis, UV ultraviolet.
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Figure 7. Association analysis of DEG and DEM KEGG pathway. POS positive, NEG negative, Count
number of genes or metabolites enriched in the pathway, Type “Tran” indicates transcriptome, while “Meta”
means metabolome, DEG differentially expressed gene, DEM differently expressed metabolites, KEGG Kyoto
Encyclopedia of Genes and Genomes.

respectively, compared to CK. Similarly, in NEG ion mode, 7 and 10 pathways were conjointly involved in DEGs
and DEMs in UV1h and UV2h, respectively, compared to CK (Fig. 7). The main KEGG pathways, including
protein digestion and absorption, amino sugar and nucleotide sugar metabolism, insect hormone biosynthesis,
and tryptophan metabolism, are shown in Fig. 7. There are common DEGs and DEMs in the cAMP signaling
pathway, amino sugar and nucleotide sugar metabolism, dopaminergic synapse, gonadotropin-releasing hor-
mone (GnRH) signaling pathway through transcriptome, and metabolome association analysis in O. furnacalis
under UV-A exposure (Table 4).

Discussion

Environmental changes pose a great threat to the survival and reproduction of insects, and insects must have a
certain tolerance ability to adapt to these changes’>’°. Insects sense the external environment stimulation and
transmit the signal to the body to respond to environmental stresses*’. Most insects have developed various
mechanisms, such as morphological and physiological adaptations, to cope with environmental stresses, such
as high temperature, cold stress, UV radiation, and bacterial and fungal infections®*77-7°. Solar UV radiation
is one of the most omnipresent environmental stresses*"*2. In addition, UV-A augmentation decreases adult
longevity, increases the oviposition rate, and prolongs developmental periods of the F, generation”!. A compara-
tive proteomic study demonstrated that differentially expressed proteins of O. furnacalis under UV-A stress are
involved in diverse biological processes, such as signal transduction, cellular stress response, transport processing,
cytoskeleton organization, and metabolism*}
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Comparative analysis | KEGG pathway Type | Pvalue | Count | Meta/Tran name Up/down
DEM | 0.454 1 Acetylcholine Up
cAMP signaling pathway Hypothetical protein B5V51_8840, partial calcium-binding | Up
DEGs |0.214 2 . .
protein E63-1 isoform X1 Up
DEM | 0.139 1 UDP-N-acetyl-3-O-(1-carboxyvinyl)-alpha-p-glucosamine | Down
Amino sugar and nucleotide sugar metabolism
DEG |0.236 1 chitinase 2 Up
UVihvs C
DEM |0.199 1 L-Dopa Down
Dopaminergic synapse
DEG | 0.359 1 Calcium-binding protein E63-1 isoform X1 Up
DEM | 0.139 1 Arachidonic acid Up
GnRH signaling pathway DEGs | 0.048 2 Serine..threonine-protein kinase CST20 isoform X1 Up
’ Calcium-binding protein E63-1 isoform X1 Up
DEM | 0.401 1 Arachidonic acid Up
Sodium..potassium-transporting ATPase subunit beta-2-like | Up
. . calcium-binding protein E63-1 isoform X1 Up
cAMP signaling pathway Hypothetical protein B5V51_8840, partial dopamine D2-like | Up
DEGs |0.234 6
receptor Down
Multidrug resistance-associated protein 4-like isoform X1 Up
Sodium..potassium-transporting ATPase subunit beta-2-like | Down
DEM | 0.165 1 UDP-N-acetylglucosamine Up
UV2hvs C Amino sugar and nucleotide sugar metabolism i iti Up
2 g DEGs | 0.142 3 Cytqchrf)me P450 4C1 like chitinase 2 Up
Chitinase-3-like protein 2 Up
DEM | 0.364 1 L-Dopa Down
Dopaminergic synapse
DEG | 0.359 1 Calcium-binding protein E63-1 isoform X1 Up
DEM |0.119 1 Arachidonic acid Up
GnRH signaling pathway Serine..threonine-protein kinase CST20 isoform X1 Up
DEGs |0.233 |3 ! e-protein i ! Up
Ras, partial calcium-binding protein E63-1 isoform X1 Up

Table 4. List of common DEGs and DEMs in O. furnacalis under UV-A exposure.

The response patterns of insects are different under different periods of UV-A stress. A previous study showed
that H. armigera adults exposed to UV light at certain time points (from 30 to 90 min) show significantly higher
total antioxidant capacity compared to the control®. Ali et al. (2017) showed that the UV-A stress response of
Mythimna separata adults is significantly different under relatively short exposure (60 min) compared to long
exposure (120 min) ' One study indicated that the expression level of JNK gene in H. armigera significantly
increases after 60 min UV-A exposure and significantly decreases after 120 min'*. These findings were consistent
with our results, indicating that more and more genes are involved in the UV-A stress response of O. furnacalis
as time goes on. Therefore, the selection of UV-A radiation time is important to study the molecular mechanism
underlying the UV-A stress response in O. furnacalis and to screen functional genes. GO enrichment items of
DEGs are almost the same after 1 and 2 h UV-A exposure, and most are related to metabolic process, cellular
process, single organization process, cell, cell part, catalytic activity, and binding functions. This result is similar
to the GO enrichment result of Glyphodes pyloalis DEGs under heat stress*.

Insects transmit external environmental stimuli to the cellular machinery through signal transduction path-
ways. Signal transduction pathway-associated genes, such as LRP2, ABCA3, CALM, COL4A, HIF1A, and GBP,
significantly change. As molecular switches, they frequently participate in pathways regulating many cellular
processes of cell growth, differentiation, and morphogenesis*. In insects, the innate immune system is the
primary effector response system*’. Remarkably, a series of immune-related genes, such as CST, Chit3, kal-
likrein 1 (KLKBI), G protein-coupled receptor (GPCR), and CBP, significantly change after UV-A exposure.
Maladjustment of immune-related genes might destroy the immune defense system. Previous studies reported
that UV exposure increase ROS activity and cause oxidative stress in H. armigera adults and Myzus persicae
1381 CAT is a vital element of insects’” antioxidant system; it is also a light-sensitive antioxidant enzyme. It can
efficiently catalyze H,0, decomposition to maintain equilibrium between de novo H,O, generation and effective
elimination, which is crucial for innate immunity*é. POD is responsible for enhancing stress tolerance of living
organisms*. Both CAT and POD are significantly upregulated after UV-A exposure, which is in agreement with
results reported for Spodoptera litura and Locusta migratoria tibetensis*>®2. Therefore, UV-A exposure might lead
to oxidative stress in O. furnacalis.

Detoxification may be the other critical accommodative strategy in response to UV-A stress. UV-A exposure
leads to the expression of various genes involved in detoxification, such as UGTS, p450s, and ALDH, which are
significantly upregulated after UV-A exposure. P450s and UGTs separately act as phase I and phase II metabolic
enzymes and play an extremely important role in the disinteration of endobiotics and xenobiotics®. Sang et al.
(2012) reported that UV-A exposure can affect P450 expression in Tribolium castaneum. The upregulated expres-
sion levels of P450 and UGT constitute a powerful detoxification metabolic system in O. furnacalis in response
to UV-A stress. Through catalyzing their oxidation to nonreactive acids, ALDHs achieve elimination of toxic
aldehydes, the enzyme activity of which is primarily related to the metabolism of endogenous lipid peroxidation
products®. The ALDH mRNA is significantly upregulated after UV-A exposure, indicating that it contributes to
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improved UV-A stress tolerance via the metabolic pathway. As an important detoxification enzyme family, CarE
participates in the detoxification and metabolism of many drugs, carcinogens, and environmental toxins>'. Zhao
et al. (2017) reported that CarE activity in Plutella xylostella does not significantly change in low-concentration
CrylAc toxin treatment groups®?, while CarE activity in high-concentration CrylAc toxin treatment groups
is higher compared to the control. In addition, when H. armigera was exposed to UV radiation for 30, 60, and
90 min, CarE activity in the body was significantly lower compared to the control®. Our finding that CarE is
significantly upregulated after UV-A exposure for 2 h maybe indicates that O. furnacalis can adapt for a longer
period to UV-A stress. These results suggest that p450s, UGTs, ALDHs, and CarE might assist in adaptation
and/or UV-A resistance.

As reported in earlier studies on Drosophila melanogaster'®, MAPK pathways are associated with UV-A stress.
MAPKs control a plethora of physiological processes®. RasGAP and JNK are upstream and downstream genes,
respectively, in the MAPK pathway***. JNK activation is also triggered by Ras activation®. Ruan et al. (2015)
reported that RasGAP expression can be induced in Microdera punctipennis by environmental stress®”. JNK
mRNA expression in H. armigera adult females is induced by UV-A stress and reaches the highest expression
level at 60 min postexposure'®. Our previous study reported that JNK in O. furnacalis shows increased expression
after UV-A exposure for 60 min. RasGAP and JNK are upregulated in O. furnacalis under UV-A stress, indicating
that MAPK pathways in O. furnacalis might involve UV-A exposure-induced stress responses®~.

Short-term UV-A exposure induces metabolic perturbation in O. furnacalis; with an increase in radiation
time, the adaptability of O. furnacalis to UV-A radiation gradually increases, and the metabolites gradually return
to a stable condition. However, UV-A exposure for 1 and 2 h has little significant difference. In addition, nearly
half of the metabolite content is downregulated in O. furnacalis after UV-A exposure, which may be because
of UV-A stress. Protecting from damage induced by UV-A stress and continuously enhancing resistance and
defense definitely consumes a lot of energy, leading to a decrease in metabolite levels®">S.

Most amino acids, such as aspartic acid, tyrosine, alanine, methionine, serine, tryptophan, arginine, and
citrulline are significantly changed in O. furnacalis after UV-A exposure. Alanine, aspartic acid, and tyrosine are
crucial intermediates in the TCA cycle as precursors of acetyl-CoA, oxaloacetic acid, and a-ketoglutarate®*.
Tryptophan and tyrosine act as antioxidants because they demonstrate rapid, non-enzymatic repair by a tocoph-
erol analog, ascorbate, and trolox, as well as methionine. Methionine also acts as an antioxidant to protect cells
from UV-A stress damage®'. In addition, some metabolites, such as arginine and citrulline, play an important
role in regulating gene expression®>®. These results indicate that the perturbation of amino acid metabolism in
O. furnacalis might be caused by UV-A exposure.

UV-A exposure downregulates several metabolites, such as glucose, p-glucopyranoside, b-xylopyranoside,
D-erythro-pentopyranose, glucuronamide, and N-acetyl-p-glucosaminitol, perhaps as a response to increased
energy exertion under UV-A exposure. Citric acid as a key metabolite in the TCA cycle is upregulated after UV-A
exposure, indicating that UV-A exposure affects the entire energy metabolism of O. furnacalis adult females®.
The increase in energy metabolism leads to an increase in the demand for oxygen in insects, which, in turn,
leads to ROS formation in aerobic respiration in insects®, and ROS can cause DNA damage®, thus increasing
the burden on insects to repair UV-A exposure induced DNA damage. This result agrees with findings of Meng
etal. (2009), who reported that solar UV radiation increases oxidative stress, affects antioxidant enzyme activity,
and disturbs insect physiology'.

Lipids have vital functions in energy storage in organisms and play numerous roles in structure and bio-
logical processes. In addition, fatty acids are metabolic fuels and ingredients of lipid conformation in organ-
isms. Some free fatty acids, such as arachidonic acid, ethyl linoleate, docosahexaenoic acid, and adipic acid, are
upregulated after UV-A exposure, which means that UV-A exposure significantly promotes fatty acid synthesis.
Docosahexaenoic acid decreases lipid peroxide accumulation and ROS in the central nervous system and also
enhances glutathione reductase, leading to antioxidative activity®®-®%. Arachidonic acid is a necessary fatty acid
and is reposited in membrane phospholipids, which participate in multiple physiological functions and as a
nutritional supplement®. In addition, UV-A exposure downregulates some fatty acids, such as tetradecanedioic
acid, dodecanedioic acid, hexadecandioic acid, and azelaic acid. A decrease in these fatty acids shows that UV-A
exposure disrupts part of lipid metabolism in O. furnacalis.

The reproductive processes of female insects have been studied extensively because of their importance for
species propagation and great potential as targets for insect control®. JH regulates adult reproduction by regu-
lating the synthesis and absorption of vitellogenin (Vg)**®. The expression of JH III, which plays an important
role in the reproduction of lepidopteran insects, was downregulated under UV-A exposure in O. furnacalis.
This observation was consistent with the results of Lopez-Martinez et al. (2008) and Zhang et al. (2012). The
expressions of Vg and Vg receptor (VgR) were upregulated in O. furnacalis under UV-A exposure, which is
in agreement with our previous result that UV-A could induce OfVg and OfVgR expression in O. furnacalis®.

Comparative transcriptomic and metabolomic analysis showed that some DEGs could affect the content of
DEMs in O. furnacalis. As a DEG, the calcium-binding protein gene was involved in the regulation of various
DEMs in O. furnacalis, such as citric acid, acetylcholine, arachidonic acid, and levodopa (L-Dopa), in our study.
We speculate that it is due to the participation of the Ca?* binding protein gene in apoptosis®*%. A previous study
has reported that uridine diphosphate (UDP)-N-acetylglucosamine was involved in the development, survival,
and molting of insects”. Our results showed that the synthesis of UDP-N-acetylglucosamine was significantly
increased in response to UV stress, which was mainly regulated by the expression of cytochrome P450 4C1-like,
chitinase 2, chitinase-3-like, and protein 2. In addition, we found that arachidonic acid was regulated by sev-
eral DEG containing calcium-binding protein E63-1 isoform X1, dopamine D2-like receptor, and multidrug
resistance-associated protein 4-like isoform X1 in the cAMP signaling pathway. Lee et al. (2001) reported that
the cAMP signaling pathway is involved in DNA damage response and repair of UV-damaged DNA lesions®'.
This is consistent with the results of our study.

Scientific Reports |

(2021) 11:6797 | https://doi.org/10.1038/s41598-021-86269-0 nature portfolio



www.nature.com/scientificreports/

Conclusion

Comparative transcriptomic and metabolomic analyses were implemented in UV1h, UV2h, and CK. Most of the
DEGs in O. furnacalis were involved in signal transduction, immune defense, antioxidative system, detoxification,
and stress response and metabolic pathways after UV-A exposure. Metabolomics data showed that perturba-
tion of amino acid, sugar, and lipid metabolism might be the main UV-A stress response. This study markedly
extends our comprehension of adaptive mechanisms in insects under UV-A exposure and also indicates that O.
furnacalis as a nonmodel insect has conserved response pathways under UV-A stress.
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