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Abstract

The moth Ephestia elutella (HUbner), is a storage pest that feeds on tobacco, cacao beans, cereals, dried fruits, and nuts. We
generated a chromosome-level genome assembly containing 576.94 Mb using Nanopore long reads (approximately 130x) and
Hi-C data (approximately 134x). The final assembly contained 804 scaffolds, with an N50 length of 19.00 Mb, and 94.96%
(547.89 Mb) of the assembly was anchored into 31 pseudochromosomes. We masked 58.12% (335.32 Mb) of the genome as
repetitive elements, identified 727 noncoding RNAs, and predicted 15,637 protein-coding genes. Gene family evolution and func-
tional enrichment analyses revealed significantly expanded gene families primarily involved in digestion, detoxification, and chemo-
sensation. Strong chromosomal syntenic relationships were also observed among E. elutella, silkworm, and tobacco cutworm. This
study could provide a valuable genomic basis for better understanding the biology of E. elutella.
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Significance

Genomic resources for the important storage pest Ephestia elutella are essentially nonexistent at present, making it
difficult to understand the genomic architecture underlying this species’ behavior, food preferences, and potential
susceptibilities to various forms of management. In this study, we generated a high-quality, chromosome-level ge-
nome sequence for E. elutella, and performed an analysis of gene family evolution and synteny, respectively. Our work
provides fundamental and valuable data for better understanding the tobacco moth and can contribute to improved
moth management.

Introduction storage primarily include fumigation, using phosphine (PHs),
and contact insecticides (Ou et al. 202 1). Until now, the whole
genome of E. elutella has not been sequenced. High-quality
moth genomes are important genetic resources for the study
of pest biology, evolution, and pest control. Thus far, only four
pyralid genomes have been published on NCBI (accessed April
25, 2021), including Endotricha flammealis, Galleria mello-
nella, Plodia interpunctella, and Amyelois transitella. Their ge-
nome sizes range from 382 Mb to 483 Mb. However, none of
the chromosome-level assemblies for these species are avail-
able to the public, making this the first chromosome-level

Moths are one of the major super-radiations of Lepidoptera,
comprising near 160,000 extant species in the world, which
play key roles in many terrestrial systems. A total of 149 lep-
idopteran genomes were reported in NCBI database. Ephestia
elutella (Hibner) (Lepidoptera: Pyralidae), the cacao moth,
tobacco moth, or warehouse moth, is an important storage
pest worldwide that preferring to feed on dried materials of
plant origin, such as cereal products, cacao beans, dried fruits,
and nuts (Athanassiou et al. 2018; Trematerra 2020). Current
methods used to control E. elutella infestation in tobacco
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assembly for the entire subfamily Phycitinae. Here, we pro-
vided a de novo chromosome-level genome assembly of E.
elutella using ONT (Nanopore) long reads and Hi-C sequenc-
ing. We annotated the protein-coding genes, repetitive ele-
ments, and noncoding RNAs (ncRNAs) within the genome,
analyzed gene family evolution across the main lepidopteran
lineages, and investigated chromosomal syntenic relationships
among three economically important moth species with bet-
ter genomic resources available, E. elutella, Bombyx mori, and
Spodoptera litura.

Results and Discussion

Genome Assembly

We generated 93.62 Gb (approximately 162x) lllumina and
75.20 Gb (approximately 130x) ONT reads for the genome
assembly and 7.17 Gb transcriptome data. The N50 and the
mean length of the long reads were 28.93 kb and 14.26 kb,
respectively. After quality control, 75.15 Gb short reads were
retained for the subsequent genome polishing step.
NextDenovo generated 63.38 Gb (approximately 110x)
corrected ONT reads with an N50/mean length value reaching
31.75/26.82 kb. Using the corrected reads, NextDenovo pro-
duced a 2.28 Gb assembly, which was much larger than pub-
licly available lepidopteran genomes; BUSCO assessment
(n=1,367) identified 992 (72.6%) complete and duplicated
single-copy genes, indicating that the NextDenovo assembly
was highly redundant due to the high heterozygosity of the
sampled Ephestia elutella strain. After polishing, removing re-
dundancy and contaminants, and Hi-C scaffolding, our final
assembly (table 1) had a length of 576.94 Mb, comprising 804
scaffolds and 3,121 contigs, with a scaffold/contig N50 length
of 19.00/0.43Mb, a GC content of 37.89%, and BUSCO

Table 1
Genome Assembly and Annotation Statistics for Ephestia elutella

Elements Current Version

Genome assembly
Assembly size (Mb) 576.94

Number of scaffolds/contigs 804/3,121
Longest scaffold/contig (Mb) 23.24/2.51
N50 scaffold/contig length (Mb) 19.00/0.43
GC content (%) 37.89
Gaps (%) 0.04
BUSCO completeness (%) 929
Protein-coding genes

Numbers 15,637
Mean gene length (bp) 9,619.59
Exons/introns per gene 7.44/6.25
Exon/intron ratio (%) 5.54/20.56

Mean exon/intron length 274.87/1,212.06
Repetitive elements 335.32Mb (58.12%)
Number of ncRNAs 727

completeness of 92.9% (1.0% complete and duplicated,
2.2% fragmented, 4.9% missing); 94.96% (547.89 Mb) of
the assembly was anchored into 31 pseudochromosomes
(supplementary fig. S1, Supplementary Material online).
Based on the comparable size of this genome with those
from other lepidopterans, the low ratio of duplicates (1%),
and the Hi-C contact heatmap (supplementary fig. ST,
Supplementary Material online), no obvious heterogeneous
regions were observed within the assembly. The genome
size of Ephestia elutella was comparable to those of the
four publicly Pyralidae species, only slightly smaller than one
assembly version (GCA_002589825.1) of G. mellonella. The
high mapping rates of the ONT (99.79%) and lllumina
(95.42%) reads confirmed the integrity of our assembly.

Genome Annotation

We masked 58.12% (335.32 Mb) of the genome as repetitive
elements. The top five abundant repeat categories were LTR
(19.25%), unclassified (11.59%), LINE (10.81%), rolling-
circles (RCs, 9.83%), and DNA elements (4.24%) (fig 1a, sup-
plementary table S1, Supplementary Material online). LTR and
LINE retrotransposons and RCs were the primary contributors
to the expansion of repetitive elements, particularly the LTR
families Pao (8.71%), Gypsy (4.74%), and Copia (1.70%), the
LINE families L2 (2.47%), RTE-BovB (1.65%), RTE-RTE
(1.60%), and CR1-Zenon (1.15%), and the RC family helitron
(9.83%). The significant expansion of repeat content may
explain the larger genome size of Ephestia elutella compared
with those of other pyralid species.

We annotated 727 ncRNAs: 60 ribosomal RNAs (rRNAs),
71 micro RNAs (miRNAs), 79 small nuclear RNAs (snRNAs), 4
long noncoding RNAs (IncRNAs), 318 tRNAs (20 isotypes,
Supres and SelCys lacking), 3 ribozymes, and 192 other
ncRNAs (supplementary table S2, Supplementary Material on-
line). The snRNAs were classified as 59 spliceosomal RNAs
(U1, U2, U4, U5, Us, and U11), seven minor spliceosomal
RNAs (Udatac, Ubatac, and U12), 11C/D box small nucleolar
RNAs (snoRNAs), and two H/ACA box snoRNA.

MAKER pipeline predicted 15,637 protein-coding gene
models (table 1); among them, 15,578 (94.38%), 12,698
(80.56%), and 14,822 (94.79%) genes matched the
UniprotKB, InterProScan, and eggNOG records, respectively.
After combining the InterProScan and eggNOG results, GO
terms, KEGG pathways, Reactome pathways, Enzyme Codes,
and COG categories were assigned to 11,005, 9,896, 10,873,
3,116, and 13,236 genes, respectively.

Gene Family Evolution

Thirteen species were used to analyze orthogroups using
OrthoFinder v2.3.8. A total of 184,352 (94.70%) genes
were clustered into 14,940 orthogroups (gene families).
Among all defined orthogroups, 5,082 were multicopy
groups with all species present, whereas 1,691 were single-
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significantly expanded families. (d) Synteny between Ephestia elutella and Bombyx mori/Spodoptera litura.
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copy groups (fig. 1b). For the Ephestia elutella, 14,635
(93.58%) genes were assigned to 10,254 orthogroups, in-
cluding 236 orthogroups that contained 1,003 species-
specific genes.

After “symtest” loci filtering, IQ-TREE inferred the phylo-
genetic tree based on 1,497 single-copy genes and 651,642
amino acid sites (fig. 1b). All nodes were fully resolved, with all
node supports as 100/100. Pyraloidea was identified as a sister
clade for Bombycoidea + Noctuoidea. The Pyraloidea origi-
nated from a transition period during the late or early
Cretaceous period (95.06-102.23 Mya). Crambidae and
Pyralidae diverged at the beginning of the Late Cretaceous
period (85.01-91.66 Mya). Two Pyralidae species diverged
during the last portion of the Late Cretaceous period
(67.61-73.47 Mya). The tree topology (classification) and di-
vergence estimation were largely consistent with those
reported in a recent phylogenomic study (Kawahara et al.
2019).

Gene family evolution analyses revealed that 1,538 and
1,550 gene families experienced expansions and contractions,
respectively, including 88 gene families (79 expansions and 9
contractions) that were recognized as rapidly evolving gene
families (fig. 1b6). The significantly expanded families were
primarily associated with digestion, chemosensation, and de-
toxification (fig. 1c, supplementary table S3, Supplementary
Material online). The digestion-related families included lipase
(45), trypsin (21), enoyl-(Acyl carrier protein) reductase (26),
and fatty acid desaturase (21). These strongest expansions
may reflect the possible mechanisms necessary to feed on
dry storage foods. Families are associated with chemosensa-
tion-, such as gustatory and odorant receptors, and detoxifi-
cation, such as ecdysteroid kinase, ABC transporter, and
glutathione  S-transferase  (supplementary  table  S3,
Supplementary Material online). Further GO (supplementary
fig. S2, Supplementary Material online) and KEGG (supple-
mentary fig. S3, Supplementary Material online) enrichment
analyses for 79 significantly expanded gene families empha-
sized the high representation of digestion- and detoxification-
related categories. Large expansions of digestion-, detoxifica-
tion-, and chemosensation-related genes are crucial for feed-
ing, foraging, and adapting to harsh environments.

Chromosomal Synteny

We recovered 232 syntenic blocks (16,448 genes) between
Ephestia elutella and B. mori and 370 syntenic blocks (15,613
genes) between Ephestia elutella and S. litura. Strong syntenic
relationships among all three species indicated conserved
chromosome-level gene collinearity (fig. 1d). Chromosome
1 of both Ephestia elutella and B. mori corresponded to the
Z chromosome of S. litura. Chromosomal pairs 11/29, 23/30,
24/31 in Ephestia elutella were related to chromosomes 11,
23, and 24 in silkworms. The numbers of syntenic blocks and

chromosomal correspondence showed that chromosomes
were more conserved between Ephestia elutella and S. litura.

Materials and Methods

Sample Collection and Sequencing

The species of E. elutella strain used for sequencing was orig-
inally collected in May 2016 in a warehouse (26°52'N,
106°73'E; 1120 m altitude) of the Guiyang Branch Tobacco
Company, Guizhou, China and has been maintained by feed-
ing on a previously developed artificial diet in the laboratory,
without exposure to any insecticides (Ou et al. 2019). Female
pupae were collected for sequencing: 35 for lllumina and ONT
whole-genome sequencing, 10 for transcriptome sequencing,
and 5 for Hi-C sequencing, respectively. Genomic DNA and
RNA were extracted using the Qiagen Blood & Cell Culture
DNA Mini Kit and TRIzol™ Reagent, and libraries with a
350bp insert size were constructed using the TruSeq DNA
PCR-Free LT Library Preparation Kit and TruSeq RNA v2 Kit.
An ONT library with a 40 kb insert size was prepared using a
Ligation Sequencing Kit (SQK-LSK109). The restriction en-
zyme Mbol was used to digest DNA for the Hi-C assay.
Short-read and long-read libraries were sequenced on the
HiSeq NovaSeq 6000 and PromethlON platforms, respec-
tively. All library construction and sequencing were proce-
dures at BENAGEN (Wuhan, China).

Genome Assembly

Raw ONT reads longer than 10kb were selfcorrected and
assembled using NextDenovo v2.3.1 (https:/github.com/
Nextomics/NextDenovo). Preliminary assembly was polished
with one round of long reads and two rounds of short reads
using NextPolish v1.3.0 (Hu et al. 2020). Prior to polishing,
quality control for short reads was conducted using BBTools
suite v38.82 (Bushnell 2014), including the following steps:
the removal of duplicates using “clumpify.sh”; quality trim-
ming (>Q20); length filtering (>15bp); polymer trimming
(>10bp for poly-A/G/C tails); and the correction of overlap-
ping paired reads using “bbduk.sh.” Redundant heterozy-
gous regions were removed based on read depth using
three rounds of Purge_Dups v1.0.1 (Guan et al. 2020) with
a minimum alignment score of 50 and a minimum chaining
score of 3,000 for a match (“-a 50 - 3000"). Minimap2 v2.17
(Li 2018) was used as a sequence mapper for short-read pol-
ishing and redundancy removal.

Hi-C data quality control, which included mapping, dupli-
cate removal, and Hi-C contact extraction, was performed
using Juicer v1.6.2 (Durand et al. 2016). Contigs were an-
chored to pseudochromosomes using two rounds of 3D-
DNA v180922 (Dudchenko et al. 2017). Possible errors (mis-
joins, translocations, inversions, and chromosome boundaries)
were manually corrected using the Assembly Tools module
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within Juicebox (Durand et al. 2016), and the resulting assem-
bly was further refined in a second 3D-DNA round.

Potential contaminants were detected using blastn
(BLAST+ v2.9.1) (Camacho et al. 2009) against the NCBI nu-
cleotide (nt) and UniVec databases. Scaffolds greater than
10kb were retained in the final assembly. We assessed the
assembly quality in terms of genome completeness and raw
read mapping rate. Genome completeness was assessed us-
ing BUSCO v3.0.2 pipeline (Waterhouse et al. 2018) against
the insecta_odb10 gene set (n=1,367). The mapping rate
was estimated by aligning raw long and short reads with
the genome assembly using Minimap2.

Genome Annotation

We annotated three essential genomic elements: protein-
coding genes, repetitive elements, and ncRNAs. A de novo
repeat library was constructed using RepeatModeler v2.0.1
(Flynn et al. 2020) with the LTR discovery pipeline included
(“-LTRStruct”) and combined with Dfam 3.1 (Hubley et al.
2016) and RepBase-20181026 databases (Bao et al. 2015)
to generate a custom library. Repeats were masked using
RepeatMasker v4.1.0 (Smit et al. 2013-2015) on the custom
library. All ncRNAs were annotated using Infernal v1.1.3
(Nawrocki and Eddy 2013) and tRNAscan-SE v2.0.7 (Chan
and Lowe 2019). Only high-confidence tRNAs were retained,
using the tRNAscan-SE script “EukHighConfidenceFilter.”
We employed the MAKER v3.01.03 pipeline (Holt and
Yandell 2011) to predict protein-coding gene models by inte-
grating ab initio, transcriptome, and protein homology-based
evidence. We generated ab initio predictions using the
BRAKER v2.1.5 pipeline (Hoff et al. 2016), which automati-
cally trained the predictors Augustus v3.3.4 (Stanke et al.
2004) and GeneMark-ES/ET/EP 4.59 lic (Biina et al. 2020)
and simultaneously incorporated evidence from transcrip-
tome and protein homology information; transcriptome evi-
dence in BAM alignments was produced using HISAT2 v2.2.0
(Kim et al. 2019), and the protein source was mined from the
OrthoDB10 v1 database (Kriventseva et al. 2019). Transcripts
passed to MAKER were assembled using the genome-guided
assembler StringTie v2.1.4 (Kovaka et al. 2019). Protein
sequences for Apis mellifera, B. mori, Danaus plexippus,
Drosophila melanogaster, S. litura, and Tribolium castaneum
were downloaded from NCBI and passed to MAKER as evi-
dence of protein homology. Weights 8, 2, and 1 were respec-
tively assigned to transcript, protein, and ab initio evidence for
the EVidenceModeler (EVM) module built into MAKER3.
Gene functions were annotated by searching the UniProtKB
database using Diamond v0.9.24 (Buchfink et al. 2015) using
the sensitive mode “—more-sensitive -e 1e—5." Protein
domains, Gene Ontology (GO), and pathways [Kyoto
Encyclopedia of Genes and Genomes (KEGG), Reactome]
were assigned using eggNOG-mapper v2.0.1 (Huerta-Cepas
et al. 2017) against the eggNOG v5.0 database (Huerta-

Cepas et al. 2019) and InterProScan 5.47-82.0 (Finn et al.
2017) against Pfam (El-Gebali et al. 2019), Gene3D (Lewis
et al. 2018), Superfamily (Wilson et al. 2009), SMART
(Letunic and Bork 2018), and CDD (Marchler-Bauer et al.
2017) databases.

Gene Family Evolution

We inferred orthology using OrthoFinder v2.3.8 (Emms and
Kelly 2019) with Diamond as the sequence aligner. In addition
to E. elutella, high-quality protein annotation sequences of
one Diptera (Dr. melanogaster), one Trichoptera
(Stenopsyche tienmushanensis), ten Lepidoptera (B. mori,
Cnaphalocrocis medinalis, D. plexippus, G. mellonella,
Manduca sexta, Ostrinia furnacalis, Plutella xylostella, S. litura,
Trichoplusia ni, and Zerene cesonia) were downloaded from
the NCBI for analyses except for St. tienmushanensis (doi:
10.5524/100538).

Protein sequences of single-copy orthologs were aligned
using MAFFT v7.450 (Katoh and Standley 2013) with the L-
INS-I mode. Unreliable homologous sites within alignments
were trimmed using BMGE v1.12 (Criscuolo and Gribaldo
2010), based on the stringent parameters of “-m
BLOSUMS9O0 -h 0.4.” The phylogenetic tree was reconstructed
using IQ-TREE v2.0-rc1 (Minh et al. 2020), using the param-
eters “-m MFP —mset LG —msub nuclear —rclusterf 10 -B 1000
—alrt 1000 -symtest-remove-bad —symtest-pval 0.10.”
Divergence times were estimated using MCMCTree within
the PAML v4.9] package (Yang 2007). Six fossils from the
PBDB database (https:/Avww.paleobiodb.org/navigator/)
were used for node calibration: root (Trichoptera <358.9
Mya), Lepidoptera (201.3-252.2 Mya), Noctuoidea (>28.1
Mya), Bombycoidea (>33.9 Mya), Pyraloidea (>54 Mya),
and Papilionoidea (>54 Mya).

Expansions and contractions of gene families were esti-
mated using CAFE v4.2.1 (Han et al. 2013); the model of
single birth—death parameter lambda was used with the sig-
nificance level of 0.01. For significantly expanded families, we
further performed GO and KEGG functional enrichment anal-
yses using R package clusterProfiler v3.14.3 (Yu et al. 2012)
with the default parameters (P value = 0.01 and g-value =
0.05).

Synteny

Intergenomic chromosomal synteny between E. elutella
(Pyralidae) and Bombycoidea/Noctuoidea species (B. mori
and S. litura) were inferred using TBtools v1.0692 (Chen et
al. 2020). The input genome and annotation files were down-
loaded from NCBI. Initial blastp search parameters were
1e—10 for the e-value and 5 for the number of blast hits.
At least five genes were required to define a collinear block.
Synteny plot was also visualized by TBtools.
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