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OPEN - Chromosome-level genome
patapescripTor  @assembly of the aphid Megoura
_crassicauda

Tianyu Huang'?, Xu Cheng?, Bing Wang(®'™ & Guirong Wang(®?3™

. Megoura crassicauda (Hemiptera: Aphididae) is a major pest species that inflicts significant damage on

. various legume crops worldwide, causing substantial global economic losses. In this study, we present

. achromosome-scale genome assembly of M. crassicauda. By integrating PacBio long-read sequencing,
Illumina short-read sequencing, and Hi-C scaffolding techniques, we constructed a genome assembly

: spanning 424.45 Mb genome. Approximately 93.74% of the assembly was successfully anchored into

. five scaffolds, with contig and scaffold N50 reaching 5.55 Mb and 103.55 Mb, respectively. The genome

: completeness, as evaluated by BUSCO, achieved a completeness score of 97.75%. Additionally, a total
of 14,717 protein-coding genes were identified. This high-quality genome assembly of M. crassicauda
serves as a valuable genomic resource, facilitating further studies into the ecological adaptations of M.
crassicauda and the development of pest control strategies.

Background & Summary
. Legumes represent one of the most vital crop families in agriculture?, serving as the primary source of vegetable
. protein for both human consumption and livestock feed. However, the productivity of key leguminous crops,
. such as pea (Pisum sativum), broad bean (Vicia faba), and faba bean, is significantly threatened by pest infesta-
. tions®. Among these pests, Megoura crassicauda (Hemiptera: Aphididae) is a predominant legume pest, and spe-
© cifically infests leguminous plants, including pea (P. sativum), broad bean (V. faba), and other Vicia spp.?, using
. piercing-sucking mouthparts to extract phloem sap. Its feeding behavior causes substantial agricultural damage,
. primarily through leaf distortion, stunted growth, and yield reduction, with the most severe impacts occurring
during reproductive stages (e.g., flowering and pod development). Native to east Asia (east Siberia, China, Japan
and Korea)*, M. crassicauda has recently been detected in New South Wales, Australia®, raising concerns about
its potential for global spread. However, despite its significant economic impact and invasive potential, genomic
resources for M. crassicauda remain limited.
: Aphid release droplets from their cornicles when attacked®. These droplets contain alarm pheromones that
. trigger avoidance behaviors in nearby conspecifics, ultimately increasing the survival rate of the aphid popula-
. tion. Although the chemical signal recognition mechanisms of aphid alarm pheromones have been extensively
. studied, significant knowledge gaps remain regarding the key genes and regulatory mechanisms of their biosyn-
. thetic pathways, with interspecies divergence observed in biosynthetic strategies’. Notably, aphids of the genus
. Megoura produce alarm pheromones composed of diverse terpenoid compounds®, making them an ideal model
. for investigating the evolution and adaptive divergence of pheromone synthesis pathways. However, the lack
of high-quality genomic data for Megoura species has hindered cross-species comparative genomic analyses,
severely impeding the elucidation of the molecular basis of pheromone diversity.
Since the landmark sequencing of Acyrthosiphon pisum’, genomic resources for aphids have expanded to 27
. aphid species (as recorded in the InsectBase v2.0'°), spanning destructive pests such as Myzus persicae’, Aphis
© glycines'!, Aphis gossypii'?. These datasets provide foundational resources for deciphering the molecular basis
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of aphid adaptation and stress resistance. However, the current genomic coverage of aphid species remains
below 1%, which highlights the critical need to accelerate functional genomics research through omics-driven
sequencing initiatives.

Here, we present a high-quality chromosome-scale genome assembly of M. crassicauda, achieved through
the integration of PacBio sequencing, Illumina sequencing, and chromatin conformation capture (Hi-C) tech-
niques. Gene structures were annotated based on a combination of transcriptomic data, ab initio predictions,
and homology-based approaches. Species tree was constructed to elucidate the evolutionary relationship of M.
crassicauda with other Aphididae species. This genome assembly serves as a valuable resource for advancing
molecular biology research and developing pest control strategies for this species.

Methods

Sample preparation and genomic sequencing. The M. crassicauda colony in this study was originally
collected from bean fields at the Langfang Experimental Station of the Chinese Academy of Agricultural Sciences.
Aphids were maintained on broad bean (Vicia faba) plants in a greenhouse under ambient light conditions, with
temperature controlled at 20 & 2 °C and relative humidity maintained at 75%. To establish a colony population of
parthenogenetic females, a single female was isolated from the parental colony to establish a new colony. Through
five consecutive generations of clonal propagation - with one offspring systematically selected from each genera-
tion to initiate the subsequent colony - we established a genetically stable, all-female lineage. This fifth-generation
clonal colony, exclusively comprising parthenogenetically reproducing females, served as the experimental mate-
rial for whole-genome sequencing analyses.

For PacBio sequencing, genomic DNA was extracted from 40 wingless parthenogenetic adult females. Two
single-end libraries with 20-kb insert sizes were prepared using the PacBio’s Single-Molecule Real-Time (SMRT)
sequencing technology (Pacific Biosciences). Sequencing was performed on the PacBio Sequel II platform,
yielding raw reads from a single cell. After quality control, 133.11 Gb of high-quality SMRT sequences were
retained, providing ~314 x coverage with an average read length of 12.35kb (N50 = 17.48kb). For Illumina
short-read sequencing, DNA was extracted from around about 40 wingless parthenogenetic female adults. A
400-bp paired-end library was constructed following standard Illumina protocols and sequenced on the HiSeq X
Ten platform, producing 29.35 Gb of paired-end reads with 150 bp length. To enable chromosome-level assem-
bly, a Hi-C library was prepared using established methods'?. Fresh tissue samples from 40 adult individuals
were crosslinked with paraformaldehyde to capture interacting DNA segments. The crosslinked material was
digested with DpnlI restriction enzyme, and biotinylated nucleotides were used to label the restriction fragment
ends. The Hi-C library was quantified and sequenced on the Illumina NovaSeq/MGI-2000 platform, generating
~58.39 Gb of paired-end clean reads with 150 bp length.

RNA sequencing. Total RNA was extracted from 50 parthenogenetic adult females divided into five biolog-
ical batches (10 adults per batch) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)'. RNA extracts from all
batches were pooled and resuspended in RNase-free water. RNA integrity was assessed by 1% agarose gel elec-
trophoresis, and purity (A260/A280 ratio > 1.8) and concentration were quantified using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). High-quality RNA samples were selected for
cDNA library preparation'. Sequencing was performed on the Illumina NovaSeq 6000 platform (Illumina, San
Diego, CA, USA) using a 200 bp paired-end strategy. This process yielded a total of 148,198,723 high-quality clean
reads, with a Q30 scores exceeding 90%.

Genome assembly. Quality control of the raw Illumina reads was performed using FASTP v0.20.0'°. Clean
reads were subsequently analyzed with JELLYFISH v2.3.0" to generate a 17-mer frequency distribution map.
Genome size estimation was conducted through k-mer spectrum analysis using Genomescope v1.0'%, revealing a
predicted genome size of 428.28 Mb for M. crassicauda.

For contig assembly, PacBio reads were initially error-corrected using FALCON v1.8.7 (reads_cutoff: 1k,
seed_cutoff: 33k). The corrected reads were then assembled into a draft genome using SMARTDENOVO v1.0
with parameters -] 3000 and -k 19%°. To improve assembly accuracy, PacBio reads were aligned to the draft
genome using BLASR v5.1%, followed by one round of genome polishing with ARROW v2.2.2 under default
parameters. For further refinement, Illumina reads were mapped to the assembly using BWA v0.7.12%!, and
four iterations of contig polishing were performed with NextPolish v1.0.5 using default parameters?. The final
contig-level assembly achieved a total length of 424.45 Mb, closely matching the estimated genome size, and
achieved a contig N50 of 5.55 Mb (Table 1).

Hi-C scaffolding. Raw sequencing reads containing low-quality bases (Phred score < 20), short fragments
(<30bp), or adapter contamination were removed using FASTP (v0.20.0) with default parameters. Clean reads
were subsequently aligned to the contig assembly using BOWTIE2 v2.3.2 in end-to-end, -very-sensitive -L 30%.
Valid interaction paired reads were identified using HI-C PRO v2.8.1%* with default parameters, while reads
with multiple hits and singleton reads were excluded. To cluster, order, and orient the contigs, LACHESIS* was
employed with the following parameters: CLUSTER MIN RE SITES=100; CLUSTER MAX LINK DENSITY=2.5;
CLUSTER NONINFORMATIVE RATIO=1.4; ORDER MIN N RES IN TRUNK=60; ORDER MIN N RES IN
SHREDS=60.

By integrating Hi-C data with the contig-level assembly, a chromosome-scale assembly was constructed,
consisting of five large scaffolds (Fig. 1a), aligning with the documented haploid chromosome count for this
species®. This scaffolding process successfully anchored 93.74% of contigs into chromosome-level sequences,
yielding a scaffold N50 of 103.55Mb (Table 1). The chromosomal sizes ranged from 32.61 Mb (smallest) to
152.17 Mb (largest), with complete size distribution detailed in Table 2 and Fig. 2a.
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Fig. 1 Heatmap of genome-wide Hi-C data. The heatmap of chromosome interactions in M. crassicauda. The
frequency of Hi-C interaction links is represented by colors, which ranges from yellow (low) to red (high).

Features Statistics

Estimated genome size (bp) 428,278,444

Assembly size (bp) 424,451,851

Contigs N50 (bp) 5,554,344

Scaffolds number 544

Scaffolds N50 (bp) 103,551,894

BUSCO genes g:(?;.g;)% [S:93.81%, D: 3.94%],
Number of protein-coding genes | 14,717

Table 1. Major indicators of the Megoura crassicauda genome.

Chromosome Size (bp) Contig Number
LGO1 152,167,074 50

LG02 103,542,494 95

LG03 69,557,264 28

LG04 39,874,475 29

LGO05 32,608,204 11

Total 397,749,511 213

Table 2. Summary of the assembled five chromosomes of Megoura crassicauda.

Repeat and non-coding RNA annotation. Tandem repeat elements annotation was performed using
Tandem Repeat Finder v4.07b (parameters: 2 7 7 80 10 50 500 -f -d -h -r)?’. For the detection of transposable
elements (TEs), a dual-method approach was employed. First, a de novo repeat library was constructed using
RepeatModeler v1.0.11 and MITE-Hunter?® with default settings. This library was searched against the Repbase?
to classify repeat families using RepeatMasker v1.331, and the results were merged with Repbase to create a com-
prehensive repeat sequence library. Subsequently, RepeatMasker v1.331 was applied to predict TEs based on this
final TE library. The analysis revealed that repeat sequences constitute 29.80% of the genome, with TEs account-
ing for the majority (26.54%) (Table 3 and Fig. 2b).

Non-coding RNAs (ncRNAs), encompassing ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs) and
microRNAs (miRNAs), were identified by aligning the assembled genome sequences to the Rfam database®
using Infernal v1.1.2%! with default settings. RNAmmer v1.2%* was employed to predict rRNA subunits, while
tRNAscan-SE v2.0** was utilized for the identification of transfer RNAs (tRNAs). The analyses identified 72
rRNAs, 165 small RNAs, 352 regulatory RNAs, and 370 tRNAs (Table 4).

Protein coding gene prediction and functional annotation. The identification of gene models from
the TE soft-masked M. crassicauda genome was performed through a comprehensive strategy that combined
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Fig. 2 Circos plot of distribution of the genomic elements in M. crassicauda. The tracks indicate (a) length of
the chromosome (Mb), (b) distribution of transposable element (TE) density ranges from 1 to 337, (c) gene
density ranges from 0 to 21, and (d) GC density ranges from 21 to 56. The densities of TEs, genes, and GC were
calculated in 100 kb windows.

Type Number of elements | Length of seq e (bp) | Percentage of seq e (%)
LINE 54,417 17,768,736 4.19
LTR 32,820 10,377,301 245
SINE 4,586 538,148 0.13
TEs DNA 322,184 70,192,291 16.54
MITE 58,296 11,821,572 2.79
RC 8,971 1,884,494 0.44
SSR 79,509 1,002,253 0.24
Tandem Repeats Tandem repeat | 35 057 2,443,373 058
Unknown 23,696 8,344,127 1.97
Other 14,061 1,975,306 0.47
Simple repeats 1,106 100,905 0.02
Low complexity 9 1,421 0.00
Total repeats 631,682 126,449,927 29.80

Table 3. Statistics of the repeat elements in Megoura crassicauda genome.
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Type Copy number | Average length (bp) | Totallength (bp) | Percentage of sequence (%)
18S 8 2,487.00 19,896 0.0047
28S 8 4,732.38 37,859 0.0089
rRNA
5.8S 2 158.00 316 0.0001
5S 54 114.96 6,208 0.0015
snRNA 34 102.68 3,491 0.0008
miRNA 58 87.26 5,061 0.0012
miRNA
spliceosomal 62 158.94 9,854 0.0023
other 11 173.55 1,909 0.0004
Regulatory cis-regulatory elements | 352 46.80 16,474 0.0039
tRNA tRNA 370 75.28 27,855 0.0066

Table 4. Summary of non-coding RNAs predicted within the genome of Megoura crassicauda.

Type Number | Percent (%)
Swiss-Prot | 10,201 69.31
KEGG 6,376 43.32
Annotation | KOG 8,394 57.04
GO 7,706 52.36
NR 13,418 91.17
Total Annotated | 14,071 95.61
Gene 14,717 —

Table 5. Summary of functional annotation of protein-coding genes in the genome of Megoura crassicauda.

transcriptomic evidence, ab initio, and homology-driven approaches. For transcriptome-based analysis, clean
reads were mapped to the assembled genome using STAR v2.7.3a* with the standard parameters. Subsequently,
StringTie v1.3.4d% was employed to obtain transcript locations, followed by open reading frame prediction via
PASA v2.3.3%.

For ab initio prediction, the PASA-derived transcript dataset served as input for GeneMark-ST v5.1% to
establish a self-training framework, which was then applied to Augustus v3.3.1%® for gene model inference.
In the homology-based approach, protein sequences from three well-annotated aphid genomes (consisting
of A. pisum, Rhopalosiphum maidis and Sitobion miscanthi) were aligned to the M. crassicauda genome using
GeMoMa v1.6.1%°. The outputs from these three methodologies were integrated into a unified gene model
set using EvidenceModeler v1.1.1, with parameters set to -segmentSize 1,000,000 and -overlapSize 100,000%.
This process yielded a final set of 14,717 protein-coding gene models, characterized by an average gene length
of 9.81kb, average coding sequence length of 1.41kb, average exon number of 6.46, average exon length of
217.81bp, and average intron length of 1.54 kb. The gene density in genome assembly is shown in Fig. 2c.

To elucidate the functional characteristics of the predicted genes, protein sequences encoded by the pre-
dicted gene models were aligned to four databases: the non-redundant protein database (nr), Swiss-Prot, Kyoto
Encyclopedia of Genes and Genomes (KEGG)*, and eukaryotic orthologous groups (KOG) databases*! using
BLASTP v2.7.1 with a E-value threshold of 1e-5. Additionally, InterProScan v5.32-71.0*? was utilized to assign
Gene Ontology (GO) terms for protein domain annotation. In total, 14,071 genes were functionally annotated,
representing for 95.61% of the total predicted gene models (Table 5).

Phylogeny. To investigate the phylogeny among M. crassicauda and other aphid species, we conducted a
comparative genomic analysis using the longest predicted protein sequences from 12 aphid genomes: A. gly-
cines'!, A. gossypii'?, A. pisum®, Cinara cedri*®, Drepanosiphum platanoidis**, Eriosoma lanigerum*>, Hormaphis
cornu®®, M. perisicae’, R. maidis*’, Rhopalosiphum padi*®, Therioaphis trifolii*, M. crassicauda, and Apolygus luco-
rum'® was used as an outgroup. Orthologous groups were resolved using OrthoFinder v2.5.4, identifying 1,899
single-copy orthogroups.

These conserved orthologs were concatenated to construct a multiple sequence alignment for phyloge-
netic inference. The species tree of the 12 aphids was generated using ORTHOFINDER v2.5.4 and rooted by
STRIDE®! with the designated outgroup. Divergence times were estimated using r8s, incorporating divergence
information from TimeTree (http://www.timetree.org/): A. pisum vs M. persicae 42.5-48.0 million years ago
(mya) (Fig. 3).

Data Records

The genome sequencing, RNA sequencing reads data has been updated to the National Center for Biotechnology
Information (NCBI) as a BioProject no. PRJNA1227218%. Pacbio, Hi-C, Illumina and transcriptome sequenc-
ing reads have been deposited in the Sequence Read Archive (SRA) databases with the accession number of
SRP566327°%. Genome assembly has been deposited at GenBank under the accession JBMIHI000000000.1%%, and
is also available at Zenodo®. The gene sequences annotated from the genome assembly is available at Zenodo®.
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Fig. 3 Phylogeny between M. crassicauda and other aphid species. The phylogenetic tree was constructed based
on 1,899 single-copy orthogroups obtained from the genomes of all tested aphids. Hemiptera species Apolygus
Iucorum (not shown) was selected as the outgroup. Aphid species are colored according to their subfamily.

Technical Validation

The validation of the contig assembly’s accuracy and completeness was conducted through three distinct
approaches. First, clean Illumina reads were aligned against the contigs assembled using BWA v0.7.12, and
SAMtools v1.4°® was utilized to determine both the total number of mapped reads and the overall mapping effi-
ciency, which achieved an impressive rate of 97.27%. Second, Benchmarking Universal Single-Copy Orthologs
(BUSCO) v4.0.5* was employed to evaluate the completeness of the genome assembly based on the arthropoda_
odb9 database (-1 arthropoda_odb9 -m genome), the BUSCO analysis indicated that 97.75% of gene orthologs
were identified in M. crassicauda, including single-copy and duplicated BUSCOs of 93.81% and 3.94%, respec-
tively. Finally, CEGMA v2° with default parameters was used to verify the integrity of the core genes within the
assembly, 243 core eukaryotic genes were assembled, with 97.98% classified as complete.

The integrity of the annotated gene set was verified through two validation methods. Firstly, the BUSCO
analysis was performed using the arthropoda_odb9 database (-1 arthropoda_odb9 -m prot) to assess gene com-
pleteness. The results indicated that 93.35% of the complete ortholog genes, including 88.75% of complete and
single-copy BUSCOs and 4.60% complete and duplicated BUSCOs, were present in the annotated protein set.
Secondly, gene expression analysis was conducted using RNA-Seq reads from M. crassicauda transcriptomes.
The analysis revealed that 12,306 (83.62%) annotated genes were expressed in at least one transcriptomic sample.

Code availability
No custom scripts or codes were used in this study. The software and pipelines mentioned above were executed
with default parameters unless specifically indicated.
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