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Abstract

As a group of winged insects (Pterygota) retaining many primitive characteristics, genomic research on mayflies remains high-
ly limited, posing challenges to the study of their origin and evolution. In this study, we present the first chromosome-level
genome assembly of the Chinese endemic mayfly Parafronurus youi utilizing lllumina short-read, PacBio long-read, and Hi-C
sequencing technologies. The high-quality genome is 412.90 Mb in size with 99.07 % of the sequences anchored to 11 chro-
mosomes (ranging from 24.88 to 45.89 Mb). Genome annotation predicted 15,647 protein-coding genes with an average
length of 9,934.7 bp, of which 85.9% were functionally annotated in the UniProtKB database. Repetitive elements ac-
counted for 32.83% of the genome, including 27.33% transposable elements and 4.07% simple repeats. This study not
only enriches genomic resources for mayflies but also establishes a foundation for investigating molecular mechanisms
underlying ecological adaptation and evolutionary traits, contributing to the conservation of freshwater ecosystems.
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Significance

By providing the first chromosome-level genome assembly for Parafronurus youi, the study bridges a significant gap in
genomic resources for Ephemeroptera, facilitating deeper insights into their unique evolutionary traits, ecological roles,
and environmental adaptations. Moreover, the high-quality genomic data support the exploration of genetic mechan-
isms underlying adaptation to freshwater habitats and their utility as bioindicators.

et al. 2021). These traits make them an essential group
for studying the origin and evolution of insect wings.
Currently, Ephemeroptera comprises 42 families and 450
genera, with approximately 4,000 species described world-
wide (Jacobus et al. 2021). Although the winged adult

Introduction

The order Ephemeroptera, commonly known as mayflies, is
one of the most ancient groups of winged insects
(Pterygota), with a fossil record dating back to the
Carboniferous period around 300 million years ago

(Bauernfeind and Soldan 2012). Mayflies retain numerous
primitive and unique characteristics, including their distinct-
ive prometamorphosis development pattern and uniquely
evolved wing venation (Sartori and Brittain 2015; Kamsoi

stage is brief and primarily focused on reproduction, may-
flies spend the majority of their lives as aquatic nymphs,
where they play critical roles in nutrient cycling and food
web dynamics. Their sensitivity to water quality also makes
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them valuable bioindicators, offering insights into fresh-
water ecosystem health and serving as important tools
for environmental monitoring and conservation efforts
(Jacobus et al. 2019).

Over the past few decades, researches on mayflies have
primarily centered on taxonomy, ecology, behavior, and
biogeography (El Yaagoubi et al. 2024; Mayorga et al.
2024; Srinivasan et al. 2024; Zheng et al. 2024).
Molecular phylogenetic studies have mainly relied on trad-
itional morphological traits, mitochondrial genomes, or a
limited number of nuclear genes (Khudhur and Shekha
2020; Li et al. 2020; Wakimura et al. 2024). Genomic re-
search on mayflies remains underdeveloped compared to
other insect groups, with data available for only seven spe-
cies, three of which have high-resolution chromosome-
level assemblies (Cloeon dipterum, GCF_949628265.1;
Siphlonurus alternatus, GCA_949825025.1; Ecdyonurus
torrentis, GCA_949318235.1) (Farr et al. 2023a, 2023b,
2023c). However, only C. dipterum has undergone detailed
annotation, leaving key questions about genomic structure,
function, and evolutionary mechanisms of Ephemeroptera
unanswered. The lack of high-quality reference genomes
also limits the identification of genes related to environ-
mental adaptations and evolutionary traits. As a basal
group within Pterygota, the chromosomal evolution of
mayflies remains largely unexplored, emphasizing the
need for robust genomic resources.

To address this gap, we present the first chromosome-
level genome sequencing, assembly, and annotation of
Parafronurus youi, a mayfly species endemic to China that
inhabits clean, fast-flowing mountain streams and rivers.
This study provides a high-resolution reference genome, of-
fering critical insights into the genomic structure and evolu-
tion of P. youi. By expanding genomic resources for
Ephemeroptera, this research establishes a foundation for
future studies in evolutionary biology, functional genomics,
and phylogenomics, while contributing to efforts to protect
and sustain freshwater ecosystems.

Results and Discussion

Genome Estimation

To preliminarily assess the genomic characteristics of
P. youi, we generated 41.84 Gb of lllumina sequencing
data (supplementary table S1, Supplementary Material
online). Analysis of clean reads through k-mer distribution
estimated the genome size to range between 386.73 and
387.50 Mb (k-mers peaking at 21), with the final esti-
mated genome size determined as 387.503 Mb
(supplementary fig. S1 and table S2, Supplementary
Material online). Further characterization of genome
properties estimated a heterozygosity rate of 0.62%
and a repetitive sequence content of 24.27%

(supplementary table S2, Supplementary Material online).
These results provide critical baseline data for understand-
ing the genomic organization of P. youi and set the stage
for downstream analyses.

Genome Assembly and Assessment

The genome was assembled using a total of 60.18 Gb of
PacBio long-read sequencing data, yielding ~155.1x cover-
age of the estimated genome size. The PacBio subreads
had a mean length of 26.13 kb, with an N50 of 22.49 kb
(supplementary table S1, Supplementary Material online).
The initial assembly produced a genome size of 557.58 Mb
with a contig N50 of 0.45 Mb (supplementary table S3,
Supplementary Material online), which exceeded the esti-
mated genome size due to the inclusion of redundant re-
gions. To refine the assembly, one round of polishing with
long reads and two rounds with lllumina short reads were
performed, followed by the removal of redundant sequences.
The resulting draft assembly was reduced to 413.32 Mb, with
an N50 of 059 Mb, comprising 1,099 contigs
(supplementary table S3, Supplementary Material online).
To achieve a chromosome-level assembly, 42.72 Gb of Hi-C
sequencing data (284,784,594 reads) was utilized to anchor
and orient contigs into pseudochromosomes. This process
successfully mapped 99.07% of the total genome assembly
to 11 chromosomes, resulting in a final assembly size of
412.90 Mb, consisting of 219 scaffolds with an N50 of
41.95 Mb (Fig. 1a, Table 1, and supplementary table S3,
Supplementary Material online). The chromosome lengths
ranged from 24.88 to 45.89 Mb (supplementary table S4,
Supplementary Material online). Results showed that the
size of the assembled mayfly genome was slightly larger
than the estimated size. A possible reason for this discrepancy
is that k-mer-based estimation typically relies on the fre-
quency distribution of unique k-mers, which may underesti-
mate the contribution of highly repetitive sequences.
Notably, our genome was significantly larger than that of
C. dipterum (190.1 Mb), and comparable in size to the two
other chromosome-level genomes, S. afternatus (455.8 Mb)
and E. torrentis (503.2 Mb), all of which shared the same
chromosome number of 11 (Farr et al. 2023a, 2023b).

The quality and completeness of the genome assembly
were validated using BUSCO analysis, which identified
96.7 % of single-copy orthologs as complete (94.1% single-
copy and 2.6% duplicated), with 1.0% fragmented and
2.3% missing (supplementary table S3, Supplementary
Material online). Furthermore, mapping rates of 90.47%,
95.75%, and 98.81% were achieved for Illumina,
RNA-seq, and PacBio data, respectively, confirming the
high accuracy and integrity of the assembled genome.
These results demonstrate that the genome of P. youi pro-
vides a robust resource for further biological and ecological
studies.
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Fig. 1. a) Heatmap of interaction frequency of genomic fragments of P. youi. b) Circo map depicting the characters of the P. youi genome.

Table 1 Genome assembly and annotation statistics of P. youi

Elements Value

Genome assembly
412.902

Assembly size (Mb)
Number of scaffolds/contigs 219/1,429
Longest scaffold/contig (Mb) 45.886/2.902

N50 scaffold/contig length (Mb) 41.946/0.544

GC (%) 28.05
Gaps (%) 0.029
BUSCO completeness (%) 96.7
Gene annotation
Protein-coding genes 15,647
Mean protein length (aa) 537.8
Mean gene length (bp) 9,934.7
Exons/introns per gene 11.2/9.9
Exon (%) 11.58
Mean exon length 270.9
Intron (%) 26.07
Mean intron length 694.6
BUSCO completeness (%) 97.6

Genome Annotation

Repetitive elements accounted for 32.83% of the P. youi
genome, encompassing 135.57 Mb. Among these, trans-
posable elements (TEs) represented the majority
(27.33%), with the remainder comprising simple repeats
(4.07%), low-complexity regions (0.67%), small RNAs
(0.74%), and satellite sequences (0.17%) (supplementary
table S5, Supplementary Material online). A significant por-
tion of the TEs (20.34%) remained unclassified due to a lack

of homologs in known databases. DNA transposons
(3.31%) and LINEs (2.37%) were the most abundant
classified elements (Fig. 1b, supplementary table S5,
Supplementary Material online).

Noncoding RNA annotation revealed diverse RNA types,
including 261 tRNAs (representing 21 isotypes, Supres lack-
ing), 47 small nuclear RNAs (snRNAs), 433 ribosomal RNASs,
72 micro RNAs, 421 ribozyme RNAs, 2 long noncoding
RNAs, 1 leader RNA, and 142 other types of ncRNAs
(supplementary table S6, Supplementary Material online).
Of the snRNAs, spliceosomal RNAs dominated, with 17
classified into subtypes such as U1, U2, U4, U5, U6, and
U11. Additionally, 25 C/D box snoRNAs, 1 SCARNAS, and
1 SNORA16 were identified.

After masking repetitive sequences and ncRNAs, a total
of 15,647 protein-coding genes (PCGs) were predicted,
with an average gene length of 9,934.7 bp and an average
coding sequence length of 194.1 bp. Each gene contained
an average of 11.2 exons, with an average exon length of
270.9 bp and an intron length of 964.9 bp. BUSCO analysis
of the predicted genes identified 97.6% of insect single-
copy orthologs (insecta_odb10 database) as complete,
with 75.5% being single-copy, 22.1% multicopy, further
confirming the accuracy of the annotation (Table 1).
Functional annotation of PCGs revealed that 85.9%
(13,441 genes) were successfully matched to the
UniProtKB database. Additional classifications using
InterProScan and EggNOG identified 10,776 genes asso-
ciated with gene ontology (GO) terms and 10,228 genes
mapped to Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. Furthermore, the analysis provided
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extensive annotations, including 8,189 KEGG orthologous
groups (KO) terms, 2,820 enzyme codes, 11,491
Reactome pathways, and 12,100 clusters of orthologous
groups (COG) categories. In total, 13,975 genes were an-
notated by at least one database. Comparison with
C. dipterum highlighted distinct genomic features of P. youi,
including a higher number of predicted PCGs (15,647 vs.
13,282) and more extensive functional annotations. These
results emphasize the value of the P. youi genome in advan-
cing our understanding of mayfly biology and evolution.

Methods
Sample Collection and DNA/RNA Extraction

Specimens of P. youi were captured from Zijin Mountain,
Nanjing, China. To preserve integrity, samples were imme-
diately frozen in liquid nitrogen and transported to the la-
boratory. Genomic DNA was extracted using the Blood &
Cell Culture DNA Mini Kit (Qiagen), while RNA was isolated
using the TRIzol Total RNA Isolation Kit (Rio et al. 2010).
DNA and RNA quality were assessed with a Qubit 3.0
Fluorometer and 1% agarose gel electrophoresis to ensure
high-quality input material.

Library Preparation and Sequencing

High-quality DNA was used to construct single-molecule
real-time sequencing libraries with an insert size of 30 kb
using the SMRTbell™ Template Prep Kit 2.0 (PacBio).
Long-read sequencing was conducted on the PacBio
Sequel Il platform. For short-read sequencing, paired-end li-
braries (350 bp insert size) were prepared using the TruSeq
DNA PCR-free kit (lllumina) and sequenced on the NovaSeq
6000 platform. Transcriptome sequencing libraries were
constructed using the TruSeq RNA Sample Prep Kit and se-
guenced with PE150 reads. Hi-C libraries were prepared
using standard proximity ligation protocols to capture chro-
matin conformation, followed by sequencing on the
lllumina NovaSeq 6000 platform. Quality control of raw
lllumina reads was performed using BBTools v38.82, ensur-
ing clean and high-quality data (Bushnell 2014). PacBio
long subreads were directly produced by the sequencing
equipment (Sequel Il system). Hi-C sequencing data under-
went quality control using Juicer v1.6.2 (Durand et al.
2016b).

Genome Size Estimation

Filtered lllumina data was used for genome survey analysis
to estimate genome characterize with the k-mer length of
21. The number and distribution of k-mer were calculated
using “khist.sh” (BBTools v38.82). Genome characteristics
were further visualized and analyzed using GenomeScope
v2.0 (Marcais and Kingsford 2011; Vurture et al. 2017).

The heterozygosity ratio was calculated based on the het-
erozygous peak value.

Genome Assembly and Assessment

Filtered long reads were subject to de novo assembly using
NextDenovov. 2.4.0 (Hu et al. 2024b). The primary genome
assembly was polished using NextPolish 1.4.12 with one
round based on long reads and two rounds of short reads
(Hu et al. 2024a). The heterogeneous regions (e.g. haplo-
tigs and overlaps) were removed using Purge dups v1.0.1
(Roach et al. 2018). Chromosome-level genome assembly
was performed using the 3D-DNA v180922 pipeline, and
manual correction of assembly errors, contig orientations,
and chromosomal boundaries was conducted using
JuiceBox v1.11.08 (Durand et al. 2016a). The final assembly
underwent contamination detection to ensure high-quality
results.

Genome completeness was evaluated using BUSCO
v5.4.4 against the insecta_odb10 database (n=1,367)
(Waterhouse et al. 2018). Sequencing reads were mapped
to the final assembly using Minimap2 v2.23 to validate gen-
ome integrity. High mapping rates for lllumina, RNA-seq,
and PacBio data supported the assembly’s robustness and
accuracy (Li 2018).

Annotation of Repeats and Genes

Repetitive elements were detected using a combination of
ab initio and homology-based prediction methods.
RepeatModeler v2.0.2 was employed to identify the repeti-
tive elements, and a custom library combining Dfam v3.1
and RepBase v20181026 were constructed (Bao et al.
2015; Hubley et al. 2016; Flynn et al. 2020).
RepeatMasker v4.1.2 was employed to mask repeats
against this library (Smit et al. 2015). Noncoding RNAs
were annotated using tRNAscan-SE v2.0.7 and Infernal
v1.1.3, retaining only high-confidence predictions
(Nawrocki and Eddy 2013; Chan and Lowe 2019).

PCGs were predicted using MAKER v3.01.03, an integra-
tive pipeline combining ab initio, transcriptome-based, and
homology-based methods (Holt and Yandell 2011). The ab
initio predictions were carried out using BRAKER v2.1.63,
which trained the Augustus v3.4.03 and GeneMark-ES/ET/
EP 4.68_lic predictors with mapped transcriptome data
and protein homology information (OrthoDB v11) (Stanke
et al. 2004; Hoff et al. 2016; Brina et al. 2020).
Transcriptome-based predictions relied on RNA-seq data
aligned to the assembly using Hisat2 v2.2.03 to produce
BAM alignment files (Kim et al. 2019). Assembled transcript
sequences were generated using StringTie v2.1.4 based on
these alignments (Kovaka et al. 2019). Gene predictions
based on protein homology and intron conservation were
performed using GeMoMa V1.8, leveraging protein se-
guences from six insect species (Drosophila melanogaster,
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Tribolium castaneum, C. dipterum, Daphnia magna,
Rhopalosiphum maidis, and Zootermopsis nevadensis) to en-
hance sensitivity (Keilwagen et al. 2019). Finally, MAKER
combined these results through the EVidenceModeler pipe-
line v1.1.1 (Haas et al. 2008).

For functional annotation of genes, Diamond v2.0.8 was
used to query the UniProtkKB database with a sensitive
mode. Protein domains were predicted using InterProScan
v5.48-83.0, which screened proteins against public data-
bases, including Pfam, SMART, Gene3D, Superfamily, and
the Conserved Domain Database (Buchfink et al. 2015).
Additionally, InterProScan and the eggNOG v5.0 database
were utilized to annotate genes with GO terms, KEGG
pathways, KO, Reactome pathways, COG, and expression
coherence (Letunic et al. 2019).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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