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De novo genome and
transcriptome assembly
of Kelletia kelletii, a coastal
gastropod and fisheries
species exhibiting a northern
range expansion
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Andy Lee2, Cataixa López3, Paul Anderson4, Robert J. Toonen3,
Mark R. Christie2,5, Crow White1 and Jean M. Davidson1

1Biological Sciences Department, California Polytechnic State University, San Luis Obispo, CA, United
States, 2Department of Biological Sciences, Purdue University, West Lafayette, IN, United States,
3Hawai‘i Institute of Marine Biology, University of Hawai‘i at Manoa, Kane‘ohe, HI, United States,
4Department of Computer Science and Software Engineering, California Polytechnic State University,
San Luis Obispo, CA, United States, 5Department of Forestry and Natural Resources, Purdue
University, West Lafayette, IN, United States
Understanding the genomic characteristics of non-model organisms can bridge

research gaps between ecology and evolution. However, the lack of a reference

genome and transcriptome for these species makes their study challenging.

Here, we complete the first full genome and transcriptome sequence assembly

of the non-model organism Kellet’s whelk, Kelletia kelletii, a marine gastropod

exhibiting a poleward range expansion coincident with climate change. We used

a combination of Oxford Nanopore Technologies, PacBio, and Illumina

sequencing platforms and integrated a set of bioinformatic pipelines to create

the most complete and contiguous genome documented among the

Buccinoidea superfamily to date. Genome validation revealed relatively high

completeness with low missing metazoan Benchmarking Universal Single-Copy

Orthologs (BUSCO) and an average coverage of ∼70x for all contigs. Genome

annotation identified a large number of protein-coding genes similar to some

other closely related species, suggesting the presence of a complex genome

structure. Transcriptome assembly and analysis of individuals during their period

of peak embryonic development revealed highly expressed genes associated

with specific Gene Ontology (GO) terms and metabolic pathways, most notably

lipid, carbohydrate, glycan, and phospholipid metabolism. We also identified

numerous heat shock proteins (HSPs) in the transcriptome and genome that may

be related to coping with thermal stress during the sessile life history stage. A
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robust reference genome and transcriptome for the non-model organism

K. kelletii provide resources to enhance our understanding of its ecology and

evolution and potential mechanisms of range expansion for marine species

facing environmental changes.
KEYWORDS

genomics, WGS sequencing, genome assembly, transcriptomics, RNA-Seq, heat
shock protein
1 Introduction

The investigation of population ecology, adaptive evolution,

and molecular responses of species to climate change is important

to ecosystem science, conservation, and management (Parmesan,

2006). For instance, the Anthropocene is marked by escalating cases

of species expanding and/or shifting their biogeographic range

distributions in response to climate change (Chen et al., 2011;

Pinsky et al., 2013), and new ranges often present new

environmental and human-induced stressors that challenge and

direct the physiological function, population viability, and

evolutionary trajectory of the range-expanding species (Fields

et al., 1993; Hazen et al., 2013; Matthew et al., 2022). Thus, in the

face of climate change, it is essential to understand the ability of

species to adapt to new environmental conditions to sustainably

manage their populations and to support ecosystem function and

resilience (Byrne et al., 2020).

Generating genomes and transcriptomes from a diverse range

of species is valuable for supporting analyses of their response to

climate change (Lemay et al., 2013; Stillman and Armstrong, 2015).

Population genomic analyses can reveal patterns of migration and

gene flow between a species’ historical and expanded range, source–

sink dynamics, response to environmental drivers, and, ultimately,

projected population persistence (Kapheim et al., 2019; Ma et al.,

2021). Genome and transcriptome assemblies also facilitate

comparative analyses of individuals and species for detecting

patterns of genetic variation potentially associated with climatic

stressors and adaptive evolution (Barshis et al., 2013; Stillman and

Armstrong, 2015). For example, a reference genome assembly

coupled with genome-wide sequencing can be used to identify

selection on polygenic traits. Using this method, Barghi et al.

(2019) identified multiple alternative genetic pathways converging

on an optimal phenotype that allow for rapid evolution.

Utilizing the power of genome assemblies and genome-wide data

can thus help answer fundamental questions on the nature of

adaptive evolution.

Kellet’s whelk, Kelletia kelletii, is a subtidal gastropod and

significant predator and scavenger in kelp forest ecosystems

(Halpern et al., 2006) and commercial fisheries species in

California, USA (Aseltine-Neilson et al., 2006). Kellet’s whelk has

recently exhibited an approximately 400 km northward range

expansion (first identified in 1980) along the North American

west coast (Herrlinger, 1981), potentially driven by intensifying El
02
Niño oceanographic conditions arising from climate change

(Zacherl et al., 2003; Harley et al., 2006). The species’ range

expansion is likely associated with physiological, ecological, and

evolutionary changes that affect population dynamics and

persistence. For example, protein analysis indicates that K. kelletii

can exhibit physiological changes that might aid in cold

compensation, including an increased abundance of proteins

involved in energy metabolism, oxidative stress, and cell signaling

(Vasquez et al., 2019). This change in protein composition could

support adaptation to the typically colder ocean water temperatures

K. kelletii experiences in its expanded range. Revealing the genetic

processes behind these changes may provide valuable insights into

the mechanisms of species evolution and adaptation as well as

appropriate management of the species.

Despite its ecological and economic importance, K. kelletii is a

non-model species with scarce genetic data available (White and

Toonen, 2008; Selkoe et al., 2010). This creates a lost opportunity to

understand the ecological and evolutionary dynamics of K. kelletii

as well as other coastal marine species. Genetic analyses of non-

model organisms such as K. kelletii are often logistically challenging.

For example, de novo assembly of the genome and transcriptome of

K. kelletii—and most marine gastropods—is challenged by the

ability to extract pure and high-molecular-weight (HMW)

genomic DNA, often rendering co-precipitates that can inhibit

the performance of different sequencing platforms (Adema, 2021;

Daniels et al., 2023). Moreover, genomic assembly tools are typically

designed for high-quality genomic datasets (da Fonseca et al., 2016;

Wang et al., 2021) and have been found to perform poorly when

presented with highly repetitive and heterozygous sequences, which

are common in marine invertebrates (Yuan et al., 2017).

Consequently, invertebrate species are disproportionately under-

represented in genomic research: they account for ∼97% of all

animals, yet as of 2020, they possess less than a third of available

whole-genome assemblies in comparison to vertebrates (Zhang

et al., 2021). To overcome these shortcomings and successfully

generate genome and transcriptome assemblies of non-model

organisms, such as K. kelletii, an innovative combination of

testing and troubleshooting using multiple methods and assembly

tools is required.

In this study, we combined sequence data from multiple state-

of-the-art sequencing methods to generate a draft genome for

K. kelletii as well as to assess the efficacy of different methods for

genomic analysis of this non-model organism. We compared
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genome assembly tools and developed a workflow that yielded a

high-quality genome for K. kelletii. Additionally, we generated a

complete and annotated transcriptome from total mRNA-seq data.

The data generated provide insights into novel molecular processes

of K. kelletii, such as the presence of highly expressed genes

associated with specific Gene Ontology (GO) terms and metabolic

pathways, and genes in the heat shock protein (HSP) family that

provide a potential mechanism for K. kelletii to adapt to

environmental stressors in its expanded geographic range.
2 Materials and methods

2.1 Sample collection

Adult K. kelletii were collected in the wild and maintained in

flow-through filtered seawater aquaria at the California Polytechnic

State University research pier, located in Avila Beach, California,

USA. The adult whelks were collected from sub-tidal reefs located

near Monterey (MON) (36.6181670 N, 121.897 W), Naples (NAP)

(34.4219670 N, 119.952283 W), and Point Loma (POL) (32.665333

N, 117.261517 W), California, in 2019, transported live to the

aquaria, and maintained under ambient conditions with food in

the form of frozen seafood provided ad libitum (CDFW Scientific

Collection Permit 8018 to C.W.). For genome sequencing, two

specimens (B257 and H164) collected from NAP were kept at the

Cal Poly Pier in a holding tank before dissections. For

transcriptome sequencing, adult individuals from NAP, POL, and

MON were kept in common garden seawater tanks (one for each

location) at the Cal Poly pier (Table S3). Adults breed via internal

fertilization, and females lay benthic egg capsules that develop for

approximately 1 month before hatching and releasing pelagic

veligers (Vendetti, 2020). We collected veligers produced by

individuals in each tank by collecting egg capsules at peak

development just prior to hatching and then flash-freezing the

capsules in liquid nitrogen. In the lab, 58 veliger samples were

prepared for cDNA sequencing by dissecting veligers from the

parental egg capsule while still frozen.
2.2 Genome assembly and analysis

2.2.1 HMW DNA extractions, cleanup,
and quantification

Genomic DNA extractions were conducted on gill tissue that we

dissected and then flash-frozen from NAP specimens B257 and

H164. Sequencing was conducted using PacBio Sequel II, Nanopore

MinION, and Illumina NovaSeq sequencing platforms. For PacBio

Sequel II sequencing, HMW DNA was extracted by the Genomics

and Cell Characterization Core Facility (GC3F) at the University of

Oregon (Eugene, OR, USA) using a modified HMW Circulomics

Standard TissueRuptor Protocol with slight modifications

(Supplementary Material 1). DNA was further cleaned and

concentrated using the DNeasy PowerClean Pro Cleanup Kit

(Qiagen, Hilden, Germany) following the manufacturer’s

instructions. For Nanopore MinION and Illumina NovaSeq
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sequencing, HMW DNA was extracted using a modified Salting-

Out Protocol (Daniels et al., 2023). The DNA was further purified

and concentrated using the Genomic DNA Clean and Concentrator

kit (Zymo Research, Irvine, CA, USA) and was then selected for

high-molecular-weight DNA using the PacBio Short Read

Eliminator kit (PacBio, Menlo Park, CA, USA) following the

manufacturer’s instructions. Concentration was assessed using the

dsDNA BR assay on a Qubit fluorometer (Thermo Fisher Scientific,

Singapore). DNA quality was assessed by running ∼250 ng of DNA
on a 2% agarose gel against a 25-kb XL ladder.

2.2.2 PacBio Sequel 2 library preparation
and sequencing

Both PacBio Sequel II libraries were prepared by the GC3F at

the University of Oregon (Eugene, OR, USA) using the PacBio HiFi

SMARTbell Libraries from the Ultra-Low DNA Input procedure

(PacBio, Menlo Park, CA, USA). Libraries were prepared for

sequencing using the Binding Kit 2.2 and loaded at 143 pM.

Samples were sequenced on Sequel II using the Sequel sequencing

kit 2.0 and 8M SMRTcells with 2 hours of pre-extension, followed

by a 30-hour movie time.

2.2.3 Oxford Nanopore Technologies MinION
library preparation and sequencing

Both Nanopore MinION libraries were prepared using the

Ligation Sequencing Kit (SQK-LSK108, Oxford Nanopore

Technologies (ONT), Oxford, UK) and NEBnext DNA Repair Kit

reagents (NEB, Ipswich, MA, USA) according to the manufacturers’

instructions. Each library aliquot at a volume of 1 µL was quantified

using Qubit. The libraries of adapted and tethered DNA were used

for loading the MinION Flow Cells with a total of 133 ng and 504 ng

of DNA, respectively. Each library was loaded into an R9 flow cell

(FLO-MIN106, ONT) for MinION sequencing. Priming and

loading of the SpotON Flow Cells were performed using the

standard protocol (ligation sequencing gDNA Protocol SQK-

LSK109). MinION sequencing was operated with MinKNOW

v5.2.13 without basecalling. Each flow cell was sequenced until <2

pores were sequenced.
2.2.4 Illumina NovaSeq library preparation
and sequencing

The Illumina NovaSeq library was prepared by the GC3F at the

University of Oregon (Eugene, OR, USA) for sequencing using the

NEB Ultra II kit (NEB, Ipswich, MA, USA) according to the

manufacturer’s instructions with a few modifications. DNA was

mixed with the fragmentation reagents as described in the kit

instructions, fragmented at 37°C for 8 minutes, and end-repaired

as described in the manual. The end-repaired sample was mixed

with the ligation buffer and enhancer from the NEB kit, and 2.5 µL

of 15 µm pre-annealed Tru-Seq style Y-adapter was ligated for 15

minutes at 20°C. The sample was cleaned with 2, 0.75x bead cleans

to remove adapter dimer. Samples were quantified using qPCR and

loaded on the NovaSeq. All extraction, DNA cleanup, and

sequencing protocols can be found in the Supplementary Material

(Supplementary Material 1).
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2.2.5 CCS, basecalling, and trimming
PacBio Sequel 2 raw read sequences were selected for Circular

Consensus Sequences (CCS) by the GC3F at the University of

Oregon. A total of 1.3 Gb, 43.7 Gb, and 26.2 Gb of data were used

for downstream genome assemblies. Basecalling was conducted on

the raw Nanopore MinION reads using Guppy v6.2.1 and high-

accuracy mode (<5% error rate) (Supplementary Material 2). A total

of 2.6 Gb and 1.4 Gb of data passed high-quality filtering and were

then filtered using Fastp v0.23.2 with default parameters. Illumina

NovaSeq raw sequences were trimmed and filtered using Fastp

v0.23.2 with default parameters (Supplementary Material 2). A total

of 119.4 Gb of forward and reverse Illumina data were used for

genome assemblies.
2.2.6 Assembly and validation
A range of bioinformatic pipelines were used to assemble the

genome using ONT MinION reads, PacBio HiFi reads, and

Illumina NovaSeq reads. Initial genome assemblies were

conducted using a range of bioinformatic tools in order to

identify the best assembly. The short-read Illumina NovaSeq data

were assembled using ABySS v2.3.5 (Jackman et al., 2017) using a

kmer length of 80 and default parameters. The long-read data

(MinION ONT reads + PacBio HiFi reads) were assembled using

Flye v2.9.2 (Kolmogorov et al., 2019) using default parameters. Both

the long-read and short-read data were assembled using the hybrid

assembler MaSuRCA v4.1.0 (Zimin et al., 2017). These assemblies

(ABySS, Flye, and MaSuRCA) were compared, and the best

assembly was selected for downstream work. The long-read Flye

assembly was used for RNA scaffolding and corrections using

RNA_BESST (https://github.com/ksahlin/BESST_RNA). Briefly,

all RNA-seq data were aligned to the long-read Flye assembly

using Hisat2 v2.2.1 (Kim et al., 2019) with default parameters,

and bam files were merged, sorted, and indexed using Samtools

v1.3.1 (Danecek et al., 2021). This file and the long-read Flye

assembly were used as the input files for RNA_BESST scaffolding

using default parameters. DNA scaffolding and corrections were

conducted on the RNA_BESST assembly using BESST v2.2.4

(https://github.com/ksahlin/BESST). Briefly, all Illumina NovaSeq

reads were aligned to the RNA_BESST assembly using Hisat2

v2.2.1, and the bam file was sorted and indexed using Samtools

v1.3.1. This file and the RNA_BESST assembly were used as the

input files for BESST. All genome assemblies were assessed using

QUAST v5.2.0 (Gurevich et al., 2013) and BUSCO v5.3.2 (Simão

et al., 2015) against the metazoa database. The genome with the best

overall quality was used for all downstreammethods and referred to

as the K. kelletii complete genome. Complete genomes of 22 closely

related species (i.e., taxonomy: species; Buccinidae: Babylonia

areolata, Neogastropoda: Conus ventricosus, Phymorhynchus

buccinoides, Anentome helena, Conus betulinus, Conus tribblei,

Conus consors, Caenogastropoda: Alviniconcha marisindica,

Batillaria attramentaria, Lanistes nyassanus, Pomacea maculata,

Marisa cornuarietis, Pomacea canaliculata,Melanoides tuberculata,

Gastropoda: Dirona pellucida, Tritonia festiva, Elysia marginata,

Haliotis laevigata, Physella acuta, Chrysomallon squamiferum, and

Achatina immaculata) were downloaded from NCBI (https://
Frontiers in Marine Science 04
www.ncbi.nlm.nih.gov), and QUAST metrics and Benchmarking

Universal Single-Copy Orthologs (BUSCO) scores were compared.

Prokaryotic decontamination was conducted using FCS-GX

(Astashyn et al., 2023). All scripts and accession numbers used

can be found in the Supplementary Material (Supplementary

Material 2).

2.2.7 Structure and read alignment
Genome size was estimated using all sequencing reads in KMC

v3.2.1 (Kokot et al., 2017), and the histogram of the reads was

visualized in GenomeScope 2.0 (Ranallo-Benavidez et al., 2020). All

sequencing reads of each type (Illumina NovaSeq, Nanopore

MinION, PacBio sequel II) were merged and aligned to the K.

kelletii genome using Hisat2 v2.2.1 with default parameters. Each

bam file was sorted using Samtools v1.3.1 and assessed using

Qualimap v2.2.2 (Okonechnikov et al., 2016). Read coverage of

each type was compared across each contig, and the total coverage

of each contig was calculated. Total coverage values for each contig

were rounded to the nearest integer, and the percent of contigs at

each depth was calculated. Contig guanine–cytosine (GC) content

and length were extracted using Infoseq in EMBOSS v6.6.0.0

(https://www.bioinformatics.nl/cgi-bin/emboss/help/infoseq).

2.2.8 Genome annotations
RNA-seq reads were mapped to the genome using Hisat2 v2.2.1.

BAM files were sorted and combined using Samtools v1.3.1. A

transcripts.gtf file based on RNA-seq read alignment was

constructed using Stringtie v2.2.1 (Kovaka et al., 2019), and

transcript predictions were made using TransDecoder v5.5.0

(Haas, BJ. https://github.com/TransDecoder/TransDecoder). The

Eukaryota Swiss-Prot database was downloaded from the

UniProtKB/Swiss-Prot database (Apweiler et al., 2004), and a

database was created using BLAST v2.12 (Altschul et al., 1990).

This database was used for homology-based predictions using

TransDecoder. A genome-based coding region annotation file was

created using TransDecoder. The resulting protein sequence file

based on final candidate open reading frames (ORFs), with shorter

candidate ORFs within longer ORFs removed, was used for

phylogenetic analysis and HSP family analysis. The protein

sequence file was further clustered based on 95% identity using

CD-HIT v4.8.1 (Fu et al., 2012).

2.2.9 Phylogenetic analysis
The TransDecoder consensus protein sequences for K. kelletii

were used for OrthoFinder v2.5.5 (Emms and Kelly, 2019) along

with downloaded genome protein sequences of 10 high-quality

related genome assemblies from NCBI (i.e., taxonomy: species;

Caenogastropoda: B. attramentaria, P. canaliculata, Gastropoda:

Aplysia californica, Plakobranchus ocellatus, E. marginata,

Gigantopelta aegis, Haliotis rubra, Bivalva: Pecten maximus, Mya

arenaria, and Annelida: Owenia fusiformis). OrthoFinder was used

to assign genes to orthogroups and produce a species tree. Briefly,

orthogroups were inferred and gene trees were produced using the

STAG (Emms and Kelly, 2018) algorithm. The rooted species tree

was inferred based on all gene trees and rooted using STRIDE. The
frontiersin.org
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species tree was visualized using Dendroscope3 (Huson and

Scornavacca, 2012) with STAG support values at internal nodes

(https://github.com/davidemms/STAG). The flowchart of genomic

methods can be found in Figure 1A.
2.3 Transcriptome assembly and analysis

2.3.1 Sequencing
RNA extractions on all 58 veliger samples (24 from adults

originating from MON, 18 from adults originating from NAP, 10

from adults originating from both MON and NAP, and 6 from

adults originating from POL), sequencing, and data quality control

were conducted by Novogene (Davis, CA, USA). Briefly, RNA was

extracted using TRIzol and RNA phase separation. After

fragmentation, the first-strand cDNA was synthesized using
Frontiers in Marine Science 05
random hexamer primers, followed by the second-strand cDNA

synthesis using dTTP for non-directional library preparation.

Messenger RNA was purified from total RNA using poly-T oligo-

attached magnetic beads. Libraries were prepared using end repair,

A-tailing, adapter ligation, size selection, amplification, and

purification. Libraries were checked using Qubit, real-time PCR

for quantification, and bioanalyzer for size distribution detection

(Agilent, Santa Clara, CA, USA). Libraries were pooled and

sequenced on the NovaSeq (Illumina, San Diego, CA, USA). Raw

data fastq files were processed through in-house Perl scripts

(Supplementary Material 2). Clean reads were obtained by

removing reads containing adapters, reads containing poly-N, and

low-quality reads. Q20, Q30, and GC content were calculated for

the clean reads. RNA-seq reads were further cleaned using

Trimmomatic v0.39 (Bolger et al., 2014) IlluminaClip with

leading: 3, trailing: 3, slidingwindow: 4:15, minlen: 36 parameters
B

A

FIGURE 1

Workflow diagram of (A) genome sequencing, genome assembly, and analysis. Image of Kellet’s whelk, Kelletia kelletii, adult (photo credit: CW).
(B) RNA sequencing, transcriptome assembly, and transcriptome analysis. Image of K. kelletii larva at peak development (photo credit: JV).
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(see Supplementary Material 2). All downstream analyses were

conducted using the clean data.

2.3.2 Assembly
The trimmed and paired RNA reads from the 58 samples were

assembled using Trinity v2.14.0 (Grabherr et al., 2011) and

rnaSPAdes v3.15.4 (Bushmanova et al., 2019). Both assemblies

were run using default parameters. The quality of transcriptomes

was assessed and compared using BUSCO v5.3.2 using the metazoa

(954 genes) and mollusca (5295 genes) BUSCO databases.

RnaSPAdes transcriptome was further filtered by removal of

contigs without BLASTx hits to either the UniProtKB/Swiss-Prot

(Boutet et al., 2016) database or the NCBI NR database (Benson

et al., 2006). To distinguish whether contig sequences were

originating from host (K. kelletii) or microbial members (bacteria,

viruses, and archaea), each contig was aligned to the UniPort

databases of Eukaryota (representing the K. kelletii gene

expression) or bacteria, viruses, and archaea (representing the

microbial gene expression). Protein databases for eukaryotes,

bacteria, viruses, and archaea were created using the Swiss-Prot

annotated genes for each group using BLASTx v2.12.0. The

transcriptome was blasted to each database and given their group

identifier: BLASTx results for Eukaryota were given “host” in the

identifier column, and BLASTx results for microbes were given

“microorganism” in the identifier column. All contig BLASTx

results were ordered by bitscore, and duplicate contig IDs were

removed. This resulted in each contig being assigned to its highest

BLASTx bitscore and a group identifier. The contig IDs from the

“microorganism” group were removed from the transcriptome

assembly for microbial decontamination. Unigene clustering was

conducted on this assembly using CD-HIT with a minimum contigs

size of 150 bp and sequence identity threshold of 0.95.

2.3.3 Analysis
The transcriptome was blasted to the Eukaryota UniProtKB/

Swiss-Prot database using BLASTx. Gene expression of each gene

within the transcriptome was calculated using Kallisto v0.48.0 (Bray

et al., 2016) for all 58 samples, and the total transcripts per million

(TPM) were calculated for each gene. GO terms and pathway data

were extracted from BLASTx results using UniProt ID Mapping to

each gene (Apweiler et al., 2004). GO term count within the

transcriptome was identified by counting the occurrence of each

GO term annotation across all genes. GO term expression was

calculated using the sum of all gene expression associated with each

GO term. GO term data were visualized using SRPLOT (https://

www.bioinformatics.com.cn/en) and REVIGO (Supek et al., 2011).

A flowchart of transcriptomic methods can be found in Figure 1B.
3 Results

3.1 Genome assembly

The genome of K. kelletii was assembled using a combination of

sequences generated by Oxford Nanopore Technologies MinION,
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PacBio Sequel II, and Illumina NovaSeq platforms. Three initial de

novo genome assemblies were produced using only the NovaSeq

short-read data, only the Sequel II and MinION long-read data, or a

combination of the short-read and long-read data. The NovaSeq

data assembled using ABySS produced a genome with an

accumulated length of 0.15 Gb in 35,020 contigs and a complete

BUSCO score of 9.9%. The MinION and Sequel II data assembled

using Flye produced a genome with an accumulated length of 2.11

Gb in 55,556 contigs and a complete BUSCO score of 81.1%. Both

data types (long-read and short-read) assembled using MaSuRCA

produced a genome with an accumulated length of 1.42 Gb in

37,318 contigs and a complete BUSCO score of 65.3% (Table 1).

The additional RNA scaffolding on the Flye assembly resulted in

improved assembly metrics for BUSCO score, contig number, and

contig N50 (Table 1; Figure 2). Further scaffolding of this assembly

using the NovaSeq short-read data resulted in improved contig

number and contig N50 but a slight reduction in the complete

BUSCO score from 84.2% to 84.1%; however, the overall missing

BUSCO score was improved to 7% from 6.9% (1 gene) (Table 1;

Figure 2). This final assembly (Flye + RNA + DNA scaffolding) with

an accumulated length of 2,107,417,620 base pairs (2.1 Gb) and

46,654 contigs was the most complete and contiguous assembly;

therefore, it was selected for all downstream analyses and referred to

as the K. kelletii genome (Table 1). A genome size of 2,594,611,041

bp, 2% heterozygosity, and 56.48% sequence repeats was estimated

based on a kmer-based method in KMC and GenomeScope 2.0.

This estimated genome size being larger than our assembled

genome (2.1 Gb versus 2.6 Gb, respectively) suggests a haploid

genome assembly. Prokaryotic decontamination using FCS-GX

resulted in one contaminated contig that was removed from the

K. kelletii genome.
3.2 Genome validation

The K. kelletii genome has a slightly lower BUSCO and N50

than most other high-quality gastropod genomes but remains

clustered with the highest-quality genome assemblies in relation

to BUSCO and N50 metrics (Figure 3). The K. kelletii genome only

had 6.9%missing metazoan BUSCO (Table 2) and 84% of the RNA-

seq reads from the 58 samples used in the transcriptome assembly

mapped back to the genome (Table S1), suggesting a relatively

complete genome.
3.3 Genome characteristics

Reads mapped back to the K. kelletii genome provide evidence

on each sequencing dataset’s coverage and contribution to genome

completeness (Table S2). The MinION data produced an average

coverage of 0.016x and mapped to 34.68% of contigs, the Sequel II

data produced an average coverage of 4.44x and mapped to 91.61%

of contigs, and the NovaSeq data produced an average coverage of

66.14x and mapped to 100% of contigs (Table S2). Distribution of
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total sequence coverage across all contigs shows only 18 contigs

having lower than 2x coverage (∼0.04%) and 1,477 contigs with

greater than 200x coverage (∼3.2%) (Figure 4; Table S2). Percent of
contigs at each sequencing depth shows that the majority of contigs

had greater than 20x coverage (∼96.6%) (Figure 4). GC content

compared to the contig sequencing coverage (for contigs ≥ 1.5 kb

and coverage ≥ 20) shows a uniform cluster suggesting non-

heterozygous sequences found in the assembly (Figure 4C; Li

et al., 2017; Yuan et al., 2017).
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3.4 Genome annotation

A total of 168,252 protein sequences were identified by

Transdecoder from ORFs within the genome. Further clustering

of these protein sequences based on 95% identity revealed 76,242

consensus proteins representing the K. kelletii protein-coding genes.

A total of 33,024 (∼43.3%) of these proteins aligned to the

Eukaryota UniProtKB/Swiss-Prot database, leaving 43,218

unidentified protein-coding genes from the K. kelletii genome.
FIGURE 2

BUSCO completeness comparison between different assemblies of Kelletia kelletii based on Metazoa odb10. Colors represent the categories of
identified BUSCO. S, complete and single copy; D, complete and duplicated; F, fragmented; M, missing. ABySS: NovaSeq data assembly; Flye:
MinION and Sequel II assembly; Flye + RS: Flye + RNA-scaffolding assembly; Flye + RS + DS: Flye + RNA-scaffolding + DNA-scaffolding assembly.
Total percent S + D + F listed with each assembly type.
TABLE 1 Genome assembly metrics comparing different assembly tools in order from least complete (center) to most complete (right).

Genome assembly

ABySS MaSuRCA Flye Flye
+ BESST_RNA

Flye + BESST_RNA
+ BESST

Read type Illumina DNA-seq Nanopore + PacBio +
Illumina DNA-seq

Nanopore + PacBio Nanopore + PacBio +
Illumina RNA-seq

Nanopore + PacBio +
Illumina RNA-seq + Illumina

DNA-seq

Assembly length 147,685,273 1,420,649,181 2,106,929,661 2,107,494,286 2,107,417,620

# of contigs 35,020 37,318 52,369 46,933 46,654

Largest contig 20,999 672,720 552,585 629,332 629,332

GC % 42.00 43.08 43.26 43.26 43.26

N50 4,073 52,606 55,556 66,172 66,681

L50 13,521 7,315 10,517 8,636 8,565

BUSCO (%C) 9.9 65.3 81.1 84.2 84.1

BUSCO (%M) 47.8 18.6 7.8 7.0 6.9
Read type indicates whether short-read (Illumina) or long-read (Nanopore and PacBio) data were used in the assembly. N50 represents the sequence length of the shortest contig at 50% of the
total assembly length. L50 represents the lowest number of contigs whose length sum equals half of the genome size. BUSCO (%C) represents the percent of complete BUSCO identified. BUSCO
(%M) represents the percent of missing BUSCO.
GC, guanine–cytosine; BUSCO, Benchmarking Universal Single-Copy Orthologs.
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3.5 Phylogenetics

OrthoFinder assigned 526,695 protein sequences (84.6% of the

total) from 11 species to 49,127 orthogroups. Fifty percent of all

genes were in orthogroups with 17 or more genes and were

contained in the largest 8,517 orthogroups. There were 5,803

orthogroups with all 11 species present, and 132 of these

consisted entirely of single-copy genes. STRIDE (Emms and

Kelly, 2017) tree analysis contained 314 well-supported, non-

terminal duplications, meaning each was shared by more than

one species; a total of 313 duplications provided support for

optimal root placement, while 1 was contradictory. The

phylogeny produced confirms the phylogenetic lineage across the

given high-quality lophotrochozoan genomes and K. kelletii’s

taxonomic position, initially established with fossil records and

mitochondrial DNA sequence data (Figure 5; Vaux et al., 2017;

Vaux et al., 2018).
3.6 Transcriptome analysis

The 58 sequenced K. kelletii veliger samples from three different

locations (Table S3) produced a total of 1,639,361,325 reads. The

resulting rnaSPAdes (Complete Metazoa BUSCO score, 99%) and

Trinity (Complete Metazoa BUSCO score, 98.4%) assemblies of the

raw trimmed reads indicated a more complete assembly by

rnaSPAdes and were therefore used for downstream analysis and

referred to as the K. kelletii transcriptome (Table S5). The

assembled transcriptome was ∼1.1 Gb total length with 1,186,735

contigs (Table 3). Further filtering, decontamination, and unigene

clustering of the assembly resulted in a clustered assembly with

∼0.47 Gb total length and 261,643 unigenes (Table 3). Of these

261,643 unigenes, 91,761 (∼35.1%) were blasted to the UniProtKB/

Swiss-Prot database (Table S4). Of these annotated unigenes, 21,988

mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG)

terms, 7,528 mapped to UniProt annotations involving pathways,

and 8,639 mapped to UniProt annotations specifically involving
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developmental stages (Table S4). Unigene length distribution

showed that 46.7% of the unigenes fell into the 150–1,000-bp

length, while the remaining 53.3% were above 1,000 bp (Figure

S1). A significant proportion of unigenes within the 150–1,000-bp

length range (46.7%) indicates the presence of many smaller RNA

molecules in the transcriptome.
3.7 GO term and pathway analyses

The top 12 occurring and expressed GO terms within each

category [biological process (BP), molecular function (MF), and

cellular component (CC)] of the 91,761 transcriptome unigenes

showed the most represented GO terms in the transcriptome

associated with the development period within the K. kelletii egg

capsules (Table S4; Figure 6). The top 40 expressed GO terms within

each category were mapped and connected based on their similarity,

which revealed the most abundant GO term subcategories during

peak embryonic development, such as “chordate embryonic

development”, “lipid binding”, and “response to oxidative stress”

and their association with other highly expressed GO terms

(Figure 6). Pathway identification in the transcriptome revealed

the top 20 expressed pathways and their associated gene count such

as “lipid metabolism”, “purine metabolism”, and “energy

metabolism” (Figure 7).
3.8 Heat shock gene families

Search results for HSPs within the BLASTx and BLASTp from

the transcriptome and genome, respectively, revealed the HSP

toolkit conserved by K. kelletii (Table 4; Table S6). A total of 199

heat shock proteins or associated proteins were identified in the

transcriptome, with many falling into the heat shock protein

families Hsp10/E, Hsp20/small hsp, Hsp40/DnaJ, Hsp60/

Chaperonin, Hsp70, Hsp90, and Hsp110 (Table 4). A total of 80

heat shock proteins or associated proteins were identified in the
BA

FIGURE 3

Comparison of Kelletia kelletii genome quality to other Gastropod genomes. (A) Contig logN50 vs. BUSCO (Benchmarking Universal Single-Copy
Orthologs) score. (B) Number of scaffolds and contigs vs. BUSCO score.
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genome (Tables 4, S6). Heat shock protein families were consistent

across the transcriptome and genome but varied in their gene

counts and composition.
4 Discussion

We conducted an inclusive comparison of de novo sequencing

and assembly tools on a non-model organism using a combination

of the leading platforms in genome and transcriptome sequencing.

The utility of these platforms and tools for model organisms has
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been shown repeatedly (Zhang et al., 2011; Senol Cali et al., 2019;

Dida and Yi, 2021), yet their application to understudied taxa is

minimal (Wang et al., 2021). We have provided insight into the

structure and quality of the K. kelletii genome and transcriptome

assembly as well as a glimpse into the molecular processes within

this non-model organism during its early life history stage. The

overall completeness and continuity of the Kellet’s whelk genome

are comparable with those of other published gastropod genomes

despite having less genome coverage than most high-quality

assemblies. The K. kelletii genome represents the most contiguous

genome among the Buccinidae family to date (Table 2; Figure 3;
TABLE 2 Genome assembly metrics comparing different Gastropod genomes.

Species Taxonomy Assembly
length

#
of
contigs

Largest
contig

GC
%

N50 L50 BUSCO
(%C)

BUSCO
(%M)

Kelletia kelletii Buccinidae 2,107,417,620 46,654 629,332 43.26 66,681 8,565 84.1 6.9

Babylonia areolata Buccinidae 1,108,395,005 340,123 148,522 43.10 6,321 43,500 45.1 26.4

Conus tribblei Neogastropoda 2,160,493,082 1,126,156 80,041 42.57 2,681 215,558 29.1 27.9

Conus consors Neogastropoda 2,049,318,684 2,688,687 148,256 42.37 1,128 183,151 44.5 19.4

Anentome helena Neogastropoda 1,720,191,841 2,637,315 656,047,306 43.67 2,075,175 7 10.0 59.9

Conus betulinus Neogastropoda 3,429,626,206 41,413 2,850,889 44.23 232,489 3,759 89.6 5.1

Phymorhynchus
buccinoides

Neogastropoda 2,114,589,556 18,181 3,988,471 42.82 336,037 1,465 92.6 2.9

Conus ventricosus Neogastropoda 3,592,060,885 19,399 184,223,000 43.78 93,519,712 16 83.9 7.6

Pomacea maculata Caenogastropoda 432,264,763 3,908 2,516,314 40.59 375,864 315 95.3 1.7

Lanistes nyassanus Caenogastropoda 507,389,202 17,149 1,787,714 43.18 317,839 455 93.6 2.5

Marisa cornuarietis Caenogastropoda 535,287,142 659 24,067,760 40.91 4,359,112 29 95.0 1.9

Batillaria
attramentaria

Caenogastropoda 717,569,005 863 9,185,056 44.84 1,290,776 158 95.1 1.9

Alviniconcha
marisindica

Caenogastropoda 829,610,088 3,926 4,734,527 45.47 727,552 336 94.3 2.3

Melanoides
tuberculata

Caenogastropoda 970,667,096 971,453 33,871 41.85 1,061 287,680 13.9 43.8

Physella acuta Gastropoda 764,480,513 799,881 36,251 36.32 1,358 144,992 69.4 6.8

Haliotis laevigata Gastropoda 1,762,655,385 105,411 1,091,339 39.92 81,233 5,202 80.4 5.2

Plakobranchus
ocellatus

Gastropoda 927,888,823 8,647 6,058,556 35.85 1,453,842 191 95.0 2.2

Elysia marginata Gastropoda 790,322,091 14,149 1,540,588 36.56 225,654 967 89.0 3.7

Dirona pellucida Gastropoda 562,136,326 301,127 122,191 38.34 2,554 60,117 48.6 13.8

Tritonia festiva Gastropoda 908,035,819 729,153 145,580 39.26 1,452 184,304 17.5 36.1

Ampullaceana
balthica

Gastropoda 1,105,887,359 4,540 8,824,831 36.35 816,280 343 96.6 1.8

Chrysomallon
squamiferum

Gastropoda 404,610,835 22 49,218,974 29.83 30,197,426 6 97.3 1.2

Achatina
immaculata

Gastropoda 1,653,153,977 563 111,189,085 38.91 56,367,627 11 96.4 1.6
N50 represents the sequence length of the shortest contig at 50% of the total assembly length. L50 represents the lowest number of contigs whose length sum equals half of the genome size.
BUSCO (%C) represents the percent complete BUSCO identified. BUSCO (%M) represents the percent missing BUSCO identified.
GC, guanine–cytosine; BUSCO, Benchmarking Universal Single-Copy Orthologs.
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https://www.ncbi.nlm.nih.gov). Each sequence read type was

remapped to the K. kelletii genome to compare coverage and bias

created by each sequencing type. Genome coverage was variable

(70.6 ± 155.8x genome coverage) with 1,477 contigs with coverage

greater than 200x, suggesting that redundant sequences still in the

assembly or sequencing bias occurred at specific regions of the

genome (Rieber et al., 2013). Genome annotations revealed a

relatively large number of protein-coding genes for K. kelletii,

with 76,242 predicted proteins. Among molluscan species with

documented genomes, this places K. kelletii with an unusually

high number of protein-coding genes, similar to that of sea slugs

E. marginata (70,752 protein-coding genes) and P. ocellatus (77,230
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protein-coding genes) (Maeda et al., 2021). The larger number of

protein-coding genes of K. kelletii may be attributed to its relatively

large genome, compared to closely related species (Adachi et al.,

2021), or is suggestive of some historic evolutionary processes

(e.g., ancestral genome duplication events). Additionally, the

combination of two individuals for the genome assembly and the

inclusion of larvae from multiple geographic locations for the

transcriptome may have introduced more heterozygosity into the

assembly and protein predictions. The transcriptome was also

found to have a much higher BUSCO score than our assembled

genome, possibly due to technical limitations (particularly gene

predictions) that may inflate proportions of “fragmented” and
B C

A

FIGURE 4

Genome structure characteristics of Kelletia kelletii. (A) Distribution of total sequence coverage across all contigs; average coverage for each read
type: MinION = 0.02 ± 0.52, Sequel II = 4.44 ± 3.63, NovaSeq = 66.14 ± 155.46. Percent of contigs with each read type: MinION = 34.68%, Sequel II
= 91.61%, NovaSeq = 100%. (B) Sequencing depth distribution throughout the genome. (C) Guanine–cytosine (GC) content of contigs against contig
coverage for contigs ≥ 1,500 kb and coverage ≥ 20.
FIGURE 5

Phylogenetic tree of closely related species to Kelletia kelletii using orthologs between closely related species identified by OrthoFinder using STAG
and STRIDE inferences. NCBI taxonomic groups are represented by color, as shown in the legend. Higher-order taxonomic groupings are indicated
on the right. Branch length represents the average number of substitutions per site between all protein comparisons, and bootstrap values at internal
nodes represent STAG support values calculated based on the fraction of trees that support each bipartition (https://github.com/davidemms/STAG).
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“missing” BUSCO due to the genome’s sheer size (Simão

et al., 2015).

The genome assembly process for K. kelletii produced intriguing

results, with the long-read data outperforming the short-read data

despite having nearly 15 times less genome coverage (Figure 4). This

highlights the remarkable capabilities of long-read data in

assembling de novo genomes by effectively resolving repetitive

and ambiguous regions (Li et al., 2017; Amarasinghe et al., 2020).
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However, the hybrid assembly, which combines the advantages of

long-read scaffolding and short-read high coverage, resulted in a

lower-quality assembly compared to using only the long-read data.

This result could be due to the hybrid assembler’s limited capacity

to assemble challenging genomes, such as those found in marine

invertebrates known for their complex genome structures (Wang

et al., 2017; Powell et al., 2018; Lopez et al., 2019). This observation

indicates that surveying multiple assemblers and utilizing tools
TABLE 3 Transcriptome assembly metrics at each step of assembly.

Transcriptome Total length Number of contigs GC % N50

rnaSPAdes assembly 1,099,912,156 1,186,735 44.09 1,680

Filtered assembly 659,249,282 351,869 45.71 3,257

Decontaminated assembly 645,991,883 337,726 45.56 3,279

Clustered assembly 465,336,004 261,643 45.33 3,045
N50 represents the sequence length of the shortest contig at 50% of the total assembly length.
GC, guanine–cytosine.
B

C

A

FIGURE 6

Gene Ontology (GO) categorization [GO category: biological process (BP), molecular function (MF), and cellular component (CC)] of unigenes in the
Kelletia kelletii transcriptome. (A) Top 12 occurring GO terms within the K. kelletii transcriptome of each GO category. (B) Top 12 expressed GO
terms for each GO term category from the combined transcripts per million (TPM) of 58 K. kelletii RNA-seq samples at peak embryo development.
(C) Interaction web of the top 40 expressed GO terms for each GO term category: biological process (BP), molecular function (MF), and cellular
component (CC) from the combined transcripts per million (TPM) of 58 K. kelletii RNA-seq samples at peak embryo development. Highly similar GO
terms are linked by edges in the graph, where the line width indicates the degree of similarity. Color of the bubble indicates Log2(TPM), with dark
green being higher expression and light green being lower expression. Bubble size indicates the frequency of the GO term in the underlying GOA
database (Camon et al., 2004).
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most appropriate for analyzing one’s data could yield a higher-

quality outcome even when one assembler is, in general, favored

over others.

Studying the genes associated with biological processes,

metabolic pathways, and cellular components of individuals at

their peak of embryonic development provides valuable insights

into the active molecular processes during development. Gene

expression analysis revealed highly expressed genes linked to

specific GO terms, possibly emphasizing their significance during

this vulnerable life history stage (Wilson, 2017; Clare et al., 2022;

Figure 6). The analysis of the transcriptome revealed variations in

the top 12 occurring GO terms compared to the top 12 expressed

GO terms across all samples (Figure 6). The contrasting distribution

between the top occurring and expressed GO terms across all

samples indicates complex interactions between gene expression

patterns and their functional annotations. The observed variation

hints at potential attributing factors, such as post-transcriptional

regulatory mechanisms and tissue-specific expression associated

with embryonic development. This signifies the importance of

considering the inherent conditions and dynamic nature of these

biological processes when investigating gene expression.

The top 40 expressed GO terms in each category formed

complex networks, representing the prevailing GO terms and

their similarities during development (Figure 6). Notably, similar

findings of GO functional groups (BP, MF, and CC) were reported

in another study during invertebrate embryonic development

(Jaramillo et al., 2016). This consistency across studies provides
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further support for the relevance and reliability of these functional

groups in understanding the molecular processes occurring during

K. kelletii embryonic development. Mapping the gene expression

and transcriptome analysis to known pathways revealed the top 20

highly expressed pathways and their gene counts within the K.

kelletii transcriptome (Figure 7). Pathways associated with lipid,

carbohydrate, glycan, and phospholipid metabolism exhibited high

expression levels, which aligns with the abundance of fatty acid and

lipid proteins in K. kelletii biology (Garin et al., 1996; Vasquez et al.,

2019). Notably, the perivitelline fluid in which the embryos develop

in the egg capsules is rich in lipoproteins and polysaccharides,

potentially serving as crucial energy sources for development (Garin

et al., 1996; Gilbert and O’Connor, 2012). An abundance of proteins

related to the cytoskeleton and antioxidant defenses to reactive

oxygen species (ROS) damage to lipid membranes were observed in

adult K. kelletii at its thermal extremes, suggesting their use of lipids

in regulation of their thermal tolerance (Vasquez et al., 2019). Adult

K. kelletii were also found to contain HSP chaperones HSP70 and

HSP60, confirming their presence within the K. kelletii proteome

(Table 4; Vasquez et al., 2019). The abundance of purine and

pyrimidine metabolizing genes has similarly been observed in

Macrobrachium olfersi (Jaramillo et al., 2016). Additionally, the

high expression of genes related to porphyrin-containing

compound metabolism (these compounds contribute to shell

pigmentation in other mollusks such as Crassostrea gigas)

suggests their involvement in the development of K. kelletii shells

(Hu et al., 2021; Figure 7).
FIGURE 7

Top 20 expressed pathway terms from UniProt BLASTx results from the combined transcripts per million (TPM) of 58 Kelletia kelletii RNA-seq
samples at peak embryo development. Pathways are ordered by gene count within the K. kelletii transcriptome.
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When comparing the K. kelletii genome annotations and

transcriptome HSP gene family counts, we observed a higher

number of gene counts for the HSP60/Chaperonin, HSP70, and

HSP90 families within the transcriptome, potentially due to

alternative splicing that generated multiple viable isoforms. The

HSP90 family, in particular, exhibited an expansion of gene counts

(isoforms) in the transcriptome (>7x) compared to the genome,

suggesting its crucial role during development (Table 4). The

transcriptional expansion of this gene family may be of interest

due to its involvement in many cellular processes, including cell

cycle control, cell survival, hormones, and other signaling pathways

(Jackson, 2013). The HSP gene family results of the K. kelletii

genome are comparable to those in other molluscan genomes (Park

et al., 2020; Nong et al., 2022). Our genome results are also

congruent with previous research indicating an expansion of the

HSP70 gene family between Gastropod and Bivalve genomes

(Zhang et al., 2012; Takeuchi et al., 2016; Guerin et al., 2019;

Nong et al., 2022). The expansion of HSP gene families within

Bivalve genomes, where most organisms are fully sessile (following

dispersal), may provide plasticity against environmental stressors

that are unavoidable (Rossi and Snyder, 2001; Zhang et al., 2012;

Rana et al., 2018). K. kelletii larvae exhibit notable thermotolerance,

as evidenced by their ability to endure high-temperature ranges

surpassing environmental extremes (Clare et al., 2022). Moreover,

encapsulated veligers demonstrate resilience against abnormal

development when subjected to extreme temperatures,

outperforming their free-swimming (post-hatching) veliger

counterparts (Clare et al., 2022). Similar to the expansion of HSP

gene families in Bivalves, the K. kelletii developing embryo (sessile)

may exhibit an adaptive trait by expanding the function of the

HSP70 family through alternative splicing, as reflected by

conflicting gene counts in the transcriptome compared to the

genome (Table 4). Additional analysis of the HSP families could

be explored. For example, understanding how the expression of

these proteins changes during different life history stages and in
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response to environmental conditions would enhance

understanding of their functionality in the face of rapid

environmental changes (Botero et al., 2015).
4.1 Limitations and future directions

Although we have resolved this genome with state-of-the-art

assembly tools and sequencing platforms, this draft genome contains

moderate fragmentation with >46,000 contigs, which challenges efforts

to understand the genomic structure of K. kelletii. Hi-C sequencing

can provide valuable information about chromosomal interactions,

aiding in the scaffolding and assembly of fragmented genomes and

improving the overall understanding of genome organization in non-

model organisms (Oluwadare et al., 2019; Pérez-Moreno et al., 2023).

Thus, integration of Hi-C sequencing with the results of this study

could help further elucidate the complex genome structure of K.

kelletii. Further cleaning of the genome using Purg_Dups (https://

github.com/dfguan/purge_dups) may be necessary to create a

standard haploid reference genome but could also remove

potentially informative loci for population genetic studies. Although

our methods for producing gene model predictions were sound, they

are surprisingly large in number. For future direction, we recommend

investigating the gene models of closely related species or a more

extensive comparison of gene model predicting tools to either confirm

our findings or produce more concise gene models. A greater

understanding of K. kelletii genome structure will enable ongoing

studies on population dynamics to reveal higher-order conclusions on

the species’ population and evolutionary dynamics.
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