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Abstract

Indrella ampulla is a polymorphic, brightly colored, forest-dwelling land snail endemic to the Western Ghats of India. Studying and 
understanding evolutionary processes occurring within this species has remained a challenge largely due to a paucity of genomic 
resources. We present high-quality annotated nuclear and mitochondrial genome assemblies of I. ampulla. The nuclear genome is 
assembled through a hybrid approach using Illumina short reads and Oxford Nanopore long reads, with an N50 value of 632 kb 
and 93.5% BUSCO genome completeness. The mitogenome is 13,887 bp long. The demographic history reconstruction based 
on the genomic data exhibits signatures of population decline during the last 100,000 years. This genome will aid in deciphering 
the color polymorphism in I. ampulla and augmenting the general understanding of the evolution of gastropods.
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Significance
Indrella ampulla is a monotypic terrestrial gastropod endemic to the Western Ghats biodiversity hotspot and exhibits 
color polymorphism. The genome of I. ampulla provides a valuable resource for understanding molluscan biology, col
oration genetics, adaptation, and other evolutionary processes. Our historical demographic analysis offers insights into 
past population dynamics of this species endemic to the Western Ghats of India, contributing to broader research on 
biodiversity patterns in tropical ecosystems. The bioinformatics pipeline used in this study provides a reliable framework 
for assembling high-quality genomes with long-read coverage as low as 10×, making it especially useful for gastropods 
and other species where obtaining high coverage data is a challenge. Overall, this genome will complement future stud
ies in phylogenomics, comparative genomics, and conservation of mollusks.
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Introduction
Gastropod mollusks are important model systems in evolu
tionary biology and are the only molluscan group that occu
pies a wide range of habitats, including marine, estuarine, 
freshwater, and terrestrial environments (Hayes et al. 
2009; Ponder et al. 2019). They exhibit unique traits such 
as torsion (where internal organs twist along an axis), the 
presence of toxins, polychromatism in both their shells 
and their bodies, and a coiled shell—a feature that has 
been reduced or lost in certain lineages. These adaptations, 
along with diverse feeding strategies, including herbivory, 
predation, and parasitism, make gastropods an ecologically 
and evolutionarily significant group.

Despite their considerable diversity (Aravind et al. 2005), 
genomic resources for gastropods, particularly those from 
South Asia, remain limited. This lack of genomic resources 
hinders the ability to explore key evolutionary and ecological 
questions within this group. Furthermore, invasive species 
pose a significant threat to native biodiversity, and gastro
pods are one of the most prominent invasive species world
wide. To address this gap, we present the first high-quality 
hybrid de novo genome assembly of a monotypic terrestrial 
gastropod species, Indrella ampulla (Ariophantidae), a large, 
semislug endemic to the central and southern Western 
Ghats mountain ranges of India (Surya Narayanan and 
Aravind 2021; Chakraborty et al. 2024).

The species, I. ampulla, exhibits three brightly colored 
morphs (orange, red, and yellow), a trait of significant bio
logical interest (Chakraborty et al. 2024). Coloration plays a 
crucial role in the animal kingdom, serving various ecologic
al and evolutionary functions. While cryptic coloration helps 
animals evade predation by blending into their surround
ings, bright coloration often signals sexual maturity and 
plays a key role in sexual selection. Additionally, it can func
tion as a warning signal indicating unpalatability or toxicity 
(Cuthill et al. 2017). The genetic basis of complex traits such 
as coloration often involves multiple, sometimes previously 
unknown, genes (San-Jose and Roulin 2017).

Here, we report high-quality nuclear and mitochondrial 
genome assemblies of I. ampulla using a hybrid approach 
that integrates Illumina short and Oxford Nanopore long 
reads. This genome provides a foundational resource for 
studying gastropod evolution, genetics of coloration, and 
adaptation in terrestrial environments.

Methods

Sample Collection and Sequencing

The focal species, I. ampulla, is distributed in the Southern 
and Central Western Ghats, which spans across parts of 
Karnataka, Tamil Nadu, and Kerala states in Southern India 
(Surya Narayanan and Aravind 2021). For genome assembly, 
we selected an individual belonging to the red color morph. 
The specimen was collected from a cardamom plantation in 

Nedumkandam, Kerala, and preserved in absolute ethanol. 
Genomic DNA was extracted from the foot muscle tissue 
using a modified cetyltrimethylammonium bromide) extrac
tion protocol (Chakraborty et al. 2020). DNA concentration 
was assessed both visually on an agarose gel and quantita
tively using a Qubit fluorometer. To generate short-read 
data, libraries were prepared using Illumina’s TruSeq DNA 
PCR-Free kit, and sequencing was performed on an Illumina 
NovaSeq 6000 device at Novelgene Inc., Hyderabad. 
Libraries for long-read sequencing were prepared using 
Oxford Nanopore Technology’s Ligation Sequencing Kit 
V14 (SQK-LSK114), and sequencing was carried out on a 
PromethION device at CSIR-Centre for Cellular and 
Molecular Biology, Hyderabad.

Nuclear Genome Assembly

We generated 21.3 Gb of long-read data (3,393,199 reads) 
and 136 Gb of short-read data (446 million paired-end 
reads). Short reads were quality-trimmed using fastp 
v0.23.2 (Chen 2023), while the long reads were base-called 
with Guppy Basecaller and error-corrected using the trimmed 
short reads with fmlrc2 (Mak et al. 2023). Both corrected 
long-read and short-read datasets were then used for gen
ome assembly. First, we performed a long-read-only assem
bly using Flye v2.9.4-b1799 (Kolmogorov et al. 2019), 
resulting in Assembly 1. Next, we generated a hybrid genome 
assembly incorporating both short- and long-read data using 
MaSuRCA v 4.1.0 (Zimin et al. 2013), producing Assembly 
2. Both preliminary assemblies were further polished using 
the corrected short-read data with Polca pipeline of 
MaSuRCA. To improve contiguity, we performed two rounds 
of QuickMerge v0.3 (Chakraborty et al. 2016), combining 
Assemblies 1 and 2 in different configurations. In the first 
round, each assembly was used as both reference and query 
in separate runs. The resulting assemblies were then merged 
again in a second round of QuickMerge. The specific assem
bly combinations and their metrics are detailed in Table S1.

Assembly quality was assessed using Quast v5.2.0 
(Gurevich et al. 2013), and completeness was evaluated 
with BUSCO v6.0.0 (Manni et al. 2021; Tegenfeldt et al. 
2025), against the Mollusca database (mollusca_odb12). 
The final assembly was selected based on an optimal bal
ance of BUSCO completeness and contiguity. The assembly 
was screened for contamination using NCBI Foreign 
Contamination Screen (FCS) (Astashyn et al. 2024), and 
the identified prokaryotic sequences were subsequently re
moved. The assembly summary was visualized using 
BlobToolKit v4.4.0 (Challis et al. 2020). Short reads were 
mapped to the final assembly using BWA-MEM2 (v2.2.1) 
(Vasimuddin et al. 2019) with default parameters, and 
alignment files were processed and summarized with 
SAMtools (v1.18) (Danecek et al. 2021) to evaluate the 
mapping rate. Assembly quality was further assessed using 
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Merqury (v1.3) and Meryl (v1.3) (Rhie et al. 2020) to esti
mate consensus accuracy (QV) and base-level error rate.

Repeat Masking and Genome Annotation

We first generated a de novo repeat library for the genome 
using RepeatModeler v2.0.5 (Flynn et al. 2020). The gen
ome was then soft-masked with this custom library using 
RepeatMasker v4.1.4 (Smit et al. 2013–2015) in conjunc
tion with the LTRstruct pipeline. For gene prediction, we 
used GALBA v1.0.11 (Bruna et al. 2023), incorporating 
1.18 million molluscan protein sequences from the 
UniProt database as external evidence. The resulting anno
tation was refined by removing unsupported genes and re
taining only the longest isoforms. Proteome completeness 
was assessed using BUSCO in protein mode against the 
Mollusca dataset, while the proteome quality was evalu
ated with OMArk v0.3.0 (Nevers et al. 2025) against the 
Luca.h5 dataset. Functional annotation of the proteome 
was performed using EggNOG-mapper (emapper v2.1.12; 
Cantalapiedra et al. 2021), utilizing EggNOG orthology 
data (eggNOG 5.0; Huerta-Cepas et al. 2019) for compre
hensive annotation.

Mitogenome Assembly

We assembled the mitochondrial genome using MitoHiFi 
v3.2.2 (Uliano-Silva et al. 2023) with error-corrected 

long-read data. We annotated it de novo using MitoZ v3.6 
(Meng et al. 2019) and further refined the tRNA prediction 
with GeSeq (Tillich et al. 2017) and ARWEN (Laslett and 
Canbäck 2008). We removed false-positive tRNAs predicted 
within protein-coding sequences and combined the results 
from both pipelines. Finally, we visualized the mitogenome 
using OGDRAW (Greiner et al. 2019 ).

Demographic History Reconstruction

We used pairwise sequentially Markovian coalescent 
(PSMC) analysis (Li and Durbin 2011) using psmc 
v0.6.5-r67 to reconstruct the historical demography of 
I. ampulla. First, we generated a diploid consensus se
quence by aligning short-read data to the reference gen
ome (Assembly 6) using BCFtools (Danecek et al. 2021). 
We filtered variants with bcftools view -c - and converted 
the output to FASTQ format using vcfutils.pl, setting depth 
thresholds to a minimum of 6 and a maximum of 48. We 
then performed PSMC analysis with parameters -N25 -t15 
-r5 -p “4 + 25*2 + 4 + 6 and with 100 bootstrap replicates.

Results and Discussion

Nuclear Genome Assembly Statistics

We present the first genome assembly of I. ampulla, con
structed using 21 GB of error-corrected long-read data 

Table 1 Summary statistics of the final genome and mitogenome assembly and annotation

Category Feature Value

Sequencing data Nanopore reads (no. of reads/Gb/coverage) 3.39 M/21.3 Gb/11×
Illumina reads (no. of PE reads/Gb/coverage) 449 M/136 Gb/69×

Assembly statistics Assembly size (Gb) 1.98
Number of contigs 8782
N50/N90 (bp) 632,279/95,350
L50/L90 923/3810

BUSCO (mollusca_odb12) Assembly BUSCO (%) C: 93.5 (S: 72.0, D: 21.5); F: 3.8; M: 2.7
Predicted gene set BUSCO (%) C: 90.1 (S: 73.2, D: 16.9); F: 6.1; M: 3.8

Annotation Protein-coding genes 20,418
Functionally annotated proteins (%) 87.9

Repeat elements Total repeat content (%) 53.69
SINEs (%) 1.01
LINEs (%) 25.94
LTR elements (%) 0.28
DNA transposons (%) 4.42
Rolling circles (%) 0.08
Unclassified (%) 18.58
Small RNA (%) 0.93
Satellites (%) 0.08
Simple repeats (%) 2.10
Low complexity (%) 0.27

Mitogenome statistics Mitogenome size (bp) 13,887
Number of protein-coding genes 13
Number of rRNA genes 2
Number of tRNA genes 22

Statistics of the final genome and mitogenome assembly and annotation.
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and 118 GB of filtered short-read data. We generated initial 
assemblies and refined them through two rounds of 
QuickMerge with different assembly combinations, result
ing in a total of eight assemblies (see Table S1 and Fig. S1
for detailed statistics). Among these, we selected 
Assembly 6 as the final assembly based on its optimal bal
ance of contiguity and completeness. NCBI’s FCS had re
moved ten contigs, and the final assembly spans 1.98 GB, 
consisting of 8,782 contigs with an N50 value of 632 kb 
and 36.35% GC content (see Table 1 and Fig. S2). The gen
ome size of I. ampulla falls well within the known range for 
mollusks, which exhibit considerable variation, from less 
than 1 GB in Biomphalaria glabrata (850.6 Mb; accession 
no. GCA_947242115.1) and Elysia timida (754.4 Mb; ac
cession no. GCA_043644045.1) to over 5 GB in Oreohelix 
idahoensis (5.5 Gb; accession no. GCA_024509875.1). 
This diversity highlights the broad range of genome sizes 
within the parent subclass Heterobranchia. BUSCO analysis 
indicated that the genome is 93.5% complete, with 21.5% 
of genes found to be duplicated. Such high levels of dupli
cation have also been observed in other species of the order 
Stylommatophora, such as 12.9% in Cepaea nemoralis 
(Saenko et al. 2021), 15.90% in Meghimatium bilineatum 

(Sun et al. 2024), 16.3% in Deroceras laeve 
(Miranda-Rodríguez et al. 2025), and 7.1% in 
Bradybaena similaris (Ishii et al. 2025), among others. 
Saenko et al. (2021) attribute such duplication to the high 
heterozygosity of the genome, whereas Chen et al. 
(2022) suggested that a whole genome duplication event 
occurred at the base of Stylommatophora between 93 
and 109 Mya, potentially facilitating their adaptive radi
ation to terrestrial conditions. These explanations closely 
align with the high duplication of BUSCOs that we have ob
served in the I. ampulla genome. Additionally, generation 
of greater amounts of long-read data in the future would 
help in producing a more contiguous and complete assem
bly. Also, the high mapping rate of 99.49% indicates that 
the majority of short reads are well represented in the as
sembly. Merqury analysis showed a high consensus accur
acy (QV = 42.8), corresponding to a low base-level error 
rate of approximately 1 in 18,910 bases.

Repeat Masking and Annotation

Repeat annotation revealed that approximately 54% of the 
genome consists of repeat elements. The major categories 
of repeats include SINEs, LINEs, LTR elements, DNA transpo
sons, rolling circles, and simple repeats. LINEs constituted 
the largest proportion, accounting for 25.94% of the gen
ome, nearly half of all repeat content (see Table S2 for com
plete repeat statistics). Gene prediction using GALBA 
identified a total of 20,418 protein-coding genes. BUSCO 
analysis of the predicted proteome indicated 90.1% com
pleteness with a duplication rate of 16.9%, consistent 
with the high duplication levels reported in the proteomes 
of other Stylommatophora species, such as 17.7% in 
M. bilineatum (Sun et al. 2024) and 8.5% in Candidula uni
fasciata (Chueca et al. 2021). A more contiguous assembly 
in the future will help in predicting the proteome with more 
completeness. Consistency analysis using OMArk showed 
that 68.03% of the proteins were consistently placed 
within the clade Mollusca, while 20.24% were classified 
as unknown (Fig. S3). Importantly, OMArk predicted no 
contaminants in the genome. Out of the 20,418 predicted 
protein-coding genes, 17,952 (87.9%) were functionally 
annotated using EggNOG-mapper.

Mitogenome Assembly Statistics

The mitochondrial genome assembly is 13,887 bp long and 
is one circular contig (Fig. S4). It contains 13 protein-coding 
genes, 22 tRNA genes, and two ribosomal RNA genes. Four 
protein-coding genes (ATP6, ATP8, ND3, and COX3) are 
present in the minor strand, while the rest are in the major 
strand. Among the tRNAs, 14 are present in the plus/major 
strand, while eight are present in the minor strand. The 13 
protein-coding genes include three Cytochrome oxidase 
genes, one Cytochrome b, seven NADH genes, and two 

Fig. 1. a) A red morph individual of I. ampulla. (b) PSMC plot illustrating 
historical effective population size trends (dark line) of I. ampulla over 
time. The x axis represents time in years before the present, scaled by the 
generation time (g) and mutation rate (μ), and the y axis shows the effective 
population size (Ne). LGM, Last Glacial Maximum; LIG, Last Interglacial 
period.
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ATP synthase genes. The size of the mitochondrial genome 
of I. ampulla is comparable to other mollusks; for example, 
13,670 bp in B. glabrata (DeJong et al. 2004), 14,100 bp in 
C. nemoralis (Terrett et al. 1996), and 15,057 bp in 
Lissachatina fulica (He et al. 2016).

Demographic History

We observed a sudden drop in effective population size 
(Ne), concurrent with the beginning of the last glacial peri
od (Fig. 1b). The Pleistocene glacial cycles are major drivers 
of various intricate phylogeographic patterns across the 
globe. However, its role in shaping the genetic diversity of 
flora and fauna of the Western Ghats is unclear. Some stud
ies suggest a change in rainfall patterns and an increase in 
aridification before and during the last glacial maxima 
(Srivastava et al. 2016; Raja et al. 2019), which can poten
tially lead to population decline in forest-dwelling species. 
Several codistributed species, such as passerine birds, ex
hibit signatures of population decline around the same 
time (Robin et al. 2010). Interestingly, in the case of the 
study species, the population decline began much earlier. 
A striking parallel has been observed in the Asian elephant 
populations in the Western Ghats, based on genomic data 
(Khan et al. 2024). Previous attempts to assess the demo
graphic history using genetic data were ambiguous 
(Chakraborthy et al. 2024), underlining the importance of 
incorporating genomic data to assess biodiversity patterns 
in tropical Asia.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.

Acknowledgments
The authors acknowledge the Kerala Forest Department for 
permission and the CCMB sequencing facility as well as 
Novelgene Inc. G.K. was supported by a PhD fellowship 
from the Council of Scientific and Industrial Research, 
Govt. of India. The authors would also like to thank Dr. 
Kushankur Bhattacharyya for capturing the photograph 
of I. ampulla.

Funding
1. Internal funding from the National Institute of Science 
Education and Research (under Dept. of Atomic Energy) 
and SERB CRG Grant (CRG_2021_000261) awarded to 
A.D.R. 2. Science and Engineering Research Board (SERB), 
Govt. of India, for funding (EMR/2017/000199) to N. A. A.

Conflict of Interest
We declare that we have no conflict of interests.

Data Availability
The sequences and draft genome generated for this study 
can be found under NCBI BioProject PRJNA1227711. The 
short-read and long-read data are archived under SRA IDs 
SRR32476888 and SRR32476889, respectively. The refer
ence genome assembly can be accessed via GenBank acces
sion ID GCA_052818635.1 or WGS accession ID 
JBMUJE01. The mitogenome can be accessed through the 
GenBank accession ID PV650439. The gene prediction 
and functional annotation files are available at https://doi. 
org/10.5281/zenodo.17119288.

Literature Cited
Aravind NA, Rajashekhar KP, Madhyastha NA. Species diversity, en

demism and distribution of land snails of the Western Ghats, 
India. Rec West Aust Mus Suppl. 2005:68:31–38. https://doi.org/ 
10.18195/issn.0313-122x.68.2005.031-038.

Astashyn A, et al. Rapid and sensitive detection of genome contamin
ation at scale with FCS-GX. Genome Biol. 2024:25:60. https://doi. 
org/10.1186/s13059-024-03198-7.
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