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Abstract

We sequence, assemble, and annotate the genome of Atopsyche davidsoni Sykora, 1991, the first whole-genome assembly for the

caddisfly family Hydrobiosidae. This free-living and predatory caddisfly inhabits streams in the high-elevation Andes and is separated

by more than 200 Myr of evolutionary history from the most closely related caddisfly species with genome assemblies available. We

demonstrate the promise of PacBio HiFi reads by assembling the most contiguous caddisfly genome assembly to date with a contig

N50 of 14 Mb, which is more than 6� more contiguous than the current most contiguous assembly for a caddisfly (Hydropsyche

tenuis). We recover 98.8% of insect BUSCO genes indicating a high level of gene completeness. We also provide a genome

annotation of 12,232 annotated proteins. This new genome assembly provides an important new resource for studying genomic

adaptation of aquatic insects to harsh, high-altitude environments.

Key words: caddisfly genomics, Trichoptera, Insecta, PacBio HiFi, high altitude, extreme environments.

Significance

We provide the first de novo genome assembly for the caddisfly genus Atopsyche in the family Hydrobiosidae, a

lineage separated by more than 200 Myr of evolution from the nearest sequenced families. The sampled species

occupies high-elevation streams in the tropical Andes that are characterized by very cold water and intense ultraviolet

radiation, among other harsh environmental conditions. This is the first caddisfly genome assembled from PacBio HiFi

sequencing reads and represents the highest quality caddisfly genome to date, both in terms of contiguity (contig N50)

and gene completeness (BUSCO). This new genome assembly will provide an opportunity for examining the genomic

basis of adaptation to such extreme environments.
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Introduction

In the tropical Andes of South America, the p�aramo repre-

sents a unique ecosystem lying between the tree line, approx-

imately 3,000 m asl (above sea level), and the higher elevation

snow line (fig. 1A and supplementary video, Supplementary

Material online). Although relatively nonseasonal in terms of

day length, these generally humid ecosystems can experience

daily fluctuations in air temperature from below 0 �C to 25 �C

(Sklen�a�r et al. 2010; Duchicela et al. 2021). Streams originat-

ing in the p�aramo comprise the headwaters of some of

Earth’s largest rivers (Jacobsen 2008; Encalada et al. 2019).

The uplift and active volcanism of the Andes over the past

50 Myr have produced complex geomorphology and a diver-

sity of soil types (Jacobsen 2008; Encalada et al. 2019). As a

result, high-altitude Andean aquatic ecosystems can be ex-

tremely hydrologically and physico-chemically variable and

range from more stable spring-fed systems to dynamic glacial

streams.

Although air temperature can vary widely in the p�aramo,

high-elevation equatorial Andean streams are characterized

by low water temperature throughout the year, varying from

approximately 0–15 �C (Jacobsen 2008; Jacobsen et al. 2014;

Finn et al. 2016). Jacobsen (2004) hypothesized that consis-

tently low water temperature was a primary reason aquatic

insect richness decreased along an elevational gradient to-

ward high-altitude Andean streams, at least among insect

families. In addition to cold water, aquatic insect growth

and development are constrained by the decline in O2 solu-

bility with decreasing atmospheric pressure at high altitudes

(Jacobsen et al. 2003; Jacobsen 2020). Finally, high ultraviolet

radiation and the strong drying effects of wind in these gen-

erally exposed ecosystems can be relevant factors affecting

biological processes and diversity, especially for flying adult

insects (Buytaert et al. 2011). Combined, the geological his-

tory and harsh abiotic conditions of the high-elevation

Andean p�aramo have contributed to conditions well-suited

to specialists, resulting in species endemism of up to 60%

in the highlands of the tropical Andes (Buytaert et al. 2011).

Among Andean caddisflies, the primarily Neotropical ge-

nus Atopsyche includes many species apparently adapted and

restricted to high Andean rivers and streams. For example, in

Ecuador, the 26 recorded species show strong elevational

stratification, occurring between 330 and 3,810 m asl, with

many species restricted to high Andean habitats (R�ıos-Touma

et al. 2017). These narrow geographic distributions and eleva-

tional ranges seem to be the case for many of the 139 species

known in the genus, except for some more broadly distrib-

uted, low elevation species (Gomes and Calor 2019). As such,

the species in the genus are ideal for studying biogeography,

speciation, physiological adaptations to broad ecological con-

ditions, and, especially, adaptations to extreme high Andean

aquatic habitats. In addition, the genus belongs to one of only

two families of caddisflies that do not construct portable larval

cases or fixed retreats with silken capture nets (Wiggins

2004). Also of note, the “free-living” larvae, as known so

far, are solely predaceous and have modified chelate forelegs

to aid in the capture of invertebrate prey (fig. 1B).

Aquatic insect species are underrepresented in available

insect genome assemblies (Hotaling et al. 2020). One way

to close that gap is to sequence more aquatic insects, espe-

cially those that might be key to understanding the evolution

of certain adaptations. Here, we provide the first whole-ge-

nome assembly and annotation for Atopsyche davidsoni

Sykora, 1991, a member of the caddisfly family

Hydrobiosidae, representing 200 Myr of evolution from

Agrypnia vestita and Hesperophylax magnus the most closely

related caddisfly species with genome assemblies available

(Thomas et al. 2020; Olsen et al. 2021) (fig. 1C). Further,

A. davidsoni inhabits high Andean p�aramo streams, and our

specimen was collected near the base of Cotopaxi volcano,

constituting the highest recorded elevation for Atopsyche in

Ecuador (3,810 m asl). Cotopaxi has experienced more than

50 eruptions in the last 200 years, with the most recent ag-

gressive eruptions occurring between 1877 and 1880 (Hall

and Mothes 2008), and with significant eruptions of ash as

recently as 2015. Stream water chemistry and dynamics are

influenced by the volcanic material from past eruptions. We

hope this new, high-quality whole-genome assembly will pro-

vide an important resource for studying the genomic basis of

adaptation to extreme aquatic habitats.

Results and Discussion

Sequencing and Genome Size Estimation

High-molecular weight DNA was extracted from a single larval

specimen and generated a band above 50 kb when visualized

with pulse-field gel electrophoresis. After running the pbccs

read consensus tool, we recovered 18.6 Gb of sequence in

HiFi reads (those reads with a quality score greater than Q20),

corresponding to �50� read coverage. The estimated ge-

nome size generated in GenomeScope 2.0 (Ranallo-

Benavidez et al. 2020) was 341.6 Mb with 90.1% unique

sequence (supplementary fig. 1, Supplementary Material

online).

Genome Assembly and QC

The genome assembly of A. davidsoni was highly contiguous

with a total assembly length of 370.8 Mb contained in 80

contigs with a GC content of 34%. The contig L50 was 10

and the contig N50 was >14 Mb, making this assembly the

most contiguous caddisfly genome assembly produced to

date (table 1). In addition, BUSCO (Manni et al. 2021) analysis

using the Insecta and Endopterygota gene sets recovered

98.8% and 97.5% of expected single copy orthologs within

the assembly, respectively, providing support for a high level

of gene completeness. Blobtools (Laetsch and Blaxter 2017)
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analysis assigned 99.9% of the genome to the Phylum

Arthropoda, indicating low levels of contamination.

Annotation

Following RepeatModeler and RepeatMasker analysis,

17.6% of the genome was classified as repetitive, a higher

amount of repetitive sequence than estimated with

GenomeScope 2.0 (9.1%). This may partially explain why

the genome size estimate from GenomeScope 2.0

(341.7 Mb) was lower than the recovered assembly length

(370.8 Mb). Of the repeats that were classified, DNA trans-

posons were the most abundant, comprising 4.59% of the

genome. Notably, LINE elements only comprised 1.85% of

the genome, a feature more similar to that of retreat-

making caddisflies than to the more closely related tube-

case making caddisflies (Olsen et al. 2021). Genome size

variation in caddisflies has recently been linked to the

FIG. 1.—(A) The Ecuadorian p�aramo, the high-elevation environment where Atopsyche was collected; Volcan Cotopaxi in the background. Photo credit:

Xavier Amigo. (B) Atopsyche davidsoni, larva. (C) Phylogenetic tree, redrawn with dates from Thomas et al. (2020), showing the evolutionary divergence

among caddisfly families with long-read-based genome assemblies available.
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expansion of repetitive elements (Heckenhauer et al. 2021;

Olsen et al. 2021). The relatively lower proportion of repet-

itive sequence and the relatively smaller genome size of

A. davidsoni reiterates the findings that the bulk of repet-

itive element expansion occurred in lineages of tube case-

making caddisflies (e.g., Agrypnia and Hesperophylax, ta-

ble 1). Of 12,232 predicted proteins, 10,370 were verified

by BLAST with the NCBI nonredundant protein database,

6,543 were assigned to GO terms, and 4,216 were func-

tionally annotated with Blast2GO (Götz et al. 2008).

Metabolic and cellular processes were, by far, the top func-

tional categories assigned to annotated genes.

Conclusion

Here, we provide the first genome assembly for the caddis-

fly family Hydrobiosidae and the first caddisfly genome as-

sembled from PacBio HiFi reads. The genome assembly is

the most contiguous generated for a caddisfly to date,

demonstrating the promise of high-quality, long reads (ta-

ble 1). In addition, the species sampled occupies high-ele-

vation streams in the harsh environment of the Andean

p�aramo. We hope that these genomic resources will serve

as a baseline for future studies on the genomic adaptation

to such environments, while also providing valuable data

for a species that occupies a habitat imperiled by global

climate change.

Materials and Methods

Specimen Collection and Preparation

We collected a larval specimen with an aquatic kick net from

a tributary to the Pita River, a perennial stream flowing in the

p�aramo (Esmeraldas River basin), at 3,818 m asl in Cotopaxi

National Park in Ecuador. The specimen was placed into

100% EtOH and stored in a �20 �C freezer upon return

from the field. Prior to DNA extraction, we dissected and

removed the gut contents, froze the specimen in liquid N2,

and macerated the tissue. We extracted high-molecular

weight DNA from the specimen using a Zymo Quick-DNA

HMW MagBead Kit (Zymo Research DS1710-03). To ensure

recovery of suitable high-molecular weight DNA, we visual-

ized the extracted molecules using pulse-field gel

electrophoresis.

Library Prep and Sequencing

We prepared a PacBio HiFi library with the SMRTbell Express

Template Prep Kit 2.0 (PacBio 100-938-900) using the PacBio

low input protocol (DNA sheared to 15 kb) for HiFi sequencing

followed by AMPure bead cleanup. The genomic library was

sequenced on a single 30-h movie 8M SMRT cells in CCS

mode on the PacBio Sequel II system at the BYU DNA

Sequencing Center.

Table 1

Comparison of Currently Published Long-Read-Based Genome Assemblies of Caddisflies

Species Accession Suborder Sequencing Platform

Coverage

Assembly

Length (bp)

Contig

N50 (kb)

BUSCOs

Present

(%)a,b

%

Repetitive

Elementsc

Atopsyche sp. (pre-

sent study)

SUB10108826 Integripalpia PacBio HiFi (50.19�) 370,818,532 14,095.1 98.8 17.67

Agrpynia vestita

(Olsen et al. 2021)

JADDOH000000000 Integripalpia PacBioþ Illumina

(17.86�þ 87.96�)

1,353,059,149 111.8 94.4 71.41

Hesperophylax mag-

nus (Olsen et al.

2021)

JADDOG000000000 Integripalpia Nanoporeþ Illumina

(26.38�þ 49.30�)

1,233,588,871 768.2 95.9 74.36

Hydropsyche tenuis

(Heckenhauer et al.

2019)

GCA_009617725.1 Annulipalpia Nanoporeþ Illumina

(16.5�þ 167.6�)

229,663,394 2,190.1 98.4 22.65

Plectrocnemia con-

spersa

(Heckenhauer et al.

2019)

GCA_009617715.1 Annulipalpia Nanoporeþ Illumina

(17.1�þ 82.9�)

396,695,105 869.0 98.7 42.9

Stenopsyche tien-

mushanensis (Luo

et al. 2018)

GCA_008973525.1 Annulipalpia PacBioþ Illumina

(153�þ 150�)

451,494,475 1,296.9 98.1 45.67

NOTE.—The genome assembly for Atopsyche davidsoni is currently the highest quality both in terms of contiguity and gene completeness (BUSCO scores).
aPresent ¼ complete þ fragmented.
bNinsecta ¼ 1,367.
cValues for taxa not included this study were taken from Olsen et al. (2021).
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HiFi Read Generation, Assembly, and Quality Assessment

We generated HiFi reads from the raw subreads using the

pbccs tool implemented in the pbbioconda package (Pacific

Biosciences 2021). We counted k-mers of length 21 from the

HiFi reads with KMC v.3.1.1 (Kokot et al. 2017) using the

following command kmc -k21 -t80 -m1064 -ci1 -cs10000

@files.txt reads tmp/, and created a histogram of the k-mer

frequencies with the command kmc_tools transform reads

histogram reads.histo -cx10000. We then ran GenomeScope

2.0 (Ranallo-Benavidez et al. 2020) with the exported k-mer

count histogram with the online web tool (http://qb.cshl.edu/

genomescope/genomescope2.0/, last accessed September 1,

2021) using the following parameters: k-mer length¼21 and

max kmer coverage¼10,000.

We then assembled the HiFi reads into contigs using

Hifiasm v0.13-r307 (Cheng et al. 2021) with the “-l 2” option

enabled for aggressive duplicate purging. To assess whether

the genome contained expected single copy orthologs, we

used BUSCO v.4.1.4 (Manni et al. 2021) with both the

Insecta odb10 and Endopterygota odb10 core ortholog sets

(Kriventseva et al. 2019) with the –long option enabled for

species specific gene model training (supplementary note 3,

Supplementary Material online).

We screened the final genome assembly for potential con-

tamination with taxon-annotated GC-coverage plots using

BlobTools v1.0 (Laetsch and Blaxter 2017). We first mapped

all raw HiFi reads against the final genome assembly using

minimap2 (Li 2018) with the -ax asm20 option and then

sorted the resulting bam file with samtools sort. We assigned

taxonomy with MegaBLAST (Zhang et al. 2000) using the

following parameters: -task megablast and -e-value 1e-25.

We used the blobtools module map2cov to calculate cover-

age and created the BlobDB using blobtools create. We used

blobtools plot to visualize the DB (supplementary fig. 2,

Supplementary Material online). We calculated assembly sta-

tistics with assembly_stats v.0.1.4 (Trizna 2020). Assembly

statistics and BUSCO completeness for comparison to previ-

ously published genomes can be found in table 1 and supple-

mentary table 1, Supplementary Material online.

Annotation

We annotated the A. davidsoni genome assembly using

MAKER v3.01.03 (Campbell et al. 2014). To do this, we first

masked and annotated repeats using RepeatModeler2 (Flynn

et al. 2020) and RepeatMasker (Smit et al. 2013–2015) as

described by Heckenhauer et al. (2019). We then predicted

genes with the homology–based gene prediction tool

GeMoMa v1.6.4 (Keilwagen et al. 2016, 2018) using the an-

notated proteins from the previously published genome of

Rhyacophila brunnea (Heckenhauer et al. 2021) as reference

organism with the following command: GeMoMa -Xmx50G

GeMoMaPipeline threads¼80 outdir¼annotation_out

GeMoMa.Score¼ReAlign AnnotationFinalizer.r¼NO o¼true

t¼./atopsyche.masked.fasta i¼rhy a¼rhybru.gff g¼rhybru.fa

sta. We then ran the MAKER pipeline to generate additional

ab initio gene predictions (Campbell et al. 2014). We used the

proteins predicted from GeMoMa for protein homology evi-

dence with the augustus-generated gene prediction models

from BUSCO. For EST evidence, we used the 1KITE transcrip-

tome (1kite.org), 131012_I246_FCC2J5BACX

X_L6_RINSinlTCBRABPEI-56.tsa.fas.

We added functional annotations to the predicted genes

by first querying all predicted proteins against the ncbi-blast

2.9.0þ nonredundant protein databases using BlastP with an

e-value cutoff of 10�4 and –max_target_seqs set to 10. We

then used the command line version of Blast2GO v.1.4.4

(Götz et al. 2008) to assign GO terms and functional annota-

tions to the predicted proteins (supplementary figs. 3–5,

Supplementary Material online).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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Data Availability

This project has been deposited at NCBI under BioProject:

PRJNA741212, BioSample: SAMN20492399, assembly

accession: JAILWY000000000, and the Sequence Read

Archive (SRA): SRR15654800. The annotation and pre-

dicted proteins have been deposited in FigShare and at

the following doi: https://doi.org/10.6084/m9.figshare.

16836871.v1. Supplementary video 1, which shows the

sampling locality can be found in FigShare at the following

doi: https://doi.org/10.6084/m9.figshare.16837963.v1.
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