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Abstract

Pteronarcys californica (Newport 1848) is commonly referred to as the giant salmonfly and is the largest species of stonefly (Insecta: Plecoptera)
in the western United States. Historically, it was widespread and abundant in western rivers, but populations have experienced a substantial
decline in the past few decades, becoming locally extirpated in numerous rivers in Utah, Colorado, and Montana. Although previous research
has explored the ecological variables conducive to the survivability of populations of the giant salmonfly, a lack of genomic resources hampers
exploration of how genetic variation is spread across extant populations. To accelerate research on this imperiled species, we present a de
novo chromosomal-length genome assembly of P californica generated from PacBio HiFi sequencing and Hi-C chromosome conformation
capture. Our assembly includes 14 predicted pseudo chromosomes and 98.8% of Insecta universal core orthologs. At 2.40 gigabases, the
P californica assembly is the largest of available stonefly assemblies, highlighting at least a 9.5-fold variation in assembly size across the order.
Repetitive elements account for much of the genome size increase in P californica relative to other stonefly species, with the content of Class
| retroelements alone exceeding the entire assembly size of all but two other species studied. We also observed preliminary suborderspecific
trends in genome size that merit testing with more robust taxon sampling.
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1. Introduction genome assemblies are publicly available for nine stonefly
species, six of which include chromosome-length scaf-

Plecoptera (stoneflies) are a cosmopolitan order of
b ( ) P folding. Here, we describe genome assembly for Pteronarcys

polyneopteran aquatic insects that inhabit streams, rivers, o . .
and lakes on every continent except Antarctica. There are californica, the first from the stonefly family Pteronarcyidae.

currently more than 4,000 recognized species belonging to P tfzronarcys“ f“lifOT”iCﬂs kn’?Wﬂ‘ to the ﬂy-ﬁshing com-
17 families (Ding et al. 2019; DeWialt et al. 2024). To date, ~ ™unity as the “giant salmonfly,” typically dwells in large, cold,
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fast-flowing rivers underneath medium-large rocks among the
benthic substrate (Fig. 1). They are ecologically, culturally,
and economically important (Albertson et al. 2022). For ex-
ample, due to their large body size (>6 cm in length) and fre-
quent high densities, they are a common prey item for aquatic
consumers like trout (Nehring 2011; Anderson et al. 2019),
and their synchronous emergence to adulthood provides an
important seasonal food resource for terrestrial consumers,
including birds, spiders, amphibians, and small mammals
(Walters et al. 2018; Albertson et al. 2022). They are also
prized among anglers, as their synchronized adult emergences
create world-renowned fly-fishing opportunities, supporting
local fishing economies.

Giant salmonflies are merovoltine, with a 3- to 5-year
aquatic nymphal life cycle (DeWalt and Stewart 1995) and
are sensitive to pollution, warming temperatures, flow mod-
ification, land-use change, sedimentation, and other en-
vironmental stressors (Anderson et al. 2019; Birrell et al.
2019, Kowalski and Richer 2020; Frakes et al. 2021, 2022).
Anthropogenic influences such as water diversion, environ-
mental degradation, the introduction of invasive species, and
the accumulation of pollutants have led to the decline of
available habitat for stoneflies in the United States (Morse et
al. 1993; DeWalt et al. 2005; Birrell et al. 2019). Pteronarcys
californica populations have experienced a substantial de-
cline in the past few decades—undergoing reductions in
population size or regional extinction in numerous rivers in
Utah, Montana, and Colorado of the western United States
(Fig. 1) (Colborn 1987; Stagliano 2010; Nehring et al. 2012;
Anderson et al. 2019; Birrell et al. 2019; Kowalski and Richer
2020). To mitigate this loss and prevent extinction, increased
conservation efforts, and population studies are essential.
However, while ecological variables pertaining to the persist-
ence of P. californica populations have been relatively well-
recorded, the genomic features of this species (and family)
have remained unexplored.

2. Materials and methods

2.1 Biological materials

Multiple P. californica nymphs were collected from the
Diamond Fork River in Spanish Fork Canyon, Utah (N
40.067222°, W -111.439722°) and immediately flash-frozen
with liquid nitrogen on 29 March 2022. The specimens were
then stored in a =80 °C freezer prior to extraction. One spec-
imen was used for whole genome sequencing and one spec-
imen was used for Hi-C library preparation and sequencing.

2.2 DNA extraction and sequencing

We extracted high molecular weight DNA from thoracic
tissue using a Qiagen Genomic-tip DNA extraction kit. We
then sheared extracted DNA to 18 kbp using a Diagenode
Megaruptor and prepared sequencing libraries with the PacBio
SMRTbell Express Template Prep Kit 2.0 following manu-
facturer instructions. One sequencing library was sequenced
across four PacBio Sequel II 30-h Single Molecule Real Time
(SMRT) cells in circular consensus sequencing (CCS) mode.
To ensure high genome coverage, we prepared an additional
library from the same individual and sequenced the library on
a single PacBio Revio SMRT cell (Pacbio. 2024b). To scaffold
contigs into pseudochromosomes, we used high throughput
chromosome conformation capture (Hi-C) (Van Burkum et al.

20105 Belton et al. 2012). In situ Hi-C data was generated
following the protocol described in Rao et al. (2014). The
resulting data was used to scaffold the hifiasm draft to chro-
mosome length using the methodology described in www.
dnazoo.org/methods.

2.3 Nuclear genome assembly

We estimated genome size and repetitive content from
kmer frequencies using KMC 3 (Kokot et al. 2017) and
GenomeScope 2.0 (Ranallo-Benavidez et al. 2020) fol-
lowing GenomeScope 2.0 documentation (all software and
commands used to perform these analyses are provided in
Supplementary Table 1). HiFi reads generated using PacBio
Sequel I was computed from raw subreads using PacBio
SMRTIlink v13.1 software (available at https://www.pacb.
com/smrt-link/). To generate additional HiFi reads, we used
DeepConsensus v.1.0.0 (Baid et al. 2022). In short, to gen-
erate a draft consensus, we ran pbbioconda ccs 6.4.0, which
generates circular consensus reads and, in the process,
removes adapters, with the --min-rq=0.88 flag (Pacbio.
2024a). Next, we used actc (Topfer and Kronenberg 2022) to
align subreads to the draft consensus sequence. Then, we used
DeepConsensus to generate polished reads by using gap-aware
sequence transformers to correct errors in the CCS reads. The
default setting is for sequences generated on the Revio instru-
ment to be processed with DeepConsensus. The HiFi reads
were then assembled into contigs using default parameters
in hifiasm v0.16.1-r375 (Cheng et al. 2021). Following as-
sembly in hifiasm, we further removed putative duplicated
contigs using the purge_dups pipeline (Guan et al. 2020). The
Hi-C data was processed using Juicer (Durand et al. 2016),
and used as input into the 3D-DNA pipeline (Dudchenko et
al. 2017) to produce a candidate chromosome-length genome
assembly. We performed additional manual curation on the
scaffolds using Juicebox Assembly Tools (Durand et al. 2016;
Dudchenko et al. 2018). The contact matrices generated by
aligning the Hi-C data to the genome assembly before and
after the Hi-C scaffolding are available for browsing at
multiple resolutions at https://www.dnazoo.org/assemblies/
pteronarcys_californica using Juicebox.js, a cloud-based visu-
alization system for Hi-C data (Robinson et al. 2018).

We evaluated contamination in the genome using two
methods 1) the NCBI Foreign Contamination Screening
tools (Astashyn et al. 2024) and 2) blobtools (Laetsch and
Blaxter 2017). We then removed contigs that were assigned
to Bacteria, plants, or Chordata (see Supplementary Fig. 1).

2.4 Annotation

To characterize repetitive elements (REs) in the P. californica
assembly we identified and classified repeats using
RepeatModeler v2.0.5 (Flynn et al. 2020), and then annotated
REs in the assembly using RepeatMasker v4.1.5 (Smit and
Hubley 2019). The library used by RepeatMasker during
annotation (i.e. “-lib” flag) combined the species-specific re-
peat library output by RepeatModeler (i.e. the consensi.
fa.classified file) with a database of Arthropoda REs which
we extracted from RepeatMasker’s internal library using
the queryRepeatDatabase.pl script in the RepeatMasker/util
directory. We generated a transposable element (TE) land-
scape plot by first processing the “.align” file produced by
RepeatMasker with the calcDivergenceFromAlign.pl script
(RepeatMasker/util) and then plotting the resulting output
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Fig. 1. Giant salmonfly photographs, habitat, distribution, and decline. A) Photos of a nymph and B) an adult Pteronarcys californica; C) full-body photo of
an adult; D) photo of Diamond Fork River, UT, where the individuals sequenced for this study were collected; E) map of species distribution; and F) plot
of individual densities over time within Utah, United States, based on sampling data from the National Aquatic Monitoring Center (NAMC) (https://namc-

usu.org/data) and fitted to a negative binomial generalized linear model.

in R v4.3.1 (R Core Team 2023). We also characterized
REs in the assemblies of nine additional stonefly species for
which assemblies were available on NCBI: Amphinemura
sulcicollis (GCA_001676325.1; MacDonald et al. 2016),
Brachyptera  putata  (GCA_907164805.1),  Isoperla
grammatica (GCA_945910005.1; MacDonald et al. 2016),
Lednia tumana (GCA_003287335.1; Hotaling et al. 2019),
Leuctra nigra (GCA_934045905.1; Clifford et al. 2023),
Nemoura dubitans (GCA_921293005.1; Farr and Macadam
2023), Nemurella pictetii (GCA_921293315.2; Macadam
et al. 2022), Protonemura montana (GCA_947568835.1;
Dixon and Macadam 2023), and Sweltsa coloradensis
(GCA_024449915.1; Malison et al.2022). For each additional

species, we followed the above protocol for RE analysis ex-
cept that the species-specific RepeatModeler library for the
respective species was merged with the Arthropoda repeat da-
tabase prior to annotation in RepeatMasker.

To annotate gene sequences we assembled the transcriptome
of Pteronarcys scotti using publicly available RNA sequencing
reads (South et al. 2021) with Trinity v2.8.5 (Grabherr et al.
2011). We then translated the transcriptome assembly into
amino acid sequences with TransDecoder (Haas 2024) and
used translated sequences as evidence for gene prediction
with GALBA (Brina et al. 2023) on the softmasked genome
assembly. Following gene prediction in GALBA, we used
blastP 2.9.0 + (Camacho et al. 2009) with a filter of 1e-25
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to identify annotated genes that had orthologues in the
annotated protein sets of the polyneopteran species Bacillus
rossius (Lavanchy et al. 2024), Dryococelus australis (Stuart
et al. 2023), Coptotermes formosanus (Itakura et al. 2020),
Diploptera punctata (Fouks et al. 2023), Periplaneta amer-
icana (Li et al. 2018), Schistocerca americana (Childers et
al. 2021), Schistocerca gregaria (Verlinden et al. 2021), and
Timema podura (Comeault et al. 2016). This filtering ap-
proach has previously been shown to increase the specificity of
GALBA annotations by removing spurious gene annotations,
with a minimal reduction of sensitivity (Tolman et al. 2023).
We evaluated the completeness of the annotation with the
insecta_odb10 dataset with BUSCO 4.1.4 (Kriventseva et al.
2019; Seppey et al. 2019; Manni et al. 2021), and assigned
gene ontology (GO) terms for the recovered amino acid
sequences with InterProScan 1.8.0_402 (Jones et al. 2014).

3. Results

The GenomeScope 2.0 profile indicated that the genome of P.
californica is substantially repetitive (49%) with an estimated
genome length of 1.7 Gbp (Fig. 2). The final duplicate-purged
and contaminant-filtered genome assembly length, however,
was 2.40 Gbp, which is the largest for any stonefly species
sequenced to date. The assembly length was much larger
than the estimate from GenomeScope 2.0, likely due to the
undercounting of repetitive kmers as demonstrated previously
on large insect genomes (Pflug et al. 2020). We recovered
98.83% of Insecta universal core orthologs, suggesting high
gene completeness (Table 1). We annotated a set of ~25,000
genes, containing 96.8% of the universal core orthologs.
Approximately 14,000 of the genes were assigned GO terms
by InterProScan.
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Following repeat masking, we found that REs accounted
for 61.4% of the P. californica assembly. Of those REs that
could be classified, Class I retroelements comprised 11.4%
of the assembly with long interspersed nuclear elements
(LINEs, 7.82%) and long terminal repeats (LTRs, 2.64%)
being the most abundant Class I elements, followed by
Penelope (1.17%) and small interspersed nuclear elements
(SINEs, 0.91%). Class II elements (transposons) accounted
for 7.1% of the assembly with hAT elements being the most
abundant Class II superfamily (2.64%) followed by CMC
(1.23%) and Tcl/mariner (0.79%) superfamilies. Simple
repeats were the largest category of non-interspersed repeats
at 4.1% of the assembly. The large majority of REs (60.6%)
were unclassified, accounting for 37.2% of the overall
assembly.

Across publicly available stonefly assemblies, REs
accounted for much of the variation in genome size and were
particularly abundant in P. californica. For example, the
LINE + LTR content of P. californica alone exceeded the en-
tire assembly size of seven of the nine additional stonefly spe-
cies sampled (Fig. 3). DNA transposons showed the largest
increase in genomic proportion in P. californica compared to
the relative abundance in all other species. The fraction of
unclassified repeats was high for all species (average fraction
of all repeats = 70.1%, range = 60.6% to 83.5%), a trend
consistent with prior observations in Plecoptera (Sproul et
al. 2023). Although the resolution of TE landscape plots is
limited by the fraction of unclassified repeats, those REs that
could be classified as well as the varied distribution of RE
peaks along the x axis suggest dynamic evolutionary histories
of REs in stoneflies. For example, they show evidence of
major recent TE expansions (e.g. LTRs in L. nigra, Fig. 3) to
various historical bursts of activity (e.g. SINEs in L. tumana
and other repeats (Helitrons) in Protonemura montana).

Fig. 2. Kmer histogram and Hi-C contact map. A) Genomescope Profile of kmers derived from HiFi reads. B) Hi-C contact map of the 14 chromosome-
length scaffolds, numbered by size for convenience https://www.dnazoo.org/assemblies/pteronarcys_californica.

$20Z 1800100 ZZ U0 Jasn saueiqi] AlsieAiun eiquinio) Aq /7 /8€///y7¥08ess/paisyl/ce0] 01 /10p/ajonie-aoueApe/palayl/woo dno-olwspese//:sdny wolj papeojumoq


https://www.dnazoo.org/assemblies/pteronarcys_californica

An unusually large genome from an unusually large stonefly doi:10.1093/jhered/esae044

Downloaded from https://academic.oup.com/jhered/advance-article/doi/10.1093/jhered/esae044/7738777 by Columbia University Libraries user on 22 October 2024

% 1S 0N ‘%9904 “[%6°T *d “%€6796 S] QWos
%€8°86 O ) -owoaynH ({01 €0¢ cre D21ULOJiDD S(24vU041 ] SePIAdTEUOI ] 0000000009 [HOI[
%LE0 W “%TT0 A T%ILT *A “%99L6 *S] Quwos
% Y66 O 143 -owoayn 9YL8 w9¢ €69°0 D210UDAS D] 42 OS] SEPIPOLIad 1°§00016S6 VOO
%670 W “%ST°0d (%191 :d“%S6 L6 *S] Qwos
%98°66 D xCe -owoays €9¢¢ LLT L8570 DA DAONI T SEPLIdNIT 1°S06S¥0¥€6° VOO
L9ET TU“%S6°0 TN “%06'T  1%T0t *A “%TI €6 S|
%¥1'L6 D 33 Snuon YT LSTT ¥$T0 SISUapPL0]02 vS]jamg aeprpsadoroy) 1'ST66¥¥¥T0 VOO
%88°0 ‘W “%65°0 *d [%++°0 :d ‘%0186 *S] Qwos
%¥5'86 0 *¥9 -OwoIys §9¢v 19 ST vyvind vio3dleqovig aeprifmadoruaey, 1°S08¥91206 VOO
%€6°S W “%66°07d 1%99°0 *A “%0% 1L 5]
%90°CL D *09 P1O3382§ §y0¢ €19°81 (4% bupuing prupa| SEPLNOUN 1°S€€L8TE00 VOO
%10 W “%L0°0 *d (%8870 *d ‘%1986 *S] 2uwos
%6¥°66 D x79 -owoIys 0°1ce 61 [ SUPRgnp pANOULIN STPLINOUN 1°S00€6T1T6 VOO
%CT0 W “%ST°0d [%99°0 :d ‘%8686 *S] Swos
%¥9°66 D %89 -owoIys 0°LST 6 96 1101214 vjjonuaN SEPLINOUN TSIEC6TITE VOO
%TTTT ‘N “%TH'S€ [%F 0 °d “%S 1S *S]
%¥6°18 O ot Snuop 6'1LC 91199 9%8000°0 sijjo21oyns vanuduigduty SEPLIMOUWIN 1'§7€9£9100° VOO
%180 W “%L0°0 *d (%9970 *A ‘%986 *S] 2wos
% Y66 O xe8 -oworys $°88¢ €l 9 DUDTUOUL DINUIUOTOA] SEPLINOUBLN 1°$€889SL+6 VOO
dwowds  (qQ) zIs 0sT  (9A) OSN
0osng 98e10A0)) Jo odA47, QwIoudx) Snuo) Snuo) saadg Aprureg uoI1ssa22e [ION

"t207 4O se sonsiels Aljenb pue saljquesse swousb Ajjeuols 1ueun) 'L ajqer



6 Eichert et al. An unusually large genome From an unusually large stonefly

2500 o
2000 -
—
=
<~ 1500 ~
=
-
()]
c
2
> g
5 E
& 1000 - 2
a 2
2] S
< UJ\
500 4
0 - !;_E!—-EII
T T T T T T T T T T 1
g g g8 S gL
5 5 5 3 £ o 5 5 £ 3
E 2 E 5 3 2 3 2 O g
o £ © g 4 >0 9 = ¢
c o c < 4 9 » o
ez = 2 @ @
- - &
o <
Euholognatha Systellognatha
Legend

Unique/Low repeat . DNA transposons
. Unclassified repeats
Other repeats

Satellite DNAs

B1-2 Cs

Proton_gm. montana

Systellognatha

0.8 L 4
0.4 i 211
Yep L | [T T Tl — oll [
1.2 .
Nemoura dubitans 291 My
08 15 || |||
1.0 Al
0.4
05 "
— 0.0 IIIIJII.II!‘ 0.0 | hll“llll“iiimumnn__.
0.20 . - "
o015 | Amphi. sulcicollis o | -
||
0.10 | h| " 06 e
0.05 1Bl 03 | ||||||
S I ooy || |||
15 — 3
1o Nemurella pictetii ) ‘E
0.5 1
0.0 Illhlllml.lmld-lll!!lﬂlll_n ..... 0 |IIIIilmiiiiiﬂ"nnm........_,_,,

0.3
Lednia tumana

20{
0.2 | || II 15] 1
e— ll
i || ||||||I
05
0.0 ill | | II Ihlllm ......... 0.0 II hll'll- ,,,,,,,,, -

0.8 2.0
06 Brachyptera putata 15 II|I| -
0.2 0.5 I
0.0 ,,_|II||IIII.IIII!!’I“.||I.IIII...__, 0.0 | |||I|Elilllglm_,
3
‘ Leuctra nigra 6 |
2 4
1 2 |h-- |
0 ||!||--» 0 IIIIIIEIIIiIn-..: ............
1.5 [l
10 Isoperla grammatica 4
05 ||| 2 | |
0.0 I“!llllmlmmll!lllllliln...__, 0 | |||||i
15
1o Sweltsa coloradensis g
gl :
00 ||||Iln|m|m|mn...._, 0
2.0 .
15 Pteronarcys californica 4
1.0
0.5 |I|| 2 | || H -
PR —— N ] —
0 20 40 0 20 40

Kimura substitution level Kimura substitution level

Fig. 3. Repetitive element content in stonefly genome assemblies. A) Summary of assembly content for 10 stonefly species with repetitive element
content shown by different colors; B) transposable element (TE) landscape plots of classified TEs in the same 10 stonefly species as are summarized
in with phylogenetic relationships indicated by the tree to the left of the plots. The x axis indicates sequence divergence (CpG adjusted Kimura
distance) relative to consensus sequences for abundant TE categories. The y axis indicates TE abundance as a percentage of the assembly. Peaks in
TE abundance shifted to the left of the x axis show less relative divergence from the consensus and are presumed to represent more recent historical
TE expansion whereas abundance peaks that are right-skewed are presumed to represent relatively older historical TE expansions. C) See the previous
explanation for (B), except that the unclassified repeats are included in TE landscape plots.

4. Discussion

Here we present a chromosome-length genome assembly
for P. californica; the first species sequenced in the stonefly
family Pteronarcyidae. Our aim was to provide a genomic re-
source to complement ongoing ecological research into an or-
ganism that is disappearing from rivers across western North
America.

At 2.40 Gbp, the P. californica genome assembly was the
largest stonefly genome sequenced to date. We provide evi-
dence that the expansion of REs accounts for much of the

genome size increase in P. californica relative to other stonefly
lineages (Fig. 3, Table 1). In Plecoptera, genome sizes vary
widely due to RE expansion (Fig. 3, Table 1), similar to many
groups of insects and other eukaryotes (Blommaert 2020;
Cong et al. 2022; Heckenhauer et al. 2022). Our findings
reveal a preliminary trend in which species belonging to in-
fraorder Euholognatha (i.e. families Capniidae, Leuctridae,
Nemouridae, Notomemouridae, and Taeniopterygidae) have
smaller, less repetitive genomes than species in infraorder
Systellognatha (i.e. families Perlodidae, Chloroperlidae, and
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Pteronarcyidae), but additional sequenced samples in both
infraorders are needed to verify this trend. Additional sam-
pling would also allow for testing of whether ecological (e.g.
habitat use) and life history strategies (e.g. voltinism, body
size), or population demographics (e.g. effective population
size), are correlated with patterns of genome size across the
order.

For all stonefly species, a high proportion of REs were
unclassified (average = 70.1% stdev = 6.7%), which limits
resolution regarding which REs groups have been the most
important drivers of genome size evolution. A similarly high
proportion of unclassified REs was previously noted within
Plecoptera (Lednia) and other early branching insect lineages
(e.g. Ephemeroptera) and correlates with poor representation
of curated REs for these groups in RE databases (e.g. Repbase/
Dfam) (Sproul et al. 2023, see Fig 3D and Supplementary Table
S1). As a critical mass of stonefly assemblies accumulates,
efforts to build a curated RE library for the group can enable
higher-resolution insights from REs and accelerate our under-
standing of their genome evolution.

While thoroughly addressing genome size evolution in
Pteronarcys requires additional study within the species and
order, we present a brief discussion here to guide future work.
Two observations that correlate with the large genome size of
P. californica are its substantial body size (among the largest
of all stonefly species) and its merovoltine life cycle. It is con-
ceivable that both factors may lead to a relatively reduced
effective population size for P. californica compared to other
stonefly species, particularly those with genome assemblies al-
ready available. For example, the large body size of benthic
invertebrates may limit their potential habitat as they require
larger substrates with sufficient interstitial space to avoid pre-
dation or dislodging due to water currents (Douglas and Lake
1994; Buffagni et al. 1995). Merovoltinism exposes cohorts
to the risk of predation/death over 3 to S years as nymphs,
before their emergence as adults. As effective population size
(N) decreases, the efficacy of natural selection at purging
slightly deleterious mutations (e.g. repetitive element accu-
mulation), also decreases. Based on this N -mediated balance
between selection and drift, and the broad link between body
size and N_ observed across eukaryotes, it has been proposed
that body size is an important driver of genome size and com-
plexity (Lynch and Conery 2003).

Supplementary material

Supplementary material is available at Journal of Heredity
online.
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