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ABSTRACT

The phylogenetic relationships within the molluscan class Polyplacophora (chitons) have been studied using
morphology, traditional Sanger markers and mitogenomics, but, to date, no analysis has been carried out
using transcriptomic and genome-wide data. Here, we leverage the power of transcriptomes to investigate
the chiton phylogeny to test current classification schemes and the position of Callochitonidae, a family
whose phylogenetic position and taxonomic assignation are uncertain because of conflicting results from
past studies. Using multiple data matrices with different taxon occupancy thresholds and inference methods,
including both concatenated and coalescence-based approaches, we find a consistent resolution of the chiton
phylogeny. Our results support a system with the orders Lepidopleurida, Chitonida and Callochitonida, with
the latter two as sister groups. This resolution is compatible with recent mitogenomic results and rejects the

position of Callochiton as a member of Chitonina.

INTRODUCTION

Chitons (Polyplacophora) constitute a group of exclusively benthic
marine molluscs characterized by a flattened body and eight dorsal
articulating shell valves surrounded or entirely covered by a gir-
dle that may present spines, scales or hairs. They attach to hard
substrates thanks to a ventral, oval creeping foot that delimits an
elongated, pallial cavity with a series of gills. Chitons are ecolog-
ically important in the littoral zone, where they are major grazers
(Sigwart & Schwabe, 2017). A series of specializations to deeper wa-
ters have taken place, especially among Lepidopleurida, which can
be found on sunken wood, cold seeps and other abyssal habitats
(Sigwart, 2017). A few unrelated species in three genera are preda-
tory, including the western Pacific species Placiphorella velata (Car-
penter MS, Dall, 1879). Recent research on chitons has focused
on novel aspects of their sensory biology, including the anatomy
and function of sensory organs (Speiser, Eernisse & Johnsen, 2011;
Sigwart et al., 2014; Sumner-Rooney et al., 2014; Li et al., 2015;
Sumner-Rooney & Sigwart, 2015).

Extant chitons form a monophyletic group (e.g. Okusu et al.,
2003; Stoger et al., 2013; Irisarri et al., 2020) with one subclass,
Neoloricata. Until recently, the currently accepted classification,
based on a consensus of molecular data and many morphological
character sets, divided extant Neoloricata into two orders, Lepido-
pleurida and Chitonida, with the latter divided into the suborders

Chitonina and Acanthochitonina (Ponder, Lindberg & Ponder,
2020). Despite being previously placed in the suborder Chitonina
(Kaas & Van Belle, 1990; Ponder et al., 2020), Callochiton had been
recovered as the sister group to the order Lepidopleurida in an
early five-gene phylogeny (Okusu et al., 2003). This result was ques-
tioned by Buckland-Nicks (2008) and subsequent analyses, which
used Sanger data, recovered Callochiton as the sister group to the
remaining Chitonida (Giribet et al., 2006; Wilson, Rouse & Giribet,
2010; Stoger et al., 2013; Irisarri et al., 2020). Because of the impos-
sibility of reconciling current phylogenetic results and the existing
classification system, Giribet & Edgecombe (2020: 362) recognized
Callochitonida as a newly ranked order within Neoloricata. These
changes in classification obviate the use of major groups used in the
past, such as Ischnochitonina (e.g. Sirenko, 2006), but correlate well
with the evolution of two of the trademark characters of chitons,
sperm and egg hull morphology (Buckland-Nicks, Chia & Koss,
1990; Okusu ¢t al., 2003; Buckland-Nicks, 2008).

The phylogeny of the order Lepidopleurida has been studied
using both anatomy (Sigwart, 2009) and molecular characters
(Sigwart et al., 2010), and other subclades of chitons have also
been investigated, including Chitonida (Sigwart et al., 2013) and
Acanthochitonina (Irisarri, Eernisse & Zardoya, 2014). More re-
cently, the first mitogenomic analysis of the entire Polyplacophora
was published (Irisarri ef al., 2020). However, no analysis has stud-
ied chiton phylogeny using transcriptomes, despite the generalized
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Table 1. Assembly statistics of the species included in this study, including the number of reads before and after filtering, and the percentage of completeness

evaluated in BUSCO.
Assembly statistics
% BUSCO
No. of peptides % BUSCO frag-
Voucher no./ Sampling No. of raw  No. of reads No. of No. of tran- No. of unique after isoform  complete mented
Species SRA no. location reads after filtering contigs scripts  N50 transcripts filter genes genes
Acanthochitonidae
Acanthochitona SRR5110525  France, 35,737,364 28,368,045 150,540 269,342 1,401 141,375 26,295 99.0 0.9
crinila Atlantic
(Pennant, Ocean
1777)
Choneplax lata MCZ-384341/  Belize, 13,841,239 9,476,608 143,264 243,996 515 210,809 11,153 18.9 34.0
(Guilding, SRR13010088 Adantic
1829) Ocean
Cryptoplacidae
Cryptoplax Japan, 17,800,695 12,798,967 120,707 245,694 492 203,527 10,200 35.8 37.2
Japonica SRR 13010086 Pacific
Pilsbry, 1901 Ocean
Tonicellidae
Tonicella lineata SRR6926331  USA, 52,590,364 45,056,392 183,125 257,094 1,199 216,318 57,386 94.5 4.1
(Wood, 1815) Atlantic
Ocean
Callochitonidae
Callochiton MCZ-378036/  Spain, 26,910,752 20,504,400 112,451 203,179 2,133 147,588 26,028 99.5 0.5
septemvalvis SRR13010089 Mediter-
(Montagu, ranean
1803)
Chitonidae
Rhyssoplax MCZ-378064/  Spain, 23,189,291 11,294,052 161,349 279,802 825 191,249 25,054 57.0 34.9
olwvacea SRR618506 Mediter-
(Spengler, ranean
1797)
Ischnochitonidae
Stenoplax MCZ-384368/  Belize, 38,822,607 29,469,855 137,431 327,012 772 254,950 17,249 45.7 36.3
bahamensis SRR 13010087 Atlantic
Kaas & Van Ocean
Belle, 1987
Leptochitonidae
Lepidopleurus SRX5063921  Spain, 42,198,797 28,421,760 81,028 95,311 343 77,667 7,395 14.1 26.6
cajetanus (Poli, Mediter-
1791) ranean
Leptochiton SRR1611558  USA, 24,835,027 14,476,845 84,281 149,507 1,122 81,431 23,861 69.8 19.1
rugatus Atlantic
(Carpenter in Ocean
Pilsbry, 1892)
Solenogastres
Pholidoskepia SRR1505105  USA, 40,587,186 10,702,010 70,570 127,028 514 91,829 15,014 55.9 30.3
sp. Pacific

Ocean

use of phylogenomics to study molluscan phylogeny since a decade
ago (Kocot et al., 2011; Smith et al., 2011).

The goal of this paper is to assess the current systematics of Poly-
placophora, using a phylotranscriptomic approach, and to specifi-
cally investigate the position of Callochiton, that is to clarify whether
Callochiton belongs within Chitonina or is the sister group to ei-
ther Chitonida or Lepidopleurida, under the recently recognized
Callochitonida.

MATERIAL AND METHODS

Taxon sampling, library preparation and sequencing

All samples were flash-frozen in liquid nitrogen or fixed in
RNA/ater® (Life Technologies, Carlsbad, CA, USA) and stored at
—80° C. Total RNA was extracted using TRIzol® (Invitrogen,
Carlsbad, CA, USA), following the manufacturer’s instructions and

as described by Lemer et al. (2015). mRNA purification, library
construction and amplification were carried out using the KAPA
mRNA HyperPrep Kit (Illumina, San Diego, CA, USA), follow-
ing the manufacturer’s protocol. We sequenced the cDNA from
four polyplacophorans using an Illumina HiSeq 2500 platform
(Table 1). Reads were deposited in the Sequence Read Archive
(SRA; https://www.ncbi.nlm.nih.gov/sra) under the BioProject ac-
cession no. PRJNA674863. These were combined with the six
published transcriptomes of Acanthochitona crinita, Rhyssoplax olivacea,
Lepidopleurus cajetanus, Leptochiton rugatus and Tonicella lineata, and a
solenogaster species of the order Pholidoskepia, all of which were
downloaded from NCBI SRA base using sratoolkit v. 2.7.

Transcriptome assembly

All transcriptomes were assembled de novo. The total number of
sequencing reads before and after the filtering steps mentioned
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Figure 1. A. The phylogeny of chitons is based on the topology of the ML-cat analysis of the 50% occupancy matrix, which was congruent with all other
ML-cat, ML-part, BI and CM analyses. All branches in all analyses received maximal bootstrap support and posterior probability values (denoted by green
circles). The tree is rooted with the Solenogastres Pholidoskepia sp. The three polyplacophoran orders, Lepidochitonida, Callochitonida and Chitonida
(including Chitonina and Acanthochitonina), are colour coded in different shades of blue. The scale bar indicates substitutions per site. B. Taxon occupancy
matrices used in the phylogenetic analyses, including the largest matrix with 3,063 genes (50% completeness; in green), a subset with 867 genes (70%
completeness; in orange) and one with 182 genes (90% completeness; in red). Genes and species are ordered with the best sampling on the upper left; black
cells indicate genes present for each species. CG—=H. Living examples of taxa studied. C. Lepidopleurus cajetanus. D. Callochiton septemvalvis. E. Rhyssoplax olivacea.
F. Stenoplax bahamensis. G. Tonicella lineata. H. Choneplax lata. Image credits: G, X. Salvador; D-H, G. Giribet.

below is specified in Table 1. Rcorrector v. 3.0 was used to cor-
rect random sequencing errors in Illumina RNA-seq reads (Song &
Florea, 2015). The second round of quality threshold filtering was
conducted with Trim Galore! v. 3 (Krueger, 2018) setting the qual-
ity threshold minimum Phred score to 33 and removing reads <50
bp long. Undesirable ribosomal RNA (rRNA) and mitochondrial
sequences were filtered out by mapping reads to downloaded mol-
lusc datasets (SILVA 4 GenBank) with Bowtie2 v. 2.3.2 (Langmead
& Salzberg, 2012). Filtered paired-end reads were de novo assem-
bled in Trinity v. 2.4 (Haas et al., 2013). A second round of Bowtie2
filtering was then performed on the assembled transcriptomes to
ensure the removal of remaining undesirable rRNA sequences. We
used CD-HIT-EST v. 4.6.4 with an identity clustering threshold of
95% to reduce sequence redundancy and improve the performance
of downstream analyses (Fu et al., 2012). Afterwards, transcripts for
each assembly were scanned for open reading frames and trans-
lated into amino acids using TransDecoder v. 3.0 (Haas et al., 2013).
Amino acid sequences were then grouped into isoforms and the
longest ones were selected for each isoform group using a custom
script, choose_longestMOD_v2.py (Lemer et al., 2019).

The completeness of our assembled transcriptomes was checked
by running them against the BUSCO v. 3.0.2 (Table 1; Simao
et al., 2015) Metazoa odb9 dataset (978 total genes). OMA v. 2.2
was used to identify orthologs among peptide assemblies (Altenhoff
et al., 2019). The number of ortholog groups per sample before and
after matrix selection can be found in Table 1. Ortholog groups
were aligned using MAFFT v. 7.407, algorithm L-INS-I (Katoh
& Standley, 2013). Alignment ends were trimmed from the align-
ments using the custom script rimEnds.sh (Cunha & Giribet, 2019).

Ortholog matrices accounting for 50%, 70% and 90% taxon oc-
cupancy were selected to perform phylogenetic analyses. Trimmed
alignments were concatenated using Phyutility v. 3 (Smith & Dunn,
2008). Occupancy matrices were visualized in RStudio v. 1.1.447
(Fig. 1B). Ortholog matrices are available on the Harvard Dataverse
(https://doi.org/10.7910/DVN/NUVECG).

Phylogenetic analyses

Species trees were inferred using maximum likelihood (ML) imple-
mented in IQ-TREE-MPI v. 1.5.5 (Nguyen et al., 2015). We used
(1) a model search including the C10 to C60 profile mixture mod-
els (Quang, Gascuel & Lartillot, 2008), ML variants of the Bayesian
CAT model (Lartillot & Philippe, 2004; hereafter ML-cat), and (2)
ModelFinder (Kalyaanamoorthy et al., 2017) to set a model for
each partition (hereafter ML-part). The top 10% partition merg-
ing schemes of ML-part were examined via a relaxed hierarchi-
cal clustering algorithm to reduce computational burden (Lanfear
et al., 2014). Branch support was estimated via ultrafast bootstraps
(1,500 replicates). Bayesian inference (BI) was executed in ExaBayes
1.5 (Aberer, Kobert & Stamatakis, 2014) using the GTRGAMMA
model on the unpartitioned datasets, with three coupled Markov
chain Monte Carlo MCMC) runs, each with 1 million generations
and sampling every 500 generations. The first 25% of trees were
discarded as burn-in for each MCMC run. Convergence was con-
sidered acceptable when effective sample size was >200 and poten-
tial scale reduction factor was 221. Convergence was confirmed by
assessing whether the maximum and average standard deviation of
split frequencies were <0.001. Topological robustness was assessed
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using posterior probabilities. A coalescent method (CM) based on
gene trees for the reconstruction of species trees was performed us-
ing ASTRAL-III (Zhang et al., 2018), with initial gene trees for each
orthogroup analysed in RAXML v. 8.2.11 (Stamatakis, 2014). Trees
were visualized in Fig'Tree v. 1.4.4 (Rambaut, 2014) and edited in
Inkscape v. 1 (Inkscape Project, 2020) (Fig. 1A).

RESULTS AND DISCUSSION

All analyses found a basal divergence between Lepidopleurida and
the remaining taxa, with Callochiton septemvalvis being the sister group
to all other Chitonida included in this analysis (Fig. 1A), and thus
supporting the division of Polyplacophora into three main lin-
eages, Lepidopleurida, Callochitonida and Chitonida. Our phy-
logeny agrees with previous Sanger sequence-based analyses, which
included numerous chitons (Wilson e al., 2010; Stoger et al., 2013;
Irisarri e al., 2014), as well as with recently published mitogenomic
analyses (Irisarri et al., 2020). We also found that Chitonida is di-
vided into Chitonina and Acanthochitonina, the latter containing
Mopalioidea and Cryptoplacoidea; again, this being consistent with
published studies (e.g. Sirenko, 2006; Sigwart ¢t al., 2013; Irisarri
et al., 2020). While other classifications include Callochitonidae in
Chitonida (Ponder ¢t al., 2020), they are unable to accommodate the
unique position of this taxon. For example, maintaining the division
of Chitonida into Chitonina and Acanthochitonina—a system cur-
rently followed by Ponder et al. (2020), which lists Callochitonidae
as a family in the suborder Chitonina (Chitonoidea: Chitonida)—
would result in paraphyly of these three taxa. Likewise, the topol-
ogy of Irisarri et al’s (2020) phylogeny recognized Lepidopleurida
and Chitonida but left Callochitonidae as a family outside both
these orders. A sister-group relationship between Callochitonidae
and Acanthochitonina has also been proposed based on a handful
of standard Sanger markers (Sigwart et al., 2013), but the rooting
of the trees with Lepidopleurida did not test this position with an
outgroup outside of Polyplacophora.

Our results are consistent and strongly supported, and support
the classification of Giribet & Edgecombe (2020), who recognized
three orders of chitons. Callochitonida is, thus, recognized as an
order that shares a combination of characters with both Lepido-
pleurida and Chitonida. These characters are an egg hull similar
to that of Lepidopleurida, and therefore possibly plesiomorphic,
and sperm with the filamentous nuclear extension and reduced
acrosome typical of Chitonida (Buckland-Nicks & Hodgson, 2000;
Buckland-Nicks & Reunov, 2010). Callochitonida’s valve insertion
plates and lateral gill placement are additional characters that are
shared with Chitonida (Sirenko, 2006).

Our resolution of internal relationships within Chitonida is com-
patible with that of most recent analyses of this group, with Chi-
tonida divided into Chitonina and Acanthochitonina, the latter
containing Mopalioidea and Cryptoplacoidea (e.g. Sirenko, 2006;
Sigwart et al., 2013; Irisarri et al., 2020). Our phylotranscriptomics-
based approach agrees well with earlier work on chiton phylogeny
and, despite the small number of taxa used, has yielded consistent
and well-supported relationships. Furthermore, the novel transcrip-
tomic resources provided here will be able to inform probe design in
enrichment-based phylogenomic studies using high-throughput se-
quencing of hundreds of genes (e.g. Faircloth ez al., 2012; Abdelkrim
et al., 2018; Quattrini et al., 2018; Moles & Giribet, 2021).
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