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ABSTRACT

Paleontology in the 21st century is a field with high interdisciplinary coopera-
tion. Aside from the traditional morphology analysis, modern paleontologists and
taxonomists can also leverage novel technical breakthroughs in molecular biology
to peek into the evolutionary past. Irregular echinoids, which comprise the extant
members of heart urchins (Atelostomata), sand dollars (Scutelloida), and sea biscuits
(Clypeasteroida), is a subgroup of echinoids exhibiting a secondary bilateral sym-
metry body plan. This clade’s evolution history and development remain a realm of
intensive investigation that benefits profoundly from the progress of Next Genera-
tion Sequencing (NGS) technology. In this study, we reviewed the methodology and
theoretical basis of molecular evolution and conducted a case study on the Taiwanese
endemic sand dollar species Sinaechinocyamus mai. We exemplified the value of se-
quence analysis in phylogeny study and the prospect of incorporating molecular data
in future investigations to shed light on the enigmatic phylogenetic relationship and
body plan establishment of Scutelloida and Clypeasteroida.

Ocean. Sci., 32, 1081-1092, doi:
10.3319/TA0O.2021.10.01.01

1. INTRODUCTION
1.1 Sequencing Technology

The development of evolutionary theory and sequenc-
ing technology are coupled with each other. Since 2005,
next-generation sequencing (NGS) is one of the most sig-
nificant technological breakthroughs in the field of molecu-
lar biology (Goodwin et al. 2016). With the aid of NGS, the
availability of non-model species DNA sequences signifi-
cantly increases. Therefore, the new field “phylogenomic,”
using the genomic scale sequence data to reconstruct the
phylogenetic relationship between species, has emerged and
improved both the depth (more evolutionary distant clades,
such as the divergence between kingdoms) and resolution
(able to resolve the relationship between closely related
groups) of the tree of life (Chan and Ragan 2013).

In spite of the flourish of NGS technology, the tradi-
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tional gene markers used in molecular evolution do not
entirely step down from the stage. Due to various reasons
(i.e., cost, difficulties in data analysis, sample quality),
single gene markers remain useful in small-scale analyses.
The massive quality of data produced by whole-genome se-
quencing provides detailed information but is cumbersome
in analysis (Cannon and Kocot 2016). One way to do so is by
only sequencing the coding region of the genome. As shown
in Table 1, transcriptome analysis represents a balance be-
tween the phylogeny resolution whole-genome sequencing
(WGS) and the cost and convenient advantage of gene mark-
ers (Cannon and Kocot 2016; Young and Gillung 2020).
Modern biologists can facilitate paleontology studies
in various ways. Through experimental models of modern
species, developmental biologists can answer how certain
structures possibly formed in fossil species and the potential
gene regulatory networks responsible for the evolutionary
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Table 1. Comparison of three strategies for implementing molecular data in phylogeny analysis.

Single gene markers or organelle genomics

Transcriptome ‘Whole-genome sequencing

Low
Museum specimens preserved in alcohol are
usually satisfactory.

Sample requirement

High
RNA is unstable in most storage
conditions, and special preserving
measures like liquid nitrogen are
needed.

Variable
The desired reading depth, the average
sequenced counts of individual bases
in the genome, determines the sample
requirement.

Thus, it is not suitable for decomposed Museum specimens preserved in alcohol

specimens. are generally satisfactory.

Acquired genomic Predetermined target loci or organelle

Majority of coding sequences of the

Nearly complete genome, including

data genomes (mitochondria or chloroplast) nuclear genome coding and non-coding regions.
tati Middle-high dtob lyzed b, High d to b lyzed by laborat
ComPu ation Low, can be analyzed by personal computers iddle-high, need to be analyzed by igh, need to be analyzed by laboratory
requirement laboratory workstations workstations or computing clusters

Evolutionary trajectory of organelle genomes
and single gene markers may be different

Potential pitfalls from overall species, particularly under the

Sampling from different tissues possibly

rendering orthologue identification more

Poor quality assembly may introduce
artifacts interfering with downstream
phylogenetic inference.

yields different mRNA isoforms,

circumstance of horizontal gene transfer. challenging.
Cost Low Middle High
Phylogeny resolution Low Middle High

Smith et al. (2006)
Lin et al. (2020)

Example

Mongiardino Koch et al. (2018) Allen et al. (2017)

origin and development of these characters (Thompson et
al. 2017). The relationship among fossil species with extant
representatives in their corresponding clades can be sup-
ported by reconstructing the phylogeny based on sequenc-
ing data of extant species. Furthermore, sequencing data is
also able to provide evidence of divergence time and cor-
relate with geological events (Coppard and Lessios 2017).
Analyzing the genetic material inside fossil specimens is a
field under active development as well (Pddbo et al. 2004).
Under adequate conditions, ancient DNA (aDNA) can pre-
serve up to more than one million years (Van der Valk et al.
2021). Through direct sequencing of DNA of ancient spe-
cies, researchers can be more certain about the population
genetic dynamic and the relationship between fossil and ex-
tant species (Orlando and Cooper 2014). Furthermore, the
genetic basis provides an independent dataset for phylog-
eny inference other than traditional phenotype comparison
alone (Orlando and Cooper 2014). Therefore, the advent of
sequencing technology has revolutionized paleontology by
adding a new dimension to the study material.

1.2 Phylogeny of Irregular Echinoids

Echinoidea, commonly known as sea urchins, forms a
conspicuous and essential element of many marine benthic
communities. They exploit a wide array of marine habitats
and contribute the greatest levels of biodiversity in shallow
shelf areas. Arisen since the Middle Ordovician in 460 mil-
lion years ago (Mya), there are more than 1000 living spe-
cies in the clade of Echinoidea (Kroh and Smith 2010; Kroh
2020). The robust endoskeleton structure, known as stereom
(Lin et al. 2021), which is composed of multi-plated mag-

nesium calcite, allows echinoids to leave a relatively rich
fossil record: in total, there are about 10000 fossil species
(Kroh 2020). From paleontology to developmental biology,
the extant species and the rich fossil record make the echi-
noids excellent candidates as valuable study models.

Among the clades in Echinoidea, Irregularia, includ-
ing species are commonly known as sand dollars (Scutel-
loida) and sea biscuits (Clypeasteroida), distinguish them-
selves from irregular echinoids through the unique body
plan (Saucede et al. 2007). One of the characteristic features
of the Echinodermata phylum is the pentameric symmetry
body plan. The larvae of echinoderms are bilaterally sym-
metrical, while upon metamorphosis, the larval structures
typically are lost and yield a pentameric juvenile (Peterson
et al. 2000). However, irregular echinoids share a secondary
adult bilateral symmetry body plan (Fig. 1), and the estab-
lishment of body axis is still largely unknown and intriguing.
Furthermore, the phylogeny study regarding the relation-
ship among irregular echinoids suffers from the discrepan-
cy between morphology and molecular evidence (Kroh and
Smith 2010; Mongiardino Koch et al. 2018). Due to the fact
that the taxonomy of Irregularia is still a topic under active
discussion, in this article, the definition of Clypeasteroida
is used in congruence with Kroh (2020) and Mongiardino
Koch and Thompson (2021) to prevent ambiguity, which
does not include the traditional suborder Scutellina. While
the term “clypeasteroids” is used to denote the traditional
clade consists of Clypeasterina and Scutellina.

Based on the recent total-evidence dated analysis,
clypeasteroids possibly originated during the Cretaceous
(145 - 66 Mya) (Mongiardino Koch and Thompson 2021).
By the Middle Eocene (49 - 37 million years ago), this group
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Fig. 1. Comparison of the body symmetry between regular and irregular echinoids. Modified from Fell and Pawson (1966) and Mooi (1989).

already presented in the fossil record worldwide (Pawson
2007). The principal characters in echinoid fossil morpho-
logical analysis are the structure of test, spine, and Aristo-
tle’s lantern (Kroh and Smith 2010; Ziegler et al. 2016). In
particular, the lantern structure of clypeasteroids is highly
modified compared to other echinoids, and this modifica-
tion has been hypothesized to be crucial for the epifaunal
inhabitant of clypeasteroids (Mooi 1990a). On the contrary
of abundant morphological studies, molecular efforts have
lagged on echinoids phylogeny studies. Early attempts to
use molecular data to resolve the deep-sea urchin phylogeny
relied on just a few single-gene markers, usually ribosomal
RNA-coding ones (Smith et al. 2006). The lack of broad
sampling of loci across the genome limits the robustness of
these phylogenetic analyses due to the genes used might be
the outliers of incomplete lineage sorting. When an ances-
tral species undergoes rapid speciation in succession, ances-
tral polymorphisms may not be fully resolved into different
monophyletic lineages, and the individual gene trees may be
incongruent with the species tree (Galtier and Daubin 2008).
Other types of biases can also lead to inaccurate phyloge-
netic topology even in the absence of incomplete lineage
sorting. For instance, species exhibiting significantly higher
genetic distances to other clades tend to be erroneously clus-
tered together. This phenomenon, known as long-branch at-
traction, is commonplace in molecular evolution inference,
and it may arise from the heterogeneity of substitution rates,
inadequate taxon sampling, and base compositional hetero-
geneity (Qu et al. 2017; Susko and Roger 2021).
Therefore, although numerous studies have tried to
investigate the phylogeny of Irregularia, the relationships
among sea biscuits, sand dollars, and other irregular echi-
noids remain not well understood due to the contradicting
results yielded by molecular and morphological data (Kroh
and Smith 2010; Mongiardino Koch et al. 2018). For exam-
ple, most morphological phylogenies strongly supported the
monophyly of clypeasteroids and their origin from a para-
phyletic sister group collectively known as “cassiduloids”,
including extant clades of Echinolampadoida Kroh and

Smith 2010, Cassiduloida Claus 1880, and other extinct lin-
eages (Kroh and Smith 2010). On the other hand, the tran-
scriptomic analyses refute the monophyly of Clypeasteroida
(Mongiardino Koch et al. 2018). This mismatch remains
somewhat unresolved, and further investigation is needed to
answer this perplexing inquest.

1.3 Body Plan

One of the most conspicuous characteristics of extant
echinoids is their pentameral symmetry in the adult stage.
Based on the observation of extant echinoderms and the fos-
sil record, it seems the early echinoderms were bilateral in
both the larval and adult life stages while the extant species
developed secondary pentameral symmetry in adulthood
(Peterson et al. 2000).

Among many essential genes controlling develop-
ment, one crucial important player is the homeobox genes,
also known as Hox genes. They are a family of transcrip-
tion factors regulating body plan and axis establishment in
embryo development (Lacalli 2014). A primary recognition
criterion for these genes is a sequence of an 180 nucleo-
tides, highly conserved “homeobox,” which translates into
a sequence of 60 amino acids (the homeodomain motif) that
binds to specific DNA or RNA sequences (Mooi and David
2008). Hox genes have been found in animals, plants, fungi,
and numerous other eukaryotes, and they are taxonomically
widespread and highly conserved, suggesting a basal origin
on the phylogenetic aspect. Almost all developmental gene
networking involves the Hox gene family in metazoans.
One of the most conspicuous phenotypic of the Hox cluster
is the patterning along the posterior (A/P) axis of bilaterian
animals (David and Mooi 2014). Hox genes are generally
arranged into three groups, or classes, on the chromosome:
anterior (HoxI and Hox2, with Hox3 possible categorized
into an independent group); medial (Hox4 to Hox8); and
posterior (Hox9 to Hox13) (Mooi and David 2008). In echi-
noderms, the Hox9/10 and HoxI1/13a, HoxI11/13b, and
Hox11/13c were designated due to the homologous analysis
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did not yield a clear one-to-one correlation between echino-
derms genes and their chordates counterparts. The anterior
class is closer to the 3’ end and the posterior closer to the 5’
end of the DNA strand. This remarkable linearity in the or-
ganization of the genes along chromosomes is the basis for
a concept known as “collinearity” (Mooi and David 2008).

There are two kinds of collinearity observed in Hox
gene cluster: temporal and spatial. The genes of the anterior
class (3’ end) are activated first and expressed earlier in on-
togeny than those of the medial class, and the medial ones
are expressed earlier than those of the posterior class at the
5’ end, and this is temporal collinearity (Mooi and David
2008). In organisms that grow from anterior to posterior,
such as arthropods, temporal collinearity is in turn tran-
scribed into spatial collinearity, in which the first expressed
genes at the 3’ end of the cluster code for developmental
events in the anterior part of the organism, and the last ones
at the 5 end for events in the posterior part (Mooi and Da-
vid 2008). The schematic diagram for temporal and spatial
collinearity of Hox gene cluster is shown in Fig. 2.

The Hox gene cluster in Echinodermata lost the col-
linearity, as shown in Fig. 3. Among all echinoderms, the

Anterior

echinoid cluster is by far the most thoroughly investigated,
as it has been studied in several species belonging to quite
disparate clades. In the Strongylocentrotus purpuratus, one
of the most important model species of echinoids with its
whole genome sequenced and annotated, the Hox cluster is
almost complete besides Hox4, leaving a total of 11 genes
(Li et al. 2020). The peculiarity of echinoid Hox clusters is
not so much the absence of a member in the series but that
the order of the genes themselves along the chromosome
is rearranged. HoxI to Hox3 are located at the 5° end of
the cluster in reverse order. This topology is the result of a
chromosomal translocation and inversion event.

This observation of unique rearrangement inspired the
hypothesis of the body plan of echinoids being a result of
a disorganized Hox cluster (Mooi and David 2008; Gaunt
2015). Since the S. purpuratus is the first sequenced echi-
noid and the first in the whole phylum Echinodermata, it
served as a model species for this highly diverse clade ini-
tially (Sodergren et al. 2006). However, some recent stud-
ies question the significance of the loss of collinearity in
Echinodermata species due to a better understanding of the
genomic landscape of other Echinodermata species (Byrne

Posterior
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Fig. 2. The schematic diagram for the temporal and spatial collinearity of the Hox gene cluster. Data from Mooi and David (2008).
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Fig. 3. Phylogeny and Hox gene cluster arrangement among Echinodermata clades. Modified from Byrne et al. (2016) and Li et al. (2020). Arrows
represent transcription direction, boxes represent unknown transcription direction, and dash lines represent discontinuous sequences.
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et al. 2016). As shown in Fig. 3, sequenced samples from
the Crinoidea (sea lily), Asteroidea (starfish), and Holo-
thuroidea (sea cucumber) clades show no signs of the same
translocation/inversion of S. purpuratus (Li et al. 2020).

1.4 Sinaechinocyamus mai

Here, we introduce a recent study to exemplify the
importance of incorporating molecular methods in mod-
ern taxonomy research. Among 15 extant clypeasteroids
recorded in Taiwan shown in Table 2, Sinaechinocyamus
mai (Wang 1984) is one of the most studied sand dollars
(Fig. 4). The species was initially described by Chai-Chin
Wang in 1984, and the species name is in honor of the Ting-
Ying Ma, one of the eminent pioneer geologists in Taiwan
and China (Wang 1984). The original species assignment
was Taiwanaster mai. However, Mooi examined the de-
scription of the feature of Taiwanaster and found that Tai-
wanaster is the same genus as Sinaechinocyamus Liao 1979.
Therefore, Taiwanaster is an invalid junior synonym, and
Taiwanaster mai was reassigned as S. mai (Mooi 1990b).

Aside from the paleontology research on the fossil re-
cord, investigation of the living populations of S. mai began
in the early 1990s. The ecology habitat of S. mai is in the
intertidal zone along the west coast of Taiwan, from Hsin-
chu to the mouth of the Tsengwen river (Lee et al. 2019).
Since S. mai possesses several characters that do not fit any
other clypeasteroids family, Wang proposed a novel su-
perfamily, Taiwanasteritida Wang 1984, and a new family
Taiwanasteridae Wang 1984 to place S. mai (Wang 1984).
Mainly based on the observation of miniaturized body size,
Wang proposed that Sinaechinocyamus was related to other
micro-echinoids in the Asia-Pacific region, such as Fibu-
lariella acuta (Yoshiwara, 1898). On the other hand, Mooi
concluded that Sinaechinocyamus is a derived scutelline
sand dollar (Mooi 1990b). More recent morphology-based
phylogeny also supports the hypothesis that S. mai is a de-
rived scutelline and places the family Taiwanasteridae as in-
certae sedis within Scutelliformes (Kroh and Smith 2010).
Based on the morphological study, the extant sister group
may be Scaphechinus mirabilis, a widely distributed sand
dollar in the northwestern Pacific (Mooi 1990b). Adult S.
mirabilis generally has a body diameter of approximately
7 cm in size, while adult S. mai nearly never exceeds 1
cm (Chen and Chao 1997). Miniaturization does not only
represent smaller body size but also contributes to essen-
tial physiology, behavior, development, and reproductive
changes according to the size. There are two main models
of paedomorphosis: “progenesis”, which miniaturized spe-
cies has a similar growth rate but growth period ends earlier,
and “neoteny”’, which is characterized by a similar growth
period with a slower growth rate (McNamara 1986). In the
case of S. mai, it seems that the predominant model might
be the neoteny due to the homogenous decrease of growth

rate to 19% of S. mirabilis with a comparable growth period
(Chen and Chao 1997). Further investigation of comparing
the developmental process of S. mirabilis and S. mai might
give valuable insight into the mechanism of miniaturization
of S. mai. Fossil record and paleoclimatology may provide a
possible evolutionary explanation of miniaturization.

In this study, we aimed to utilize the transcriptome-
based approach to resolve the phylogenetic placing of
S. mai, and investigate the monophyly of clypeasteroids
through incorporating public available transcriptomic data-
sets of irregular echinoids.

Table 2. Extant clypeasteroids species in Taiwan. Based on Lee et al.
(2019) and Horton et al. (2021).

Arachnoides placenta (Linnaeus, 1758)
Astriclypeus mannii Verrill, 1867
Clypeaster reticulatus (Linnaeus, 1758)
Clypeaster virescens Doderlein, 1885
Echinocyamus crispus Mazzetti, 1893
Fibularia ovulum Lamarck, 1816
Fibulariella acuta (Yoshiwara, 1898)
Jacksonaster depressum (L. Agassiz, 1841)
Laganum decagonale (Blainville, 1827)
Laganum fudsiyama Doderlein, 1885
Laganum laganum (Leske, 1778)
Peronella lesueuri (L. Agassiz, 1841)
Peronella orbicularis (Leske, 1778)
Sculpsitechinus auritus (Leske, 1778)

Sinaechinocyamus mai (Wang, 1984)

Fig. 4. The living individual of Sinaechinocyamus mai.
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2. METHODOLOGY
2.1 Sample and Library Preparation

Live specimens of Sinaechinocyamus mai were col-
lected in their native habitat in Miaoli County, Taiwan
(120°39°E, 24°29°’N) in May 2018. Total RNA of the
sample was extracted using Tri Reagent (Ambion, USA).
RNA concentration and quality were determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientif-
ic, USA) and an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, USA), which calculates an RNA integrity number
(RIN). Total RNA with A260/A280 = 1.8 - 2.0 and RIN
> 8.0. Normalize intact RNA samples to 200 ng pl' with
DEPC-treated H,O. Total 1 ~2 ug RNA was purified by us-
ing poly-T oligo-attached magnetic beads. Following puri-
fication, the mRNA was fragmented into small pieces using
divalent cations under elevated temperatures. The cleaved
RNA fragments were reverse transcribed into first-strand
complementary DNA (cDNA) using reverse transcriptase
and random primers. This was followed by second-strand
cDNA synthesis using DNA Polymerase I and RNase H.
These cDNA fragments then went through an end repair
process, adding of a single “A” base, and then ligating the

adapters. The products were then purified and enriched with
PCR to create the final cDNA library. Paired-end 75 nucle-
otide reads from each mRNA library were obtained using
NextSeq500 (Illumina Inc., CIC bioGUNE, Spain).

2.2 RNA Sequencing

We quantified the cDNA with Life Technologies Qubit
and Agilent Technologies Tapestation 4200 and used 0.625
nanograms of size-selected cDNA for the sample prepara-
tion and the barcoded library prepared by the Chromium
Gel bead and library kit (10X Genomics, USA). Barcoded
library sequencing was performed with Illumina Novaseq
6000 sequencer with 2 x 151 paired-end reads. All read-
pairs contain a 16-base barcode.

2.3 Bioinformatic Analysis

The list of the species incorporated in this study is
shown in Table 3. The raw reads from the RNA sequencing
of Sinaechinocyamus mai in this study and published data
in the Sequence Read Archive (SRA) repository underwent
quality control and adapter removal using Trimmomatic

Table 3. The list of species used in the transcriptome-based phylogenetic analysis in this study. The clade designation is based on Kroh (2020) and

Horton et al. (2021).

Clade Species NCBI_ID SRA
Camarodonta Jackson, 1912 Colobocentrotus (Podophora) atratus (Linnaeus, 1758) 39290 SRR7513588
Camarodonta Jackson, 1912 Sphaerechinus granularis (Lamarck, 1816) 39374 SRR1139199
Cidaroida Claus, 1880 Eucidaris tribuloides (Lamarck, 1816) 7632 SRR2844625
Clypeasteroida A. Agassiz, 1835 Clypeaster rosaceus (Linnaeus, 1758) 105356 SRR7513591
Clypeasteroida A. Agassiz, 1835 Clypeaster subdepressus (Gray, 1825) 105357 SRR7513586
Diadematoida Duncan, 1889 Diadema setosum (Leske, 1778) 31175 SRR7513577
Echinolampadoida Kroh & Smith, 2010 Conolampas sigsbei (A. Agassiz, 1878) 271677 SRR7513579
Echinothurioida Claus, 1880 Araeosoma leptaleum A. Agassiz & H.L. Clark, 1909 105353 SRR7513578
Holasteroida Durham & Melville, 1957 Pilematechinus sp. 2268254 SRR7513585
Scutelloida Mongiardino Koch et al., 2018 Echinarachnius parma (Lamarck, 1816) 869203 SRR1139193
Scutelloida Mongiardino Koch et al., 2018 Mellita tenuis H.L. Clark, 1940 1351943 SRR7513583
Scutelloida Mongiardino Koch et al., 2018 Dendraster excentricus (Eschscholtz, 1831) 273752 SRR2844623
Scutelloida Mongiardino Koch et al., 2018 Scaphechinus mirabilis A. Agassiz, 1864 262334 DRR197471

Scutelloida Mongiardino Koch et al., 2018 Sinaechinocyamus mai (Wang, 1984) 2661602 NA
Spatangoida (L. Agassiz, 1840) Abatus agassizii Mortensen, 1910 1194296 SRR1324765
Spatangoida (L. Agassiz, 1840) Abatus cordatus (Verrill, 1876) 471970 SRR1324767
Spatangoida (L. Agassiz, 1840) Brissus obesus Verrill, 1867 271724 SRR7513590
Spatangoida (L. Agassiz, 1840) Echinocardium cordatum (Pennant, 1777) 39298 SRR1324913
Spatangoida (L. Agassiz, 1840) Echinocardium mediterraneum (Forbes, 1844) 471983 SRR 1324910
Spatangoida (L. Agassiz, 1840) Meoma ventricosa (Lamarck, 1816) 39340 SRR7513582
Spatangoida (L. Agassiz, 1840) Schizocosmus abatoides (H.L. Clark, 1925) 1502937 SRR1325136
Stomopneustoida Kroh & Smith, 2010 Stomopneustes variolaris (Lamarck, 1816) 7663 SRR7513587
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(Bolger et al. 2014) with default parameters. Reads passed
quality control was assembled by Trinity (Haas et al. 2013).
Since the data quality of Sinaechinocyamus mai was unsat-
isfactory, we used the genomic raw reads reported in Lin
et al. (2020) to perform downstream analysis. The de novo
whole genome assembly draft was assembled by Supernova
(Weisenfeld et al. 2017). The gene prediction was conduct-
ed through BRAKER?2 (Brtna et al. 2021) with metazoan
OrthoDB dataset (Kriventseva et al. 2019). Transcriptome-
based phylogenetic analysis was then conducted through
the Agalma pipeline (Dunn et al. 2013), which sequentially
annotated the transcriptome assembly with BLAST (Cama-
cho et al. 2009), incorporated the translated S. mai protein-
coding gene dataset, aligned gene clusters with MACSE
(Ranwez et al. 2011), trimmed alignments with GBlocks
(Talavera and Castresana 2007), and provided preliminary
maximum likelihood (ML) phylogeny based on the super-
matrix with RAXML (Stamatakis 2014).

Further ML phylogeny analysis was separately con-
ducted with partition of homologues based on the Agalma
pipeline output and without partition in RAXML v. 8.2.12
with 100 replicates, respectively. The substitution model
was selected automatically by RAXML (-m PROTGAM-
MAAUTO).

3.RESULTS

3.1 Transcriptome-Based Phylogeneomics

The analysis included 22 echinoid species, and Eucidar-
is tribuloides was designated as the outgroup. In total, the
Agalma pipeline yielded 9630 loci comprised 2574725 ami-
no acid positions with an actual gene occupancy of 39.2%.
The concatenated supermatrix dataset was then used in the
transcriptome-based phylogenetic analysis. Both partitioned
and unpartitioned dataset was used to infer the phylogeny,
and the topology was identical. The phylogeny is shown in
Fig. 5. The result is congruent with Mongiardino Koch et al.
(2018) and Mongiardino Koch and Thompson (2021). The
result revealed that the “cassuloids” Conolampas sigsbei is
a sister group to the Scutelloida clade. Therefore, the mono-
phyly of traditional clypeasteroids was not supported. As
for the newly sequenced S. mai, the result suggests that S.
mirabilis is its sister taxa in the sampled dataset, supporting
previous studies drawn on morphological analysis.

4. DISCUSSION
4.1 Monophyly of Clypeasteroids

The overall cladogram comparison between previous
studies and the result from this work is shown in Fig. 6. Mon-
giardino Koch et al. (2018) firstly used transcriptome-based
phylogeny to challenge the morphology-based monophyly
of clypeasteroids. In this study, the “cassiduloids” included

in the analysis, Conolampas sigsbei, intertwined in the phy-
logeny relationship of Clypeasteroida and Scutelloida.

In our previous study (Lin et al. 2020), we sequenced
the whole mitochondria genome of S. mai and inferred the
phylogenetic relationship through the data. The availability
of a mitogenome for S. mai sets the stage for exploring the
systematic position of this taxon. According to the mitoge-
nome-based phylogeny, the clades of Echinolampadoida
and Scutelloida both receive 100% bootstrap support (Lin
et al. 2020). Consistent with the hypothesis raised by Mooi,
this result suggests that the presence of Aristotle’s lantern
in adults was firstly lost in the basal Irregularia, then the re-
appeared in the Scutelloida clade (Mooi 1990a). However,
due to the fact that mitogenome data from the Scutelloida
clade was unavailable, and this work was unable to support
nor refute the monophyly of clypeasteroids.

On the other hand, one analysis published recently
tried reconstructing the phylogeny of Echinoidea using the
total-evidence dated approach incorporating the fossil mor-
phology evidence and transcriptomic data of extant species
(Mongiardino Koch and Thompson 2021). By combining
the morphological fossil record and molecular data (tran-
scriptome dataset was used for phylogenetic inference in this
study), the monophyly of clypeasteroids was refuted again.
Therefore, under this phylogenetic theory, the morphologi-
cal characters shared between Clypeasteroida and Scutelloi-
da (e.g., extremely flattened test and presence of Aristotle’s
lantern) result from convergent evolution rather than true
synapomorphies (Mongiardino Koch and Thompson 2021).

The transcriptome-based phylogeny analysis presented
in this article was consistent with Mongiardino Koch and
Thompson (2021), which did not support the monophyly of
clypeasteroids. The reason for this inconsistency between
mitogenome- and transcriptome-based phylogeny might
be primarily due to the limited sampling. As the mitoge-
nome-based analysis did not include Clypeaster spp. from
Clypeasteroida, the possible polyphyly status of clypeaster-
oids cannot be revealed.

4.2 Future Perspective

Despite the fact the seemingly solid evidence provided
in the transcriptome-based phylogeny, the only representa-
tive of “cassiduloids” clade was the extant species Conol-
ampas sigsbei which was resolved as the sister group to
Scutelloida. Therefore, one should be careful when inter-
preting this result, and further investigation sampling more
species in the “cassiduloids” clade is still needed for a deep-
er understanding of the conundrum of the monophyly of
clypeasteroids. Nevertheless, these recent works showcase
the potential of using molecular data to aid phylogenetic re-
search in the field.

On the other hand, although the role of Hox gene clus-
ter rearrangement in establishing pentameric symmetry of
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Echinodermata has been questioned based on the due to sev-
eral sequenced species from Crinoidea (sea lily), Asteroidea
(starfish), and Holothuroidea (sea cucumber) clades do not
present with rearranged clusters. Due to the lack of available
data on irregular echinoids, it is still unclear if the structure
of Hox gene cluster contributes to secondary bilateralism in
the Irregularia. A further investigation of the high-quality
genome assembly within this group will benefit the research
of this topic.

5. CONCLUSION

The technology breakthroughs in the first ten years of
the 21st century serve as an important foundation for fur-

ther investigation in the field of genomics, and investigators
of other specialties benefit significantly as well, including
paleontologists. Both the traditional morphology-based pa-
leontology and novel genetic methods have their own limi-
tation. However, by combining these two paradigms, further
investigation may shed light on the phylogenetic relation-
ships, developmental processes, and the possible mechanism
behind the secondary bilateral symmetry of clypeasteroids.
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