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ABSTRACT
The scallop genus Amusium Röding, 1798 is one of few genera of Pectinidae that includes taxa capable
of long-distance swimming or gliding. Membership of the genus has been deﬁned primarily by shell
shape, and it currently includes only three species: the type species A. pleuronectes (Linnaeus, 1758),
A. balloti (Bernardi, 1861) and A. japonicum (Gmelin, 1791). In this study, we use molecular data and
aspects of shell morphology to resolve the systematics of the genus. Phylogenetic reconstruction of
Pectinidae using nuclear and mitochondrial DNA sequence from four genes supports a polyphyletic
Amusium. Differences in internal ribbing pattern provide morphological evidence for the recognition of
the two clades identiﬁed in our phylogenetic analyses. In contrast, quantiﬁcation of shell shape through
geometric morphometric methods indicates that shape is a convergent phenotype and is not informative
in terms of distinguishing between the two gliding lineages. Based on these results, we describe Ylistrum,
n. gen, which includes two species previously assigned to Amusium. We provide characters that separate
the now monotypic Amusium from the two species, Ylistrum balloti, n. comb. and Y. japonicum, n. comb.

INTRODUCTION
Bivalve molluscs are a diverse group of invertebrates, consisting
of c. 30,000 species worldwide (Bieler & Mikkelsen, 2006).
These animals have evolved a broad range of morphological
and behavioural characteristics that make them an attractive
model for studying patterns and processes of evolution. Perhaps
the most interesting facet of bivalve evolution involves the often
tight association between morphology and ecological niche
(Stanley, 1970, 1972). As a result, unrelated taxa that occupy
similar habitats often converge on a distinct suite of morphological characters (Trueman, Brand & Davis, 1966; Stanley,
1970, 1981, 1988; Watters, 1994) and a similar behavioural
habit (Stanley, 1970).
Scallops (Pectinidae) exemplify the association between
morphology and ecological niche. All nonpermanently attached
scallop species have the ability to swim to escape predators
(Himmelman, Guderley & Duncan, 2009) or seek favourable
habitat (Buddenbrock & Moller-Racke, 1953; Hamilton &
Koch, 1996), but the distance travelled is short, usually ,1 m
between lifting from and settling back onto a substrate (Brand,
2006). In contrast, a small number of scallop species can glide.
†

G.M. and A.A. contributed equally to this work.

Gliding is a type of swimming behaviour that includes: (1) a
great distance travelled per swimming effort (5–30 m per effort;
Brand, 2006); (2) the presence of a level swimming phase, where
the animal is able to maintain a near-horizontal trajectory
above the substrate (Morton, 1980; Joll, 1989; Ansell, CattaneoVietti & Chiantore, 1998) and (3) a glide component, where the
animal is propelled forward while the valves are held closed
(Manuel & Dadswell, 1993; Cheng et al., 1996; Ansell et al.,
1998). Neither a level swimming phase nor a glide component is
present in the more common short-distance swimming scallops
(Marsh, Olson & Guzik, 1992; Ansell et al., 1998; Donovan et al.,
2002). Gliding has evolved at least four times in Pectinidae
(Alejandrino, Puslednik & Serb, 2011), as represented by
Amusium, Euvola, Adamussium and Placopecten. In each of these
evolutionary instances, gliding species have shell shape that is
qualitatively similar (Stanley, 1970; Hayami, 1991; Millward &
Whyte, 1992), suggesting that gliding scallops have converged
on a single morphological solution to a common ecological
problem. As a consequence, the highly similar conchological
characteristics of gliders may mask biological diversity.
The gliding genus Amusium currently includes three species,
namely A. balloti (Bernardi, 1861), A. japonicum (Gmelin, 1791)
and A. pleuronectes (Linnaeus, 1758) (Raines & Poppe, 2006;
Dijkstra, 2013). All three species possess a disc-like shape and
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smooth outer surface of the shell (Fig. 1). Coloration aside, the
most variable conchological feature among the three species is
the development of linear structures that radiate from the umbo
to the margin on the valve’s interior, to which we apply the
general term ‘internal ribs’, but which have also been called
‘carinae’ (Waller, 1991) or ‘lirae’ (Dijkstra, 1988) by others. The
number and pattern of internal ribs have been used to

distinguish the type species, A. pleuronectes, from other members
of the genus (e.g. Habe, 1964; Raines & Poppe, 2006).
In this study, we show that a combination of molecular
markers and morphological characters support the recognition
of a new genus of gliding scallop, distinct from Amusium. First,
we test the polyphyly of the genus Amusium (Alejandrino et al.,
2011) by generating a molecular phylogeny with greater
401
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Figure 1. External shell morphology and internal shell ribbing. A –C. Amusium pleuronectes 80.6 mm shell height, Ban Phe, Rayong Province, Thailand.
D –F. Ylistrum japonicum, 92.7 mm shell height, Oyano Island, Kumamoto, Japan. G –I. Y. balloti, 86.0 mm shell height, Nuu Island, New Caledonia.
J– L. Y. balloti, 47.2 mm shell height, Rottnest Island, Western Australia, Australia. A, D, G, J. Outer views of left valves. B, E, H, K. Inside views of
left valves. C, F, I, L. Inside views of right valves.

G. MYNHARDT ET AL.
geographic sampling of Amusium sensu lato. Second, we use 16S
ribosomal RNA gene sequences to determine whether the
amount of sequence variation of these two lineages is greater
between than within a clade. Finally, we examine shell shape
and internal rib patterning to determine whether these morphological characters can be used to separate reliably these two molecularly deﬁned lineages. We demonstrate that the number of
internal ribs is a reliable character to distinguish between the
now monotypic Amusium and a new genus, Ylistrum n. gen. We
reclassify ‘A.’ balloti and ‘A.’ japonicum as species of Ylistrum.

MATERIAL AND METHODS
Institutional abbreviations
DMNH, Delaware Museum of Natural History, Wilmington,
Delaware, USA
FLMNH, Florida Museum of Natural History, Gainesville,
Florida, USA
LACM, Natural History Museum of Los Angeles, Los Angeles,
California, USA
LSL, Linnean Society of London, London, UK
MNHN, Muséum National d’Histoire Naturelle, Paris, France
MSNP, Museo di Storia Naturale, Università di Pisa, Pisa, Italy
USNM, National Museum of Natural History, Smithsonian
Institution, Washington D.C., USA
WAM, Western Australian Museum, Perth, Australia
YPM, Yale Peabody Museum, New Haven, Connecticut, USA

Phylogenetic analysis
We examined 81 species, representing 31% of the extant taxa of
Pectinidae. Taxonomic classiﬁcation follows that of Dijkstra
(2013) and Waller (1991). Eleven species from three closely
allied families, Propeamussiidae, Limidae and Spondylidae,
were included as outgroup taxa based on the results from
Puslednik & Serb (2008) and Alejandrino et al. (2011). All specimens were preserved in 95% ethanol and were provided by
either museum collections or colleagues (Supplementary
Material, Appendix SA). When possible, DNA was extracted
from two or more individuals per species as a test for congruent
placement in the phylogenetic analyses. We added to the
dataset of Alejandrino et al. (2011), increasing the geographic
sampling of Amusium s. l. by 22 more specimens (A. pleuronectes:
northern Australia, Andaman Sea of Thailand, China and
Philippines; ‘A.’ balloti: New Caledonia and multiple Western
Australian locations; Fig. 2). Primer sequences (12S rRNA,
16S rRNA and histone H3), polymerase chain reaction (PCR),
and sequencing conditions were described by Puslednik & Serb
(2008). Parameters used for PCR and sequencing of the 28S
rRNA gene portion were described by Alejandrino et al.
(2011). When the PCR optimization steps failed to amplify
a sufﬁcient amount of product (,20 ng/ml) or a single product, we cloned the PCR products following manufacturer’s
instructions (TOPO TA Cloning Kit with pCR2.1-TOPO,
Invitrogen).
Sequencing was carried out in an ABI 3730 Capillary
Electrophoresis Genetic Analyzer at the Iowa State University
DNA Sequencing Facility. DNA sequences generated during
this study are deposited in Genbank (accession numbers:
KC879113–KC879138; see also Supplementary Material,
Appendix SA). Sequences were aligned using CLUSTAL W
(Thompson, Higgins & Gibson, 1994) with a gap-opening
penalty of 10.00 and a gap-extending penalty of 0.20 in
Geneious Pro v. 5.6.4 (Drummond et al., 2011). Ambiguous
alignment of the 16S rRNA gene sequences was identiﬁed using
the GBlocks Server (Castresana, 2000; Talavera & Castresana,

Statistical evaluation of shell ribbing variation
Internal and external features of both left and right valves were
examined (Fig. 1). Due to the customary use of internal ribbing
in Amusium species identiﬁcation, we counted internal ribs for
A. pleuronectes (n ¼ 42), ‘A.’ balloti (n ¼ 40), and ‘A.’ japonicum
(n ¼ 11). A t-test was used to examine pairwise differences
in mean rib counts between A. pleuronectes vs. ‘A.’ japonicum,
‘A.’ balloti vs. A. pleuronectes, and ‘A.’ balloti vs. ‘A.’ japonicum. We
also noted whether ribs were paired on each valve, a feature typically observed in Amusium s. l. (Waller, 1991; Supplementary
Material, Appendix SB).
In order to demonstrate that ribbing counts are unaffected by
size of the scallop, we calculated mean rib counts for smaller specimens (shell height , 80 mm, n ¼ 22) and larger specimens
(shell height  80 mm, n ¼ 18) of ‘A.’ balloti (Supplementary
Material, Appendix SB). These analyses were not performed for
A. pleuronectes and ‘A.’ japonicum due to a lack of samples from the
different size categories.

Geometric morphometrics
To determine the reliability of shell shape in separating Amusium
and ‘Amusium,’ we used geometric morphometrics to quantify
and statistically evaluate shell shapes. We selected a total of nine
species, three species representing each of three life habits
(gliding, byssally attaching and free-living) exhibited by scallops
(Alejandrino et al., 2011). For each life habit, we examined three
species, two of which were congeneric to account for morphological similarity due to shared evolutionary history
402

Downloaded from https://academic.oup.com/mollus/article/80/4/400/1022448 by Whittier College user on 18 September 2020

2007) with parameters that allow for smaller ﬁnal blocks, gap
positions within ﬁnal blocks and less strict ﬂanking positions.
This region was not included in phylogenetic analysis. The
remaining aligned sequences (2,259 bp) were partitioned by
locus; the protein-coding gene histone H3 was further partitioned by codon position. For each partition, an appropriate nucleotide substitution model was selected using the Akaike
Information Criterion (AIC) in MrModeltest v. 2.3 (Nylander,
2004). The GTRþG model was selected for the 12S rRNA partition and the GTRþGþI model was the best ﬁt for the remaining three gene regions. The multi-gene sequence alignment
was analysed using Bayesian Inference (BI), where model
parameters were unlinked between data partitions, in MrBayes
v. 3.1.2 (Huelsenbeck & Ronquist, 2001). We used the
Metropolis Coupled Markov Chain Monte Carlo method with
one cold and three hot chains for 25,000,000 generations, sampling every 100th generation for three simulations. We discarded
the ﬁrst 62,500 trees as burn-in and the remaining trees were
used to compute a majority-rule consensus topology, branch
lengths and posterior probabilities (PP).
To test the current hypothesis that Amusium is a clade, we ran
a second BI analysis with the same priors as described above. In
this analysis, we constrained all Amusium and ‘Amusium’ taxa as a
monophyletic group, but did not impose a requirement of a
completely resolved topology. We used the ShimodairaHasegawa Test (Shimodaira & Hasegawa, 1999; Goldman,
Anderson & Rodrigo, 2000) in PAUP* v. 4.0b10 (Swofford,
2002) to compare topologies. To estimate genetic differences
among individuals of Amusium sensu lato, we calculated
p-distances among pairs of DNA sequences (Geneious Pro
v. 5.6.4). Genetic distances are based on the 16S rRNA gene
fragment as it was the only dataset common to publically available Amusium s. l. and museum specimens used in our study.
Because p-distance does not correct for multiple substitutions
at homologous nucleotide positions or account for differences
in evolutionary rates among sites, it is a relatively conservative
estimate of genetic distance.

NEW SCALLOP GENUS YLISTRUM

(Felsenstein, 1985). All three species of Amusium s. l. were examined: A. pleuronectes (n ¼ 18), ‘A.’ japonicum (n ¼ 20), and ‘A.’
balloti (n ¼ 32). Species representing the byssally attaching life
habit included: Caribachlamys sentis (Reeve, 1853) (n ¼ 28),
Chlamys behringiana (Middendorff, 1849) (n ¼ 20), and Ch. islandica (Müller, 1776) (n ¼ 8). Pseudamussium septemradiatus Müller
1776 (n ¼ 30), Argopecten irradians (Lamarck, 1819) (n ¼ 27),
and Ar. purpuratus (Lamarck, 1819) (n ¼ 23) represented the
free-living taxa. For each species, at least eight individuals were
included for a total of 206 specimens (see Supplementary
Material, Appendix SC).
We used three-dimensional, landmark-based geometric morphometric methods to quantify shell shape (Bookstein, 1991;
Rohlf & Marcus, 1993; Adams, Rohlf & Slice, 2004; Zelditch
et al., 2004). As opposed to linear morphometric methods (e.g.
Gould, 1971), this method quantiﬁes shape from coordinates of
homologous anatomical structures (landmarks), which include
points along curves and surfaces (semilandmarks: Gunz,
Mitteroecker & Bookstein, 2005; Mitteroecker & Gunz, 2009)
and provides a more complete description of shape. To quantify
shell shape, we used 512 three-dimensional landmarks and
semilandmarks to ensure that textural information of the shell
surface was adequately assessed. Using a NextEngine 3D surface
scanner, we obtained high-resolution scans of the left valves of
each individual. Each scan was then digitized for the locations of
ﬁve homologous landmarks, which represented the following
anatomical locations: 1, ventroposterior auricle; 2, dorsoposterior

auricle; 3, umbo; 4, dorsoanterior auricle; 5, ventroanterior auricle
(illustrated by Serb et al., 2011). Eleven semilandmarks were
digitized along the ventral edge of the valve and 496 semilandmarks were digitized for the shell surface (for detailed procedures see Gunz et al., 2005; Serb et al., 2011).
We aligned all the digitized specimens using generalized
Procrustes superimposition (Rohlf & Slice, 1990). This procedure allows semilandmarks to slide along their tangent directions
(Gunz et al., 2005) to minimize Procrustes distance between specimens (one direction for edge semilandmarks and two directions for surface semilandmarks). A set of Procrustes shape
coordinates was obtained from the aligned specimens and was
used as shape variables in statistical analyses (Bookstein et al.,
1999; Mitteroecker et al., 2004; Mitteroecker & Bookstein, 2008).
We used the ‘geomorph’ package and routines written by
Adams & Otárola-Castillo (2012) for R 2.15.3 (R Development
Core Team, 2009) in digitizing the specimens and for morphometric analyses.
To test the hypothesis that species are different in shell shape,
we used a nonparametric MANOVA, because the number of
variables (1,536) exceeded the number of specimens (206). The
Euclidean (Procrustes) distances among individuals were calculated and used to estimate distance variations between species
and compared to distance variations within species. Statistical
signiﬁcance was determined using 10,000 permutations
(Anderson, 2001). We then performed pairwise comparisons
between species to determine whether those species that have the
403
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Figure 2. Localities of molecular samples examined for Amusium pleuronectes, Ylistrum balloti and Y. japonicum.

G. MYNHARDT ET AL.
further analyses. Aside from this one specimen, the range values
for internal ribbing patterns of both left and right valves are
comparable with other estimates (e.g. Habe, 1964; Raines &
Poppe, 2006). Internal ribbing counts for the left valves were
statistically different for all pairwise comparisons of species: A.
pleuronectes vs Y. japonicum (P , 0.0001), Y. balloti vs A. pleuronectes
(P , 0.0001), and Y. balloti vs Y. japonicum (P , 0.0001;
Table 2). Internal ribbing counts for the right valves did not
statistically differ between Y. balloti and Y. japonicum (P ¼ 0.09;
Table 2), but were statistically dissimilar for A. pleuronectes
and Y. japonicum (P , 0.0001) and Y. balloti and A. pleuronectes
(P , 0.0001). The presence of paired ribs on both left and right
valves occurs in all three species and is therefore not a good character in differentiating between the two genera (Supplementary
Material, Appendix SB).
Next, we determined whether the size of the animal might inﬂuence the observed differences in ribbing counts. To this end,
we quantiﬁed and compared internal rib number between
smaller and larger specimens Y. balloti, and found no statistical
difference in the number of ribs for either left (P ¼ 0.465) or
right (P ¼ 0.312) valves. These data suggest that rib number is
unlikely to change during ontogeny. We assume that the
observed pattern will be consistent in A. pleuronectes and Y. japonicum, but sufﬁcient samples were unavailable for direct testing.
Therefore, rib number should be a reliable character in distinguishing between the two genera even when comparing individuals of different sizes (Fig. 4).

RESULTS
Molecular analyses
The reconstructed phylogeny from the BI analysis is comparable
with the phylogeny of Alejandrino et al. (2011). Figure 3 highlights the clade of interest and the full phylogeny is provided in
the Supplementary Material, Appendix SD. Expanding the
number and geographic samples of gliding species recovers two
separate monophyletic clades: one clade contains only A. pleuronectes (PP ¼ 100) and the second clade includes ‘A.’ balloti and
‘A.’ japonicum (PP ¼ 100; Fig. 3). The latter clade we describe as
a new genus, Ylistrum, and hereafter refer to Ylistrum balloti
n. comb. and Y. japonicum n. comb. (see Systematic description,
below). Constraining Amusium and Ylistrum to a single clade
resulted in a lower likelihood score (constrained: lnL ¼
246583.94613; unconstrained: lnL ¼ 246450.39651; equally
weighted branch lengths), and this topology was signiﬁcantly
less likely given the data (P ¼ 0.019) under the ShimodairaHasegawa test.
The pairwise comparisons of the 16S rRNA sequences show
greater similarity within a single clade than between the two
clades (Table 1). Using the conservative p-distance calculation,
the percent of nucleotide sequence similarity between Amusium
and Ylistrum ranges from 73.1% to 87.6%. Nucleotide sequence
similarity within the Ylistrum clade ranges from 90.6% to
99.6%, and from 79.2% to 98.7% among A. pleuronectes specimens (Table 1).

Geometric morphometrics
When we analyzed shell shapes, we found signiﬁcant variation
among species relative to within species (np-MANOVA, F ¼
67.63, P , 0.0001, R2 ¼ 0.733). This indicates that at least one
species is different in shell shape from another species. In assessing the pairwise shape differences between species using
Euclidean distances, we found that the gliding species are signiﬁcantly different from all byssal attaching and all free-living
species (P  0.0009; Table 3). Conversely, none of the gliding
species differed signiﬁcantly in shell shape from one another
(A. pleuronectes versus Y. japonicum: P ¼ 0.0604; Y. balloti versus
A. pleuronectes: P ¼ 0.1399; Y. balloti versus Y. japonicum:
P ¼ 0.5121). When we visualized the shell shape variation using
PCA, the ﬁrst three principal components described 80% of the
total variation, indicating that the gliding species occupy a
separate area of morphospace from the byssally attaching and
free-living species (Fig. 5).

Statistical evaluation of shell ribbing variation
For the left valve, the mean number of ribs for A. pleuronectes was
23 (range 19 –27), while Y. balloti and Y. japonicum averaged 35
(range 30 –45) and 38 (range 35–41) ribs, respectively
(Supplementary Material, Appendix SB). The mean number of
ribs for the right valve of A. pleuronectes was 23 (range 20–30
ribs), while Y. balloti and Y. japonicum averaged 44 (range 36–50)
and 46 (range 39–51) ribs, respectively (Fig. 4; Supplementary
Material, Appendix SE). In addition to these 93 morphological
specimens examined, we found one specimen of A. pleuronectes
(USNM 1236642: Ban Phe, Rayong Province, Thailand) with
an inordinately high number of ribs on the left valve (left ¼ 34;
right ¼ 24; Supplementary Material, Appendix SF). This individual was one of 10 specimens collected from the same location
at the same time. While tissues were not available for this individual, DNA sequences from two syntopic specimens phylogenetically place these animals within A. pleuronectes (Fig. 3) and
16S rRNA sequence similarity is within the range of clade
members (79.2%) (Table 1). Thus, we suspect the inordinately
high number of ribs not to indicate another taxonomic unit, but
is likely the result of a growth abnormality as the extra ribs were
incomplete, not reaching the valve margins (Supplementary
Material, Appendix SF). This specimen was excluded from

SYSTEMATIC DESCRIPTIONS
Family Pectinidae Raﬁnesque, 1815
Subfamily Pectininae
Tribe Pectinini
Amusium Röding, 1798
Amusium Röding, 1798: 165.
Pleuronectia—Swainson, 1840: 388.
Amussium—Agassiz, 1846: 19 (error for Amusium Röding, 1798)
Amussium—Herrmannsen, 1846: 47 (unjustiﬁed emendation of
Amusium Röding, 1798)
Type species: Ostrea pleuronectes Linnaeus, 1758.
Description: Size moderate; valves thin, slightly convex, gaping
along margins below auricles; small byssal notch; circular shell
shape; exterior surface of valves smooth; left valve variable in
404
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same life habits could be differentiated based on shell shape. For
each pair of species, we calculated the difference in average shell
shape as the Euclidean distance between species means. We then
tested whether pairs of species were more different than expected
from chance using permutation, where individuals were randomly assigned to species groups, new means were calculated,
and the Euclidean distances between them were estimated
(Adams & Collyer, 2007, 2009; Adams, West & Collyer, 2007;
Collyer & Adams, 2007). Holm’s sequential Bonferroni correction was used to reduce Type I error rate (Rice, 1989). To visualize patterns of variation within and among species, we
performed a principal components analysis (PCA). All statistical
analyses were performed in R 2.15.3 (R Development Core
Team, 2009).

NEW SCALLOP GENUS YLISTRUM
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Figure 3. Phylogenetic relationships of Pectinidae inferred by Bayesian inference (BI) of histone H3, 28S rRNA, 12S rRNA and 16S rRNA gene
regions. Only the clade that contains gliding lineages is shown. The complete BI phylogeny is shown in Supplementary Material, Appendix SD.
Branches with less than 50% support ( posterior probabilities) were collapsed. Generic assignments are based on our revised classiﬁcation. Labels for
Amusium and Ylistrum specimens are as follows: source (SL, Serb Lab; GB, Genbank), unique numerical identiﬁer, and country (AU, Australia; CN,
China; JP, Japan; NC, New Caledonia; PH, Philippines; QL, Queensland, Australia; TH, Thailand; WA, Western Australia, Australia) (see Fig. 2 for
map of locations).
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Table 1. Pairwise genetic distances of 16S rRNA between specimens of Amusium pleuronectes, Ylistrum balloti and Y. japonicum.

Figure 4. Histograms illustrating the distribution of internal ribbing counts for left (A) and right valves (B) of specimens of Amusium pleuronectes,
Ylistrum balloti and Y. japonicum (see Supplementary Material, Appendix SB for rib counts of specimens).

colour; right valve white; left and right valves bearing an
average of 23 internal ribs radiating to margin.

Amusium magneticum Röding, 1798: 165.
Pleuronectia laevigata Swainson, 1840: 388.
Pecten (Amussium) milneedwardsi de Gregorio, 1884. de Gregorio,
1898: 6, pl. 1, ﬁgs 1, 6.
Amusium pleuronectes australiae Habe, 1964: 2, pl. 1, ﬁgs 1, 2.
Amusium pleuronectes nanshaensis Wang & Chen, 1991: 152, 160, ﬁg. 3.

Amusium pleuronectes (Linnaeus, 1758)
(Fig. 1A–C)
Ostrea pleuronectes Linnaeus, 1758: 696, no. 159. Dijkstra, 1999:
399, ﬁgs 1C– F (lectotype).
Amusium rumphii Chemnitz, 1784: 284, pl. 61, ﬁg. 595 (invalid
publication, ICZN art. 11c).

Types: Lectotype (LSL no. 159), paralectotype (MSNP)
(Dijkstra, 1999); locality “Habitat in Indiis” (Linnaeus, 1758:
696) [¼ Indonesia, det. Dijkstra, 1999].
406
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Asterisks (*) indicate the Ylistrum specimens. Values below the diagonal indicate percent sequence similarity; pairwise comparisons above the diagonal are
presented as a heat map, with dark shades representing higher similarities between sequences. Abbreviations match specimen labels in Figure 3 and specimens
listed in Supplementary Material, Appendix SA.

NEW SCALLOP GENUS YLISTRUM
Etymology: Ylistrum comes from the Greek verb glistró (ylistro),
to glide, describing the gliding life habit of this genus. We use
the neuter latinized form as the generic name.

Material examined: USNM 1236646–1236648 (Philippines);
USNM
1236643–1236645
(Northern
Territory
and
Queensland, Australia); USNM 1236642 (Thailand); NMNH
254931 (Malaysia). (Supplementary Material, Appendices SB
and SC).
Description: Size moderate, maximum height 80–100 mm. Shell
disc-shaped, thin, rounded, smooth externally. Valves very
slightly convex, compressed near umbo, gaping at anterior and
posterior sides; suborbicular to orbicular, umbonal angle c.
1208. Auricles small, equal in size, coloration matching valve
colour. Left valve variable in colour, from cream to pinkish
brown, with variable bluish purple radial lines and intermittent
pale dots near umbo; right valve slightly smaller than left, white
(Fig. 1A –C). Internal ribbing on both valves; left valve with
19– 27 ribs; right valve with 20 –30 ribs.

Description: Size large, maximum height up to 120 mm. Shell
shape disc-like, thin, externally smooth, suborbicular to orbicular, umbonal angle c. 1208; valves very slightly convex, compressed near umbo, gaping at anterior and posterior sides;
auricles small, equal in size. Left valve variable in color from
light to dark red-brown, occasionally with irregular light or
dark speckling, radial lines present or absent; right valve slightly
smaller than left, white, sometimes with brown or yellow ventral
margins (Fig. 1D–L); internal ribbing on both valves; left valve
with 30–41 ribs, right valve with 36– 51 ribs.

Distribution: Tropical and subtropical Indo-Paciﬁc Ocean.
Remarks: Based on our data, Amusium s. l., which has previously
included three species and several subspecies, is herein redeﬁned
to include only its type species, A. pleuronectes (Amusium sensu
stricto). A thorough revision of Amusium is necessary to investigate
the validity of other potential species or subspecies. Here, we
aim only to distinguish Amusium s. s. from the new genus,
Ylistrum.

Distribution: Subtropical and temperate Indo-Paciﬁc Ocean.

Ylistrum balloti (Bernardi, 1861) new combination
(Fig. 1C, D, G, H, K, L)

Ylistrum Mynhardt & Alejandrino, new genus
Type species: Pecten balloti Bernardi, 1861.

Pecten balloti Bernardi, 1861: 46-48, pl. 1, ﬁg. 1.
Amusium balloti—Iredale 1939: 369–370. Dijkstra, 1988: 3–4.
Amusium japonicum balloti—Habe, 1964: 4–5, pl. 1, ﬁg. 5, pl. 2,
ﬁg. 6.

ZooBank registration: urn:lsid:zoobank.org:pub:69A92AE8-97C14D6D-9DBE-294D18304F23.

Types: 3 syntypes MNHN 21185; lectotype here designated
height 86 mm  length 85 mm; 2 paralectotypes 98 mm 
98 mm and 93 mm  93 mm; type locality New Caledonia.

Table 2. Results of t-test comparing pairwise ribbing counts between
Amusium pleuronectes (n ¼ 42), Ylistrum balloti (n ¼ 40) and Y. japonicum
(n ¼ 11).
Right valve 

A. pleuronectes

Y. balloti

Y. japonicum

P 5 1.71e243

P 5 2.25e211

Material examined: Thirty-seven specimens from ten localities
(eight in western Australia, one in eastern Australia, one in
New Caledonia) (Supplementary Material, Appendices SB
and SC).

Left valve 
A. pleuronectes

–

Y. balloti

P 5 1.29e231

–

Y. japonicum

P 5 1.04e213

P 5 3.31e204

Description: Size moderate, up to a maximum of 110 mm in
height. Shell shape: as for genus. Exterior colour of left valve
reddish, covered with a concentric pattern from the umbo to
ventral margin of many thin brown lines and violet-brown spots,

P ¼ 0.09
–

Pairwise comparisons in bold font indicate significant P values (P , 0.05).

Table 3. Statistical assessment of pairwise differences in shell shape between pectinid species.
Y. balloti
Y. balloti

–

Ch. behringiana

Ar. irradians

Ch. islandica

Y. japonicum

A. pleuronectes

Ar. purpuratus

Ca. sentis

P. septemradiatus

0.0001

0.0001

0.0001

0.5121

0.1399

0.0001

0.0001

0.0001

0.0001

0.1082

0.0001

0.0001

0.0001

0.0288

0.0086

–

0.0225

0.0001

0.0001

0.0004

0.0001

0.0001

–

0.0001

0.0001

0.0151

0.0182

0.0037

–

0.0604

Ch. behringiana

0.072305

–

Ar. irradians

0.104875

0.052485

Ch. islandica

0.096015

0.033922

0.043696

Y. japonicum

0.013613

0.073921

0.107465

0.096582

A. pleuronectes

0.022318

0.064888

0.094707

0.086418

Ar. purpuratus

0.128142

0.068142

0.046631

0.04656

0.128818

0.12048

Ca. sentis

0.076855

0.030167

0.063131

0.044754

0.079007

0.066436

0.081421

–

P. septemradiatus

0.052522

0.034879

0.063996

0.053072

0.055138

0.042716

0.087636

0.038237

0.029704

–

0.0001

0.0001

0.0002

0.0001

0.0001

0.0009

0.0001

0.0001

–

0.0017
–

Values above the diagonal are probabilities (based on 10,000 random permutations). Values below the diagonal are Euclidean distances treated as the amount of
shape difference between species (values significant at P , 0.05 after Holm’s sequential Bonferroni correction shown in bold).
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Material Examined: MNHN 21185 (New Caledonia); USNM
1236641 (Queensland, Australia); WAM 33076–33088
(Western Australia, Australia); USNM 23947, USNM 229068–
229070, USNM 304217, USNM 343967, USNM 753705,
USNM 763645, USNM 8181253, USNM 1236649, DMNH
13078, DMNH 20698, DMNH 42249, DMNH 111140, DMNH
155970 (Japan); USNM 333959, DMNH 155970 (China)
(Supplementary Material, Appendices SB and SC).
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light brown or pale reddish stripes transverse valve height; auricles often similar in colour to base colour of left valve (Fig. 1G);
exterior of right valve white or pale brown, with concentric, irregularly sized violet-brown spots; valve interior white, becoming a pink, brown, or yellow tint along the margins of one or
both valves; interior ribbing on both valves, 30–38 on left valve,
36– 49 on right valve.

Table 4. Distinguishing features used to separate Amusium from Ylistrum.
Amusium

Distribution: New Caledonia; western, northern and eastern
Australia.
Ylistrum japonicum (Gmelin, 1791), new combination
(Fig. 1B, F, J)

Ylistrum

Maximum height

100 mm

120 mm

Number of internal ribs (left)

19 –27

30 –45

Number of internal ribs (right)

20 –30

36 –51

Coloration of left valve

Cream, pinkish, light brown

Reddish

Radial lines on left valve exterior

Bluish-purple

Absent

Marginal coloration

Absent

Present

valve and only Y. balloti has spots in a concentric pattern on
both left and right valves. Internal rib count could not be used
to differentiate between the two Ylistrum species as counts had
completely overlapping ranges. Their geographical distributions
are not known to overlap. Additional molecular sampling will
be needed to address the validity of species within Ylistrum.

Ostrea japonica Gmelin, 1791: 3317.
Amusium japonicum—Röding, 1798: 165.
Amusium japonicum f. taiwanense Dijkstra, 1988: 4 (invalid
infrasubspeciﬁc name).
Amusium japonicum taiwanicum Habe, 1992: A12 (new name for
Amusium japonicum formosum Habe, 1964).

Comparison of genera: Ylistrum can be separated from Amusium
based on several morphological features, including size, number
of ribs and coloration (Table 4). Ylistrum species are typically
larger, reaching 120 mm in height as compared to 100 mm in
Amusium; however, number of ribs and coloration are better
characteristics to separate the two genera as they do not appear
to be age dependent.
Ribbing data have been used previously to deﬁne the three
different Amusium s. l. species (Fig. 4; Bernardi, 1861; Habe,
1964; Dijkstra, 1988), but their reliability has not been rigorously tested. Our statistical analysis suggests that internal ribbing is
a reliable character in distinguishing between the two genera.
Ylistrum has a signiﬁcantly greater number of internal ribs on
both valves (Table 1; Supplementary Material, Appendix SB),
with 30–45 and 36 –51 ribs on left and right valves, respectively.
On average, the number of ribs in Ylistrum differs between left
and right valves, the right valve always having a greater number
of ribs than the left. In contrast, Amusium bears between 19–27
internal ribs on the left valve and 20–30 ribs on the right and,
on a single individual, the number of ribs tends to be similar
between valves.
Coloration of the left valve is variable in both genera, but
general patterns can be observed. Ylistrum typically has a
reddish hue and lacks conspicuous radial lines on the exterior

Types: not traced.
Material examined: Twenty specimens from 18 localities
(Supplementary Material, Appendices SB and SC).
Description: Size large, up to maximum 110 mm in height. Shell
shape: as for genus. Exterior colour of left valve dark red to
reddish-brown or light brown, with light brown concentric
lines radiating from umbo to ventral edge; auricles darker in
colour than base of left valve; exterior right valve white.
Interior of both valves white, left valve sometimes with brownish margin, interior right valve almost always with yellow
margin (Fig. 1F); interior radial ribbing on both valves, 35 – 41
on left valve, 39 – 51 on right valve; paired ribs sometimes
present on either valve.
Distribution: Northwest Paciﬁc Ocean (Hong Kong, China;
Taiwan; Japan).
Remarks: Valve colour and the pattern of concentric lines and
spots differ between the two Ylistrum species. In Y. japonicum,
auricles generally are darker than the base colour of the left
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Figure 5. Principal component plots of shell shape variation for the nine species used in this study. The ﬁrst three principal components (PC) of shell
shape variation are 62%, 11% and 8%, respectively. A. PC1and PC2 axes. B. PC1 and PC3 axes. Symbols for species: white squares, Ylistrum
japonicum; white circles, Y. balloti; white triangles, Amusium pleuronectes; black triangles, Pseudamussium septemradiatus; grey circles, Chlamys behringiana; grey
triangles, Ch. islandica; grey squares, Caribachlamys sentis; black circles, Argopecten irradians; black squares, Ar. purpuratus.

NEW SCALLOP GENUS YLISTRUM
left valve (Fig. 1D, G, J), while Amusium appears cream, pinkish
or light brown and bears obvious radial lines that are bluish or
purple (Fig. 1A). It is important to note that colour may be
variable when examining specimens from different localities, in
which case ribbing may be more reliable in separating the two
genera (Fig. 1B, C cf. E, F, H, I, K, L).

DISCUSSION
We conducted a multigene phylogenetic analysis of Amusium s. l.
based on representative sampling across its distributional range
and showed that this group was not monophyletic. The resulting
topology conﬁrms two well supported and well separated clades
of Amusium s. l. (Fig. 3), with greater genetic variation between
clades than within a single clade for the 16S rRNA marker
(Table 1). Furthermore, members of these molecularly-deﬁned
clades can be reliably distinguished from one another by the
number of internal ribs on the left and right valves (Table 2;
Fig. 4). We demonstrate that a combination of molecular and
morphological characters effectively differentiates two morphologically convergent scallop lineages, Amusium and Ylistrum.
Therefore, to communicate better this hitherto hidden biological diversity, we describe a new genus, Ylistrum, which includes
Y. balloti and Y. japonicum. As a result, Amusium is now monotypic
and includes only the type species, A. pleuronectes.
While our data support the recognition of a new genus of
gliding scallop, these data are insufﬁcient to address the taxonomic status of species within Ylistrum. This was due, in part, to
the scarcity of molecular-grade specimens of Y. japonicum. Thus,
while our molecular dataset aided in the recognition of a new
genus, it did not allow us to test formally the monophyly of
Y. balloti and Y. japonicum. In our morphological dataset, with
larger sample size of Y. balloti and Y. japonicum, we found that the
internal rib count could not be used to differentiate between the
two species as counts had completely overlapping ranges. Thus,
future studies with larger molecular sampling will be necessary
to address taxonomy of Ylistrum species.
The fact that Ylistrum and Amusium have been previously classiﬁed in a single genus is not surprising as the shells are qualitatively similar. Even with the application of quantitative
methods, like the geometric morphometrics approach used here,
there are no signiﬁcant differences in shell shape among the
three gliding species (Table 3), as they occupy the same area of
morphospace (Fig. 5). Accordingly, the morphologically conserved shell shape of Ylistrum and Amusium supports the hypothesis that two different lineages of scallops have converged on a
remarkably similar shell shape in response to an ecological niche
or the biomechanical constraints associated with gliding (Serb
et al., 2011).
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