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Abstract Several derived sand dollar (Echinoidea:
Clypeasteroida) families are characterized by the pres-
ence of Gregory’s diverticulum, an accessory organ of
the digestive tract. This soft tissue structure is com-
posed of a central tubular cecum that gives off mul-
tiple lobes into the periphery of the test. Most notable
are the organ’s capacity to selectively store sand
grains that the animal has taken up from the sur-
rounding sediment as well as the gradual reduction
of Gregory’s diverticulum during ontogeny. Several
aspects of the biology of this structure have remained
unexplored, including the organ’s precise morphology
and structural diversity. In order to provide a concise
basis for future histological, physiological, and func-
tional analyses, a comprehensive comparative morpho-
logical and phylogenetic study across numerous taxa
was undertaken. Taxon sampling comprised over 100
clypeasteroid species, including various fossil taxa.

This extensive dataset permits establishing a concise
terminology that incorporates all of the organ’s sub-
structures. In addition, three-dimensional models of
Gregory’s diverticulum are presented that provide an
improved spatial understanding of the organ’s mor-
phology in situ. The combined data from dissection,
X-ray imaging, microcomputed tomography, and mag-
netic resonance imaging reveal a previously unknown
variability of the structure, which also yields several
phylogenetically informative morphological characters.
Among those sand dollar families that possess
Gregory’s diverticulum, the organ is present in two
distinct shapes, which can be distinguished by the
number, shape, and location of substructures. In addi-
tion, the data provide unequivocal evidence that
Gregory’s diverticulum is absent in the extant taxa
Rotulidae and Astriclypeidae, but also in the enigmat-
ic Marginoproctus.
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Le zoologiste qui aurait en main assez de matériaux
pour entreprendre une étude comparative des
caractères anatomiques des différents genres de
Scutellidae ferait certainement des observations très
intéressantes. R. Koehler (1922, p. 123)

Introduction

A number of derived sand dollar (Echinoidea: Clypeasteroida)
families possess an accessory digestive tract structure known
as Gregory’s diverticulum (Gregory 1905; Lawrence 2001). In
juvenile specimens, this soft tissue organ is frequently filled
with sand grains of high specific gravity selectively taken up
from the surrounding sediment, in particular magnetite
(Fe2O3), ilmenite (TiFeO3), and zircon (ZrSiO4) (Chia 1973;
Chen and Chen 1994; Borzone et al. 1997; Elkin et al. 2012).
As the animal matures, the sediment accumulated inside the
diverticulum is successively expelled (Chia 1985), leaving be-
hind an empty vestigial remnant of the organ that eventually
ceases to exist (Wagner 1963; Mitchell 1972; Borzone et al.
1997). However, some sand dollar species were observed to
retain a sand-filled diverticulum throughout adulthood
(Mitchell 1972; Chen and Chen 1994), illustrating a certain
degree of morphological and developmental variability.

The prevailing hypothesis with regard to the function of
Gregory’s diverticulum is that the structure, when distended
with sediment, serves the juvenile sand dollar as a
“balancing aid” (Wagner 1963) or “weight belt” (Chia
1973), enabling the animal to maintain its natural position
in habitats with strong hydrodynamic properties (Borzone
et al. 1997). However, this scenario has not yet been sub-
stantiated by direct experimental evidence (Lawrence 2001).
In addition, the mechanisms for selection of heavy minerals
both on the outside and on the inside of the animal remain
poorly understood (Wagner 1963; Mitchell 1972; Chia
1985). For example, it was proposed that internal sediment
selection could be a result of mass-related differences in the
movement speed of sand grains contained inside the echi-
noid gut (Lares 1999; Lawrence 2001), but there are again
no experimental data to support this assumption.

The histological characteristics of Gregory’s diverticulum
have so far only briefly been studied. These results show that
the composition of the wall of the organ resembles that of the
intestine (Chia 1985), to which it is connected through a short
canal (Mitchell 1972). Even less is known about the early
development of Gregory’s diverticulum, in particular during
or directly following the organism’s metamorphosis from larva
to juvenile. Unfortunately, the few studies that provide data on
larval and postmetamorphic anatomy of derived sand dollars
were performed before Emily R. Gregory’s description of the
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organ in the early twentieth century (Fewkes 1886; Grave
1902) or are dealing with very specific aspects of larval mor-
phology (Burke 1982, 1983).

From a systematic point of view, previous reports suggest
that Gregory’s diverticulum is absent in basal clypeasteroid
families such as the Clypeasteridae, Laganidae, or Fibulariidae
(Chia 1985; Mooi and Chen 1996). Consequently, the presence
of the organ was proposed to constitute a synapomorphy of
derived sand dollar families such as the Echinarachniidae,
Dendrasteridae, and Mellitidae (Mooi and Chen 1996).
However, to date, only little graphic evidence concerning the
absence or presence of the organ and even more so regarding its
shape was presented for most clypeasteroid clades.

In light of numerous open questions regarding the origin,
development, function, and structural diversity of Gregory’s
diverticulum, the principal aims of this contribution are (i) to
introduce a concise terminology that incorporates all of the
organ’s substructures, (ii) to provide the first graphic over-
view of its shape across taxa, (iii) to present data for species
previously not studied, (iv) to expand the number of species
for which relatively comprehensive X-ray imaging series
from juvenile to adult are available, and (v) to ascertain
whether structural differences of the organ among species
could be used as phylogenetically informative morphologi-
cal characters. In addition, interactive three-dimensional
(3D) models are provided that, for the first time, permit a
more intuitive access to the morphology of Gregory’s diver-
ticulum, an enigmatic internal organ unique to selected sand
dollar taxa.

Materials and methods

Origin of material

Specimens were obtained from various private and museum
collections—the institutional acronyms are provided in the
“Abbreviations” section. The choice of specimens was pri-
marily dictated by access to juvenile material (i.e., speci-
mens without gonopores). In general, ethanol-preserved
specimens were favored over dry specimens due to the bet-
ter conservation of soft tissues in the former. Care was taken
to verify that Aristotle’s lantern was still in situ, because the
presence of the sea urchin feeding apparatus increases the
likelihood that internal organs have remained in place post
mortem. Specimen test length (without spines) was mea-
sured to the nearest 0.5 mm using calipers or digital mea-
suring tools.

Furthermore, published and unpublished reports on sand
dollar anatomy in general and Gregory’s diverticulum in
particular were screened for information suitable for integra-
tion into the present study. In addition, The Echinoderm
Files database (Kroh et al. 2013) was queried for previously

uncited manuscripts and conference abstracts. In total, data
for over 600, mostly juvenile specimens pertaining to 104
clypeasteroid species were incorporated. Table 1 lists all
samples analyzed and provides taxonomic information, spec-
imen data, information on applied techniques, observations
on the absence or presence of Gregory’s diverticulum, as
well as the respective data sources. The taxonomic arrange-
ment of the species follows recent phylogenetic analyses
(Kroh and Smith 2010; Mooi et al. 2014) and nomenclature
from The World Echinoidea Database (Kroh and Mooi
2015), except where noted.

Specimen inspection, dissection, and photography

Whenever possible, extant specimens were prescreened by
placing them in front of a strong light source (Wagner
1963). Due to the tenuity of most juvenile sand dollar tests,
this procedure allowed quick identification of specimens
with a sand-filled diverticulum. In addition, selected dry
and wet specimens were dissected by removing the aboral
half of the test.

X-ray imaging

Conventional two-dimensional (2D) X-ray images are par-
ticularly useful for documenting the absence or presence as
well as the shape of a sand-filled diverticulum in fossil, dry,
as well as wet specimens (Seilacher 1979; Chia 1985;
Linder et al. 1988; Chen and Chen 1994; Mooi and Chen
1996). Selected samples were placed on Kodak AA5 X-ray
film and imaged at 35–40 kVp with varying exposure set-
tings (30 s to 15 min) using a Faxitron 43805N X-ray
machine.

In addition, several microcomputed tomography (μCT)
systems (SkyScan 1173, Phoenix Nanotom, X-Tek HMX-
ST 225, and ACTIS) were used to obtain conventional 2D
X-ray projections. However, due to the restricted exposure
settings available on these machines (500 ms to 3 s), the
image contrast obtained is considerably lower than in images
gathered using conventional X-ray devices. Furthermore,
some of the samples had to be stabilized inside the specimen
holder using thin paper cloth, which, due to the X-ray ab-
sorption properties of this material resulted in streak artifacts
that are visible in some of the images.

Microcomputed tomography

Selected dry and wet specimens were analyzed three-
dimensionally using μCT scanners. The sand dollars were
placed inside plastic vials filled with 70 % ethanol in case of
wet specimens or in plastic vials filled with air in case of dry
specimens. An overview of the scanning parameters as well as
a full list of specimens processed has been published
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Table 1 List of sand dollar specimens analyzed with regard to the presence or absence of Gregory’s diverticulum. Inconclusive observations for the
occurrence of the organ are provided in brackets

Taxon Method Specimen Length [mm] Source Organ

Clypeasteridae L. Agassiz, 1835

Ammotrophus cyclius
H. L. Clark, 1928

X-ray – 50 Mortensen (1948) Absent

X-ray MCZ 3352 41 Mooi (1987) Absent

μCT MCZ 7005 35 (Fig. 2c) Ziegler (2012) Absent

Arachnoides placenta
(Linnaeus, 1758)

Dissection – 43 Koehler (1922) Absent

X-ray – 4, 4.5, 6, 8, 9, 15, 24 Seilacher (1979) Absent

Dissection – – Chia (1985) Absent

Dissection CASIZ 94172 27 Ziegler et al. (2010) Absent

Dissection CASIZ 103170 13 Ziegler et al. (2010) Absent

μCT ZMB 1439 27 (Fig. 2d) Ziegler (2012) Absent

MRI ZMB 1439 27 (Fig. 2e) Ziegler et al. (2014a) Absent

X-ray CASIZ 111033 22 This study Absent

Arachnoides tenuis
H. L. Clark, 1938

X-ray – 40 Mortensen (1948) Absent

Clypeaster amplificatus
Koehler, 1922

X-ray – 165 Koehler (1922) Absent

Clypeaster annandalei
Koehler, 1922

Dissection – 103 Koehler (1922) Absent

X-ray – 111 Koehler (1922) Absent

X-ray BMNH 1948.12.9.122 53 Mihaljević et al.
(2011)

Absent

Clypeaster australasiae
(Gray, 1851)

X-ray BMNH 1952.12.9.8 66 Mihaljević et al.
(2011)

Absent

Clypeaster cyclopilus
H. L. Clark, 1941

X-ray – 60 Mortensen (1948) Absent

Clypeaster destinatus
Koehler, 1922

Dissection – 62 Koehler (1922) Absent

Clypeaster euclastus
H. L. Clark, 1941

X-ray – 170 Mortensen (1948) Absent

Clypeaster europacificus
H. L. Clark, 1914

X-ray – 140 Mortensen (1948) Absent

Dissection – – Caso (1980) Absent

Dissection CASIZ 101408 28.5 Ziegler et al. (2010) Absent

Clypeaster eurychorius
H. L. Clark, 1924

Dissection – 105 Mortensen (1948) Absent

Clypeaster fervens
Koehler, 1922

X-ray BMNH 1948.12.9.17 50 Koehler (1922) Absent

X-ray – 72 Mihaljević et al.
(2011)

Absent

μCT BMNH 1948.12.9.15-16 38 Ziegler (2012) Absent

Clypeaster humilis
(Leske, 1778)

Dissection – 94 Koehler (1922) Absent

X-ray – 68 Mihaljević et al.
(2011)

Absent

Clypeaster japonicus
Döderlein, 1885

X-ray BMNH E140012 75 Mihaljević et al.
(2011)

Absent

Clypeaster lamprus
H. L. Clark, 1914

X-ray – 85 Mortensen (1948) Absent

X-ray USNM E14531 77 Mooi (1990) Absent

Clypeaster latissimus
(Lamarck, 1816)

X-ray – 42 Mortensen (1948) Absent

Clypeaster luetkeni
Mortensen, 1948

X-ray – 20 Mortensen (1948) Absent

Clypeaster nummus
Mortensen, 1948

X-ray – 35 Mortensen (1948) Absent

Clypeaster ochrus
H. L. Clark, 1914

Dissection – 76 Mortensen (1948) Absent

Clypeaster pateriformes
Mortensen, 1948

X-ray – 65 Mortensen (1948) Absent

X-ray – 70 Mortensen (1948) Absent
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

Clypeaster prostratus
(Ravenel, 1845)

Dissection USNM E19390 4 Mooi and Chen
(1996)

Absent

Clypeaster rangianus
Desmoulins, 1835

X-ray – 130 Dartevelle (1953) Absent

X-ray BMNH 1957.7.2.48 – Mihaljević et al.
(2011)

Absent

Clypeaster rarispinus
de Meijere, 1903

Dissection – 42 Koehler (1922) Absent

Dissection – 50, 54 Mortensen (1948) Absent

X-ray BMNH 1968.12.6.69 59 Mihaljević et al.
(2011)

Absent

Clypeaster ravenelli
(A. Agassiz, 1869)

X-ray BMNH 1937.5.9.18 98 Mihaljević et al. (2011) Absent

Clypeaster reticulatus
(Linnaeus, 1758)

Dissection – 35 Koehler (1922) Absent

X-ray – 55 Dartevelle (1953) Absent

Dissection BPBM 35 Mooi and Chen (1996) Absent

X-ray BMNH 1942.12.26.72 64 Mihaljević et al.
(2011)

Absent

μCT USNM 34282 24 (Fig. 2a) Ziegler (2012) Absent

MRI USNM 34282 24 (Fig. 2b) Ziegler et al. (2014a) Absent

Clypeaster rosaceus
(Linnaeus, 1758)

Dissection – – Desmoulins
(1835–37)

Absent

Dissection – 95 Agassiz (1872–74) Absent

X-ray – 100 Seilacher (1979) Absent

X-ray BMNH E14011 106 Mihaljević et al.
(2011)

Absent

μCT ZMB 2520 35 (Fig. 8c) Ziegler (2012) Absent

MRI ZMB 2520 26 Ziegler et al. (2014a) Absent

Clypeaster subdepressus
(Gray, 1825)

Dissection – 135 Agassiz (1872–74) Absent

X-ray – 130 Mortensen (1948) Absent

Dissection UTO 130 Mooi and Chen
(1996)

Absent

X-ray BMNH 1962.7.2.11 107 Mihaljević et al.
(2011)

Absent

Clypeaster telurus
H. L. Clark, 1914

X-ray – 115 Mortensen (1948) Absent

X-ray BMNH 1953.1.24.34 102 Mihaljević et al.
(2011)

Absent

Clypeaster virescens
Döderlein, 1885

Dissection – 82, 102 Mortensen (1948) Absent

Fellaster zelandiae
(Gray, 1855)

X-ray – 80 Seilacher (1979) Absent

μCT ZMB 7402 47 (Fig. 2f) Ziegler (2012) Absent

†Scutellinidae Pomel, 1888

†Lenita patellaris
(Leske, 1778)

X-ray MNHN 7 Mooi (1989) (Absent)

†Scutellina lenticularis
(Lamarck, 1816)

X-ray CASIZ 6 This study (Absent)

†Scutellina nummularia
(L. Agassiz, 1841)

X-ray BMNH 31187 12 Mooi (1987) (Absent)

Laganidae Desor, 1858

Jacksonaster depressum
(L. Agassiz, 1841)

X-ray – 35, 47 Koehler (1922) Absent

Dissection – 47 Koehler (1922) Absent

Dissection – – Chia (1985) Absent

Dissection UTO 45 Mooi and Chen
(1996)

Absent

μCT BMNH1932.4.28.227-34 28 (Fig. 2g) Ziegler (2012) Absent

MRI BMNH1932.4.28.227-34 32 (Fig. 2h) Ziegler et al. (2014a) Absent
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

Laganum bonani
L. Agassiz, 1841

Dissection – 35 Koehler (1922) Absent

Laganum decagonale
(Blainville, 1827)

Dissection – 24 Koehler (1922) Absent

Dissection UTO 25 Mooi and Chen
(1996)

Absent

μCT BMNH 79.1.2.3 29 Ziegler (2012) Absent

Laganum fudsiyama
Döderlein, 1885

Dissection BPBM, USNM E9387,
WAM 754-85

25 Mooi and Chen
(1996)

Absent

Laganum joubini
Koehler, 1922

X-ray – 35, 45 Koehler (1922) Absent

μCT BMNH 1979.1.25.52-
60

19 (Fig. 8d) Ziegler (2012) Absent

MRI BMNH 1979.1.25.52-
60

19 Ziegler et al. (2014a) Absent

Laganum laganum
(Leske, 1778)

μCT USNM E09175 28 (Fig. 2i) Ziegler (2012) Absent

MRI USNM E09175 28 (Fig. 2j) Ziegler et al. (2014a) Absent

Peronella japonica
Mortensen, 1948

μCT CASIZ 94528 54.5 Ziegler (2012) Absent

Peronella lesueuri
(L. Agassiz, 1841)

Dissection – 38 Koehler (1922) Absent

X-ray – 114 Koehler (1922) Absent

X-ray BMNH 1981.2.6.86 63 Mooi (1989) Absent

μCT MNHN EcEh 79 26 (Fig. 2k) Ziegler (2012) Absent

MRI MNHN EcEh 79 26 (Fig. 2l) Ziegler et al. (2014a) Absent

Peronella macroproctes
Koehler, 1922

X-ray – 10 Koehler (1922) Absent

Peronella merguiensis
Koehler, 1922

X-ray – 37 Koehler (1922) Absent

Peronella orbicularis
(Leske, 1778)

μCT MNHN EcEh 77 22 (Fig. 2m) Ziegler (2012) Absent

MRI MNHN EcEh 77 22 Ziegler et al. (2014a) Absent

Peronella pellucida
Döderlein, 1885

X-ray BMNH 1957.8.26.11-
12

33 Mooi and Chen
(1996)

Absent

Dissection UB 25 Mooi and Chen
(1996)

Absent

Peronella rullandi
(Koehler, 1922)

X-ray – 18, 19 Koehler (1922) Absent

Echinocyamidae Lambert & Thiéry, 1914

Echinocyamus crispus
Mazzeti, 1893

Dissection BPBM 10 Mooi and Chen
(1996)

Absent

Echinocyamus grandiporus
Mortensen, 1907

Dissection USNM E14548 7 Mooi and Chen
(1996)

Absent

Echinocyamus incertus
H. L. Clark, 1914

Dissection BPBM 5 Mooi and Chen
(1996)

Absent

Echinocyamus pusillus
(O. F. Müller, 1776)

Dissection – 8 Cuénot (1891) Absent

X-ray UTO 7 Mooi (1989) Absent

Dissection UTO 9 Mooi and Chen
(1996)

Absent

μCT ZMB 7410 5.5 (Figs. 2n and 8e) Ziegler (2012) Absent

MRI Private collection (AZ) 5 (Fig. 2o) Ziegler et al. (2014a) Absent

Echinocyamus scaber
de Meijere, 1902

Dissection USNM 34253,
MNHN

9 Mooi and Chen
(1996)

Absent

Mortonia australis
(Desmoulins, 1837)

Dissection BPBM, UTO 12 Mooi and Chen
(1996)

Absent

μCT CASIZ 108132 13 (Fig. 2p) Ziegler (2012) Absent

Fibulariidae Gray, 1855

Fibularia cribellum
de Meijere, 1902

Dissection USNM E6793 5 Mooi and Chen
(1996)

Absent

Dissection – 11 (Fig. 2r) Clark (1909) Absent
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

Fibularia nutriens
H. L. Clark, 1909

Dissection USNM E10713 4 Mooi and Chen
(1996)

Absent

Fibularia ovulum
Lamarck, 1816

Dissection UTO 5 Mooi and Chen
(1996)

Absent

μCT USNM E25308 5.5 (Fig. 2q and 8f) Ziegler (2012) Absent

MRI NMNH E35308 8 Ziegler et al. (2014a) Absent

Unnamed taxon closely related to rotulids

Fibulariella acuta
(Yoshiwara, 1898)

Dissection MCZ 4094 6 Mooi and Chen (1996) Absent

μCT CASIZ 188798 6.5 (Fig. 2s) Ziegler (2012) Absent

Dissection CASIZ 188798 7 (Fig. 2t) This study Absent

Fibulariella oblonga
Gray, 1851

Dissection MCZ 4590 7 Mooi and Chen (1996) Absent

Rotulidae Gray, 1855

Heliophora orbicularis
(Linnaeus, 1758)

X-ray – 6, 9, 19, 20, 24,
28, 41, 78

Dartevelle (1953) Absent

X-ray – 8, 9, 13, 20, 29 Seilacher (1979) Absent

Dissection,
X-ray

BMNH 1957.7.2.42-5,
USNM 32900

12, 15 Mooi and Chen
(1996)

Absent

Dissection CASIZ 192097 15 Ziegler et al. (2010) Absent

μCT ZMH E6864 46 (Fig. 3b) Ziegler (2012) Absent

X-ray CASIZ 4C3649 15 (Fig. 3a) This study Absent

Rotula deciesdigitatus
(Leske, 1778)

Dissection – – Koehler (1914) Absent

X-ray – 28, 61 Dartevelle (1953) Absent

X-ray USNM 2307 64 Mooi (1987) Absent

μCT ZMB 2169 22 Ziegler (2012) Absent

μCT ZMH E742 50 (Fig. 3e) Ziegler (2012) Absent

MRI ZMB 2169 24 Ziegler et al. (2014a) Absent

X-ray CASIZ 4C3651 16, 17 (Fig. 3c) This study Absent

X-ray ZMB 2169 15, 16, 17, 17, 18, 18, 19, 20,
21,
22 (Figs. 3d and 8g), 25

This study Absent

†Rotuloidea fimbriata
Etheridge, 1872

X-ray – 22, 32, 34, 36, 39, 40 Dartevelle (1953) (Absent)

X-ray CASIZ 25 This study (Absent)

†Rotuloidea vieirai
Dartevelle, 1953

X-ray – 11, 16, 17, 18,
19, 20, 21, 22

Dartevelle (1953) (Absent)

Taiwanasteridae Wang, 1984

Sinaechinocyamus mai
(Wang, 1984)

Dissection,
X-ray

– 2, 2, 2, 2, 2, 2.5,
3, 3, 3, 3, 3, 3.5,
4, 4.5, 5.5, 6.5,
7, 7.5, 8, 9, 9

Chen and Chen
(1994)

Present

Dissection CASIZ 188797 10 Ziegler et al. (2010) Present

μCT CASIZ 188797 6.5 (Fig. 3i) Ziegler (2012) Present

X-ray NMNS 2689-176 1.5 (Fig. 3f), 1.5, 2.5, 3.5
(Figs. 3g and 8h), 6
(Fig. 3h), 6.5

This study Present

X-ray NMNS 2689-178 3, 6, 7.5 (Fig. 3j) This study Present

Sinaechinocyamus planus
Liao, 1979

Dissection CASIZ 9 Mooi and Chen
(1996)

Present

†Protoscutellidae Durham, 1955

†Periarchus lyelli
(Conrad, 1868)

X-ray USNM 67 Mooi (1989) (Absent)

†Protoscutella mississippiensis
(Twitchell, 1915)

X-ray USNM 23 Mooi (1987) (Absent)

X-ray CASIZ 24 This study (Absent)
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

Echinarachniidae Lambert & Thiéry, 1914

Echinarachnius parma
(Lamarck, 1816)

Dissection – – Agassiz (1872–74) Present

Dissection – – MacBride (1906) Present

Dissection – 20 Coe (1912) Present

Dissection – 62 Koehler (1922) Absent

Dissection – – Mitchell (1972) Present

X-ray Private collection (RM) 62 Telford (1988) Absent

X-ray CASIZ 51 Mooi (1990) Absent

Dissection MCZ 244 67 Mooi and Chen
(1996)

Present

Dissection, X-
ray

UTO 45 Mooi and Chen
(1996)

Present

μCT ZSM 20011676 22 Ziegler (2012) Absent

MRI ZSM 20011676 22 Ziegler et al. (2014a) Absent

X-ray Private collection (RM) 4, 6, 7, 7, 7, 7, 8, 8, 8, 9, 9,
10, 10, 11, 13, 13, 14

This study Present

X-ray MCZ 2613 8 (Fig. 3k), 8, 9, 10 (Fig. 3l),
10, 10, 12 (Figs. 3m
and 8i), 16 (Fig. 3n), 20
(Fig. 3o), 21, 23

This study Present

Light Private collection (LGZ) 2, 2 This study Present

†Kewia blancoensis
(Kew, 1920)

X-ray USNM 264125 2 Mooi and Chen
(1996)

Present

X-ray USNM 264125 17 (Fig. 3p) This study Present

†Kewia marquamensis
Linder, 1988

X-ray – 5, 6, 6, 7, 9, 11, 14, 15, 20 Linder (1986) Present

X-ray UCMP 38207 6 (Fig. 3q), 10 (Fig. 3r),
12 (Fig. 3s)

Linder et al. (1988) Present

†Scutellaster sp. X-ray CASIZ 19 (Fig. 3t) This study Present

Taxon incertae sedis

Marginoproctus
djakonovi
Budin, 1980

Dissection USNM 2.5 Mooi and Chen
(1996)

Present

μCT USNM Acc. No.
357890

6 (Fig. 4d) Ziegler (2012) Absent

X-ray CASIZ 111605 3 (Fig. 4a), 3 (Fig. 4b) This study Absent

X-ray CASIZ 111605 5 (Fig. 4c) This study Absent

Dissection CASIZ 111605 9 (Fig. 4e) This study Absent

Scutellidae Gray, 1825

†Parascutella jacquemeti
(de Loriol, 1902)

X-ray BMNH E11574 85 Mooi (1987) (Absent)

†Parascutella leognanensis
(Lambert, 1903)

X-ray – 80 Mortensen (1948) (Absent)

†Parascutella paulensis
(L. Agassiz, 1841)

X-ray CASIZ 24 This study (Absent)

Scaphechinus griseus
Mortensen, 1927

Dissection – 40–45 Anisimov (1982) Absent

X-ray UTO 3 Mooi and Chen
(1996)

Present

X-ray ZMK 2 (Fig. 4f), 6 (Fig. 4g), 6,
6.5, 8, 8.5 (Fig. 8j), 8.
5, 9, 9, 9.5 (Fig. 4h)

This study Present

X-ray Private collection (RM) 31, 33, 35 (Fig. 4i), 36
(Fig. 4j), 36, 41

This study Present

Light ZMK 7, 8, 9, 13, 17, 20, 20,
21, 22, 25, 25

This study Present
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

Scaphechinus mirabilis
A. Agassiz, 1863

X-ray – 6 Mooi and Chen (1996) Present

Dissection USNM E36078,
E35944; UTO

– Mooi and Chen
(1996)

Present

Light – 40 Elkin et al. (2012) Present

μCT ZMB 7405 21 (Figs. 1a and 4n) Ziegler (2012) Present

X-ray Private collection (RM) 64 (Fig. 4o) This study Present

X-ray ZMB 2618 13 (Fig. 4k), 15
(Fig. 4l), 18 (Fig. 4m)

This study Present

Light ZMK 8, 14, 20 This study Present

Scaphechinus tenuis
(Yoshiwara, 1898)

Dissection CASIZ 110668 8 Ziegler et al. (2010) Present

Dendrasteridae Lambert, 1900

Dendraster excentricus
(Eschscholtz, 1829)

Dissection – – Reisman (1965) Absent

Dissection – 35 Mitchell (1972) Present

Dissection – 5.5 Chia (1973) Present

Dissection – 55 Timko (1976) Absent

X-ray – 3, 3, 3, 4, 4, 4, 5, 6, 6, 7,
7, 7, 8, 10, 11, 11, 11,
12, 12, 12, 13, 14, 15,
17, 22, 29, 30, 33, 34

Chia (1985) Present

X-ray – 49 Mooi (1987) Absent

X-ray – 50 Moore and Ellers
(1993)

Present

Dissection,
X-ray

CASIZ 81139, USNM
E30876, UT

12–55 Mooi and Chen (1996) Present

μCT ZMB 7400 45 Ziegler (2012) Absent

X-ray CASIZ 094162 5 (Fig. 4p), 5.5 (Fig. 4q),
6 (Fig. 4r), 6, 6, 6, 6, 7,
7, 9 (Figs. 4s and 8k)

This study Present

X-ray Private collection (RM) 37 (Fig. 4t) This study Present

Dendraster laevis
H. L. Clark, 1948

Dissection SIO E2490, E2488 45 Mooi and Chen (1996) Present

†Abertellidae Durham, 1955

†Abertella alberti
(Conrad, 1842)

X-ray USNM 93 Mooi (1987) (Absent)

Astriclypeidae Stefanini, 1912

†Amphiope bioculata
(Desmoulins, 1835)

X-ray BMNH 75801.2 72 Mooi (1987) (Absent)

†Amphiope sp. 2 X-ray – – Stara and Borghi (2014) (Absent)

†Amphiope sp. 3 X-ray – 47 Stara and Sanciu (2014) (Absent)

Astriclypeus mannii
Verrill, 1867

X-ray USNM E5264 72 Mooi (1987) Absent

μCT MCZ 7300 65 Ziegler (2012) Absent

X-ray Private collection (AZ) 78 This study Absent

X-ray NMNS 2270-020 16 (Fig. 5c), 17.5
(Fig. 5d), 26, 27

This study Absent

X-ray ZMK 9 (Figs. 5a and 8l),
13 (Fig. 5b)

This study Absent

MRI MMBS 20130314 16 (Fig. 5e) This study Absent

Light MMBS 20090705 32 This study Absent

Light ZMK 8, 9 This study Absent

Dissection – – Agassiz (1841) Absent
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

Echinodiscus bisperforatus
Leske, 1778

X-ray – 55, 57 Dartevelle (1953) Absent

X-ray USNM E8113 80 Mooi (1987) Absent

Dissection CASIZ; MCZ 2370 – Mooi and Chen
(1996)

Present

μCT BMNH 1964.10.13.20-
23

32 (Fig. 5n) Ziegler (2012) Absent

MRI ZMK 15 (Fig. 5o) This study Absent

MRI ZMK 12 This study Absent

X-ray MCZ 2370 12 (Fig. 5k), 12 This study Absent

X-ray ZMB 402 35 This study Absent

X-ray ZMB 403 31 (Fig. 5m) This study Absent

X-ray ZMB 404 30 (Fig. 5l) This study Absent

X-ray USNM E8113 89 This study Absent

Light ZMK 10, 12, 15, 17 This study Absent

†Paraamphiope raimondii
Stara & Sanciu, 2014

X-ray – 53 Stara and Sanciu
(2014)

(Absent)

Sculpsitechinus auritus
(Leske, 1778)

Dissection – 123 Koehler (1922) Absent

X-ray – 122 Koehler (1922) Absent

μCT ZMB 2647 39 Ziegler (2012) Absent

X-ray – 130, 173 Stara and Sanciu (2014) Absent

MRI ZMK 16 (Fig. 5j) This study Absent

X-ray MCZ 6042 28 (Fig. 5h), 30
(Fig. 5i), 32, 33

This study Absent

X-ray MCZ 7238 85 This study Absent

X-ray MCZ 7239 8 (Fig. 5f), 11 (Fig. 5g) This study Absent

Light ZMK 7, 7, 12, 14, 15, 15, 20,
25, 25, 27, 28, 30,
31, 31, 32, 33

This study Absent

Dissection Private collection (AZ) 67 This study Absent

Sculpsitechinus tenuissimus
(L. Agassiz & Desor,
1847)

X-ray – 75 Mortensen (1948) Absent

X-ray – 50 Stara and Sanciu
(2014)

Absent

†Monophorasteridae Lahille, 1896

†Monophoraster darwini
(Desor, 1847)

X-ray USNM Acc. No.
339378

65 Mooi (1987) (Absent)

Mellitidae Stefanini, 1912

Encope aberrans
Martens, 1867

X-ray FDNR I18975 86 Mooi (1989) Absent

Dissection FDNR EJ-68-96 70–100 Mooi and Chen
(1996)

Present

Encope californica
Verrill, 1870

Dissection MCZ 7680 15 Mooi and Chen
(1996)

Present

X-ray MCZ 7680 19, 26, 26 This study Absent

Encope emarginata
(Leske, 1778)

Light ZMK 17, 17, 21 This study Absent

Encope grandis
L. Agassiz, 1841

Dissection – – Wagner (1963) Present

Dissection CASIZ 95255,
MCZ 7361

15 Mooi and Chen
(1996)

Present

X-ray MCZ 7361 22 This study Absent

Encope michelini
L. Agassiz, 1841

X-ray UT NPL 4111,
4112, 4113

9, 9 (Fig. 6a),
13, 16 (Fig. 6b)

This study Present

X-ray MCZ 7917 4, 7, 9 This study Absent

Encope micropora
L. Agassiz, 1841

μCT MCZ 2625 36 (Fig. 6c) Ziegler (2012) Present

X-ray MCZ 2625 42 This study Absent

X-ray MCZ 2625 42 (Fig. 6d) This study Present
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Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

X-ray MCZ 2409 39 This study Present

†Encope secoensis
Cooke, 1961

X-ray UNEFM-IF-025 60 Mihaljević et al.
(2010)

(Absent)

Encope wetmorei
A. H. Clark, 1946

X-ray ZMK 14 (Fig. 6e) This study Present

Leodia sexiesperforata (Leske,
1778)

X-ray Private collection (RM) 51 Mooi (1987) Absent

Dissection, X-
ray

UTO 2 Mooi and Chen (1996) Present

X-ray MCZ 2630 7, 14 This study Absent

X-ray MCZ 4460 10, 12, 14 This study Absent

μCT MCZ 4460 30 This study Absent

X-ray MCZ 2437 24 This study Absent

X-ray MCZ 2441 9 This study Absent

X-ray MCZ 2900 9 This study Absent

X-ray MCZ 7518 8, 10, 15, 22, 31, 50 This study Absent

X-ray MCZ 7585 6, 12 This study Absent

X-ray Private collection (RM) 20 (Fig. 6m), 20, 22,
22, 24 (Fig. 6n),
26 (Fig. 6o), 26,
26, 31, 32, 36, 63

This study Present

Dissection CASIZ 112813 10 This study Present

X-ray CASIZ 112813 5 (Fig. 6k), 8 (Fig. 6l) This study Present

Light ZMK 5, 7, 8, 11 This study Present

Light ZMK 11, 14, 14, 15, 16, 17,
18, 18, 19, 19, 19,
20, 20, 20, 21, 21,
22, 23, 24, 25, 25,
26, 26, 28, 30, 32,
33, 34, 35

This study Absent

Mellita grantii
Mortensen, 1948

X-ray – 40 Mortensen (1948) Absent

Dissection CASIZ 81379 15 Mooi and Chen
(1996)

Present

X-ray USNM E26597 23 (Figs. 7a and 8m),
25, 25, 26 (Fig. 7b),
26, 29 (Fig. 7c), 30
(Fig. 7d), 37 (Fig. 7e), 37

This study Present

Mellita isometra
Harold & Telford, 1990

Dissection – – Mitchell (1972) Present

X-ray – 81 Harold and Telford
(1990)

Absent

Dissection, X-
ray

UTO 45 Mooi and Chen
(1996)

Present

μCT ZMH E737 54 Ziegler (2012) Absent

X-ray CASIZ 6 (Fig. 7f), 7, 10 (Fig. 7g),
12 (Fig. 7h)

This study Present

X-ray Private collection (RM) 21 (Fig. 7i), 26 (Fig. 7j) This study Present

Mellita longifissa
Michelin, 1858

Dissection – – Caso (1980) Present

X-ray MCZ 2626 16 (Fig. 7k), 16, 17, 18,
20 (Fig. 7l), 20, 22,
29 (Fig. 7m), 48 (Fig. 7n)

This study Present

X-ray USNM E26362 37 This study Present

Mellita quinquiesperforata
(Leske, 1778)

Dissection – – Agassiz (1841) Absent

Dissection – – Coe (1912) Absent

Dissection – – Wagner (1963) Present

X-ray – 5, 5.5, 5.5, 6, 7, 22, 75 Seilacher (1979) Present

X-ray FDNR EJ-76-68 63 Mooi (1987) Absent

X-ray – 2.5, 9.5, 40 Telford (1988)
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previously (Zachos 2006; Ziegler 2012). Reconstruction of
the raw data was performed using the software provided to-
gether with each scanner (SkyScan 1173: NRecon 1.6.6.0,
Phoenix Nanotom: DatosX Reconstruction 1.5, X-Tek
HMX-ST 225: Metris XT 2.2, ACTIS: custom software with
Laks convolution filter).

Magnetic resonance imaging

To prevent the dissection of rare juvenile sand dollar wet
specimens, selected individuals were scanned using high-
field magnetic resonance imaging (MRI) scanners following
protocols described previously (Ziegler et al. 2008; Ziegler
and Mueller 2011). Because of the relatively small size of

some specimens, these were placed in low-melting agarose
before scanning in order to prevent movement artifacts.

Visualization and 3D modeling

The 3D MRI scans were inspected using the Volume Viewer
2.01 plugin in ImageJ 1.49p. Selected 3D μCT scans were
visualized using the volume rendering tool volren in the pro-
gram Amira 5.2. Using this software, Gregory’s diverticulum
was outlined in two selected species using manual segmenta-
tion tools (threshold, brush), followed by surface rendering
(surface gen), smoothing (smoothsurface), and export as a
virtual reality modeling language (VRML) file (VRML-
export). The resulting data were employed to create two inter-
active 3D PDF models using the software Adobe 3D

Table 1 (continued)

Taxon Method Specimen Length [mm] Source Organ

X-ray – 84 Harold and Telford
(1990)

Absent

Dissection – 4, 7, 12, 23, 32 Borzone et al. (1997) Present

Dissection – – Fox (2001) Absent

μCT ZMB 7401 52 Ziegler (2012) Absent

X-ray MCZ 8000 8.5, 11 (Fig. 7s),
12, 15, 19 (Fig. 7t)

This study Present

X-ray Private collection (RM) 1.5 (Fig. 7p), 2, 2,
3, 3, 3.5 (Fig. 7q),
3.5, 5, 7 (Fig. 7r), 10

This study Present

Mellita tenuis
H. L. Clark, 1940

X-ray – 104 Harold and Telford
(1990)

Absent

Dissection CASIZ 12 Mooi and Chen
(1996)

Present

X-ray CASIZ 6 (Fig. 7o) This study Present

†Mellitella falconensis
Cooke, 1961

CT UNEFM-IF-021 37 Mihaljević et al.
(2010)

(Absent)

Mellitella stokesii
(L. Agassiz, 1841)

Dissection – – Agassiz (1841) Absent

X-ray – 4, 7, 9, 16, 21, 24 Seilacher (1979) Present

Dissection, X-
ray

USNM E15164 20 Mooi and Chen
(1996)

Present

Dissection, X-
ray

USNM E14589 15 Mooi and Chen (1996) Present

Light ZMH 12.5 Schultz (2005) Present

Dissection CASIZ 3387 43 Ziegler et al. (2010) Present

μCT USNM E40733 17 (Fig. 1b) Ziegler (2012) Present

X-ray USNM E14589 34, 35 (Fig. 6i) This study Present

X-ray ZMB 410 22, 26 (Fig. 6h), 26,
27, 42, 42, 46
(Fig. 6j), 46,
49, 49, 52, 58

This study Present

X-ray ZMB 1518 19 (Fig. 6g), 27,
31, 32, 46, 60

This study Present

X-ray ZMB 5224 13, 14, 15 (Fig. 6f),
17, 20, 21, 22,
28, 36, 37, 37, 38

This study Present

Light ZMK 24, 26 This study Present

† Fossil taxon
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Reviewer. More specific information on the integration of
multimedia content into PDF documents has been published
elsewhere (Ziegler et al. 2011).

Data transparency

A MorphoBank project (#2202) was created to serve as data
repository for all 2D X-ray images gathered in the course of
this study (Ziegler et al. 2015). These data include 262 media
files with a total size of 333 MB and comprise information on
46 taxa. In addition, all MRI datasets incorporated into this
study are publicly available for download through the online
repository GigaDB (Ziegler et al. 2014a, b).

Results

Morphology and terminology of Gregory’s diverticulum

Gregory’s diverticulum is an internal soft tissue organ
located along the central oral-aboral axis of the animal
at about the level of the stomach and intestine (Fig. 1).
The structure surrounds the digestive tract, to which it is
connected through a short canal that originates from the

underside or the side of the gut near the junction of the
intestine and rectum. Gregory’s diverticulum is composed
of a centrally located tubular cecum, which gives off sev-
eral pouches into the periphery of the test. In line with the
general anatomy of sand dollars, the organ is flattened
along the oral-aboral axis and its pouches are trailing
slightly aborally at their distal ends. In contrast to the
asymmetrically shaped main digestive tract composed of
the esophagus, stomach, intestine, and rectum, Gregory’s
diverticulum displays a pronounced fivefold symmetry. A
comprehensive understanding of the oral, aboral, and lat-
eral aspects of the organ can be obtained by activating the
two embedded 3D models provided in Fig. 1.

Gregory’s diverticulum has nine macrostructurally visible
elements: (1) ring duct: a centrally located tubular cecum,
which is roughly circular in cross section; (2) duct connector:
a short tubular canal, which connects the ring duct to the
intestine; (3) ambulacral lobes: large pouches located in the
ambulacra; (4) interambulacral lobes: large pouches located in
the interambulacra; (5) lobe connectors: short canals
connecting the ambulacral and interambulacral lobes to the
ring duct; (6) secondary protrusions: small pouches branching
off the ambulacral or interambulacral lobes; (7) tertiary pro-
trusions: small pouches branching off the secondary

Fig. 1 Semischematic illustration of the two principle shapes of
Gregory’s diverticulum in sand dollars. The figure is based on volume
renderings of μCT data obtained from specimens of a Scaphechinus
mirabilis (21 mm test length) and b Mellitella stokesii (17 mm). The
shape of Gregory’s diverticulum can be discerned due to the presence
of X-ray-opaque sediment contained within the organ. The course of
the predominantly empty main digestive tract is drawn in white
(primary siphon not shown). White numbers denote ambulacra (I–V)
and interambulacra (1–5), while black letters (A–J) and numbers (1–5)
indicate ambulacral or interambulacral lobes, respectively. Both images

show an aboral view with ambulacrum III facing upwards. The two
interactive 3D PDF models of Gregory’s diverticulum in S. mirabilis
(a) and M. stokesii (b) can be activated by clicking onto the respective
image (requires Adobe Reader version 8.0 or higher on all operating
systems). al ambulacral lobe, an anus, ap adaxial protrusion, ar
Aristotle’s lantern, bu buttress, dc duct connector, es esophagus, il
interambulacral lobe, in intestine, lc lobe connector, lu lunule, no notch,
pi pillar, rd ring duct, re rectum, rg ring gap, sp secondary protrusion, st
stomach, tp tertiary protrusion. The interactive content of this figure can
be viewed in the Supplementary Material
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protrusions; (8) adaxial protrusions: small pouches branching
off the ring duct; and (9) ring gap: the void between the two
termini of the ring duct.

Viewed aborally (Fig. 1), the ambulacral lobes are labeled
counterclockwise, starting with the posteriormost lobe found
in ambulacrum I (Amb I). The ambulacral lobes are always ten
in number (A–J). The interambulacral lobes are labeled coun-
terclockwise as well, starting with the lobe found in
interambulacrum 1 (IAmb 1). The interambulacral lobes are
either four or five in number (1–4 or 1–5). As a general rule,
the anterior half of the animal (Amb II–IV) is characterized by
the presence of eight lobes, while the posterior half (IAmb 4–
1) may have either six or seven lobes.

Dissections show that the walls of the ring duct, duct
connector, ambulacral lobes, and interambulacral lobes
are smooth externally. Gregory’s diverticulum is filled
with a transparent liquid and/or particulate material
(i.e., sediment). The organ is extremely thin walled
and therefore almost transparent when devoid of sand.
The walls of the structure are elastic, which is illustrat-
ed by the sometimes quite prominent outside bulging of
sediment grains contained within the organ. As previ-
ously noted (Chia 1969; Mitchell 1972), the virtual ab-
sence of X-ray-opaque material within the main diges-
tive tract, in particular the stomach, constitutes a notable
feature in most juvenile sand dollar specimens.
However, X-ray-opaque particles can sometimes be
found inside the stomach and intestine, although consid-
erably more often in the rectum (Fig. 1a).

Structural diversity of Gregory’s diverticulum

The following, systematically arranged paragraphs de-
scribe the absence or presence of Gregory’s diverticu-
lum in all taxa for which reliable evidence was obtain-
ed. The occurrence of the diverticulum was usually
ascertained using X-ray imaging by observing the dis-
tribution of particulate material contained within the or-
gan. However, because Gregory’s diverticulum might
also be entirely devoid of sand or vestigial in nature,
dissection or MRI is ultimately required to obtain direct
evidence for the organ’s absence or presence. Table 1
lists the occurrence of the organ for each species—state-
ments in brackets refer to inconclusive observations.

Outgroup: “regular” and nonclypeasteroid irregular sea
urchin taxa

Although a number of accessory structures of the main diges-
tive tract are known to occur in various echinoid clades (e.g.,
gastric cecum, intestinal cecum, primary siphon), none of the-
se internal organs resembles Gregory’s diverticulum in local-
ity, shape, or further morphological properties. Therefore,

there is no evidence that Gregory’s diverticulum exists in
any sea urchin clade other than among the clypeasteroids.
This very likely also holds true for the putative sister group
to the Clypeasteroida, the miniaturized fossil species
Togocyamus seefriedi Oppenheim, 1915, and the sister group
to Togocyamus plus Clypeasteroida, the Oligopygoida Kier,
1967. So far, over 30 specimens of Togocyamus have been
analyzed using X-ray imaging, but no trace of the organ was
observed (Mooi and Chen 1996).

Clypeasteridae

In addition to the speciose genus Clypeaster (Fig. 2a, b),
the clypeasterid genera Ammotrophus (Fig. 2c),
Arachnoides (Fig. 2d, e), and Fellaster (Fig. 2f) were
studied. A relatively comprehensive X-ray imaging series
of specimens from 4 to 43 mm test length is available for
the species Arachnoides placenta. The data reveal no
trace of Gregory’s diverticulum or of any potential pre-
cursor of the organ in members of the Clypeasteridae.

Scutellinidae

This fossil clypeasteroid family is here represented by three
species, Lenita patellaris, Scutellina lenticularis, and
Scutellina nummularia. No trace of the organ was found in
any of the available specimens. With test lengths of 7–12 mm,
these specimens fall into the size range at which a sand-filled
Gregory’s diverticulum would be expected. However, all in-
dividuals had been fossilized without the presence of
Aristotle’s lantern, suggesting that internal organs decayed
prior to fossilization.

Laganidae

Several species pertaining to the laganid genera Jacksonaster
(Fig. 2g, h), Laganum (Fig. 2i, j), and Peronella (Fig. 2k–m)
were analyzed. Although no comprehensive X-ray imaging
series is available for any laganid species, the combined da-
ta—including a relatively small specimen of Peronella
macroproctes with 10 mm test length—suggest the absence of
Gregory’s diverticulum in all taxa belonging to the Laganidae.

Echinocyamidae

The miniaturized sand dollars of the Echinocyamidae are rep-
resented here by six species belonging to two genera. The
available dissection, MRI, and X-ray imaging data for
Echinocyamus (Fig. 2n, o) and Mortonia (Fig. 2p) show that
Gregory’s diverticulum is lacking in echinocyamids.
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Fibulariidae

Several specimens of the miniaturized sand dollar genus
Fibularia (Fig. 2q, r) were available for analysis. No trace of
Gregory’s diverticulum was found in any fibulariid species.

Rotulidae

Data were available for the three rotulid genera Heliophora,
Rotula, and Rotuloidea as well as the closely related
Fibulariella. The three extant species Fibulariella acuta
(Fig. 2s, t), Heliophora orbicularis (Fig. 3a, b), and Rotula
deciesdigitatus (Fig. 3c–e) do not possess Gregory’s

diverticulum. The available data suggest the same for the fossil
genus Rotuloidea, although several of the X-rayed specimens
were missing Aristotle’s lantern. Relatively comprehensive X-
ray imaging series are available for the extant species
H. orbicularis (6–78 mm) and for the fossil Rotuloidea (11–
40 mm). These data further support the conclusion that
rotulids as well as Fibulariella do not possess Gregory’s
diverticulum.

Taiwanasteridae

This family is here represented by two species in the genus
Sinaechinocyamus . The data show that Gregory’s

Fig. 2 Absence of Gregory’s diverticulum in the Clypeasteridae (a–f),
Laganidae (g–m), Echinocyamidae (n–p), Fibulariidae (q, r), and the
miniaturized rotulid Fibulariella (s, t). This figure shows selected X-ray
images, virtual MRI sections at the level of the main digestive tract, as well
as a drawing and a photograph of dissected specimens. a, b Clypeaster
reticulatus (24 mm test length); c Ammotrophus cyclius (35 mm); d, e
Arachnoides placenta (27 mm); f Fellaster zelandiae (47 mm); g, h

Jacksonaster depressum (28, 32 mm); i, j Laganum laganum (28 mm); k, l
Peronella lesueuri (26 mm); m Peronella orbicularis (21 mm); n, o
Echinocyamus pusillus (5.5, 5 mm); p Mortonia australis (13 mm); q
Fibularia ovulum (5.5 mm); r Fibularia nutriens (11 mm); and s, t
Fibulariella acuta (6.5, 7 mm). r Modified from Clark (1909). All images
show an aboral view with ambulacrum III facing upwards. go gonad, in
intestine, re rectum, st stomach. Scale bar a–m = 5 mm and n–t = 1 mm
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diverticulum is present in Sinaechinocyamus mai (Fig. 3f–j)
and Sinaechinocyamus planus. In S. mai, the organ was found
to be fully distended with sand up to a test length of 9 mm,
while traces of diverticular sand could still be seen in a spec-
imen of 10mm test length. In 32 out of 34 specimens of S. mai
(94 %), sediment was found inside the diverticulum.

Protoscutellidae

This fossil sand dollar family is here represented by a few
specimens pertaining to the two species Periarchus lyelli
and Protoscutella mississippiensis. Fragments of Aristotle’s
lantern were seen in all samples, suggesting that the internal
organs could still have been in place prior to fossilization.

However, no trace of a sand-filled diverticulum was observed
in any of the X-ray images. Unfortunately, the single specimen
of P. lyelli measured 67 mm in test length, reducing the like-
lihood of the presence of a sand-filled diverticulum due to the
large size of this specimen.

Echinarachniidae

Data from the following extant and fossil echinarachniid gen-
era were incorporated into this study: Echinarachnius
(Fig. 3k–o), Kewia (Fig. 3p–s), and Scutellaster (Fig. 3t).
Gregory’s diverticulum was identified in all echinarachniid
taxa analyzed. A relatively comprehensive X-ray imaging se-
ries is available for Echinarachnius parma (4–62 mm). In this

Fig. 3 Absence of Gregory’s diverticulum in the Rolutidae (a–e) as well as
presence and shape of the organ in the Taiwanasteridae (f–j) and
Echinarachniidae (k–t). The figure shows selected X-ray images. a, b
Heliophora orbicularis (15, 46 mm test length); c–e Rotula deciesdigitatus
(17, 22, 50 mm); f–j Sinaechinocyamus mai (1.5, 3.5, 6, 6.5, 7.5 mm); k–o

Echinarachnius parma (8, 10, 12, 16, 20 mm); p †Kewia blancoensis
(17 mm); q–s †Kewia marquamensis (6, 10, 12 mm); and t †Scutellaster
sp. (19 mm). q–s Modified from Linder et al. (1988). All images show an
aboral viewwith ambulacrum III facing upwards. gdGregory’s diverticulum,
in intestine, re rectum, st stomach. Scale bar = 1 mm
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species, Gregory’s diverticulum was found to be fully
distended with sand up to a test length of 20 mm, while rem-
nants of the organ could still be discerned up to a test length of
23 mm. In 32 out of 40 specimens of Echinarachnius (80 %)
and 20 out of 20 specimens of Kewia (100 %), sediment was
found inside the diverticulum.

Marginoproctus, taxon incertae sedis

Although Gregory’s diverticulum was reported present
in this miniaturized genus by Mooi and Chen (1996),
we were unable to duplicate this finding with either
radiographic or dissection data from Marginoproctus
djakonovi (Fig. 4a–e). Therefore, we conclude that
Gregory’s diverticulum is absent in Marginoproctus.

Scutellidae

The scutellid taxa analyzed comprise the extant genus
Scaphechinus and the fossil genus Parascutella .
Gregory’s diverticulum is present in Scaphechinus griseus
(Fig. 4f–j) and Scaphechinus mirabilis (Figs. 1a and 4k–
o), but was not identified in Parascutella jacquemeti,
Parascutella leognanensis, and Parascutella paulensis.
However, these fossil specimens were either quite large
or missing Aristotle’s lantern. A relatively comprehensive
X-ray imaging series is available for S. griseus (2–
41 mm). Gregory’s diverticulum was found to be fully
distended with sand up to a test length of 41 mm in
S. griseus, while remnants of the organ could still be
discerned up to a test length of 64 mm in S. mirabilis.

Fig. 4 Absence of Gregory’s diverticulum in Marginoproctus (a–e) as
well as presence and shape of the organ in the Scutellidae (f–o) and
Dendrasteridae (p–t). The figure shows selected X-ray images and a
photograph of a dissected specimen. a–e Marginoproctus djakonovi (3,
3, 5, 6, 9 mm test length); f–j Scaphechinus griseus (2, 6, 9.5, 35, 36mm);

k–o Scaphechinus mirabilis (13, 15, 18, 21, 64 mm); and p–tDendraster
excentricus (5, 5.5, 6, 9, 37 mm). All images show an aboral view with
ambulacrum III facing upwards. gd Gregory’s diverticulum, in intestine,
re rectum, st stomach. Scale bar = 1 mm
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In 26 out of 26 specimens of Scaphechinus (100 %), sed-
iment was found inside the diverticulum.

Dendrasteridae

Two species of Dendraster were incorporated into the
present study. Gregory’s diverticulum is present in
Dendraster excentricus (Fig. 4p–t) and Dendraster laevis.
A relatively comprehensive X-ray imaging series is avail-
able for D. excentricus, spanning specimens from 3 to 50
mm test length. In this species, Gregory’s diverticulum
was found to be present in its fully distended form up to
a test length of 50 mm, while remnants of the organ
were still visible up to a test length of 80 mm. In 45
out of 52 specimens of D. excentricus (87 %), sediment
was found inside the diverticulum.

Abertellidae

The single abertellid species analyzed, Abertella alberti, is
represented here by a single, 93 mm large specimen.
Although Gregory’s diverticulum was not found in this

specimen with an intact Aristotle’s lantern, the size of the
specimen most likely does not permit drawing any conclu-
sions from this observation.

Astriclypeidae

This family is here represented by three extant and two fossil
genera. Gregory’s diverticulum could not be found in
Astriclypeus mannii (Fig. 5a–e), Sculpsitechinus auritus
(Fig. 5f–j), Sculpsitechinus tenuissimus, or Echinodiscus
bisperforatus (Fig. 5k–o). The initial results based on X-ray
imaging were supplemented by high-field MRI datasets, here
shown in the form of virtual sections at the level of the main
digestive tract (Fig. 5e, j, o). Although the observation that
Gregory’s diverticulum is absent in extant astriclypeid taxa is
in conflict with the previous report that Gregory’s diverticu-
lum is present in E. bisperforatus (Mooi and Chen 1996),
careful study of the rotatable 3D MRI datasets did not reveal
any trace of the organ. Gregory’s diverticulum also could not
be seen in the fossil astriclypeid species Paraamphiope
raimondii and Amphiope bioculata, as well as two further,
yet unnamed fossil species of Amphiope.

Fig. 5 Absence of Gregory’s diverticulum in the Astriclypeidae. The
figure shows selected X-ray images as well as virtual MRI sections. a–e
Astriclypeus mannii (9, 13, 16, 17.5, 16 mm test length); f–j
Sculpsitechinus auritus (8, 11, 28, 30, 16 mm); and k–o Echinodiscus
bisperforatus (12, 30, 31, 32, 15mm).White arrows denote the area of the

elongated digestive tract. All images show an aboral view with
ambulacrum III facing upwards. Streak artifacts in c and d caused by
the use of X-ray-opaque paper cloth during scanning. in intestine, re
rectum, st stomach. Scale bar = 1 mm
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Monophorasteridae

The single sample belonging to this fossil sand dollar family
that was available for analysis was a specimen of the species
Monophoraster darwini. No Gregory’s diverticulum could be
identified in this individual of 65 mm test length, but the
condition of this specimen does not permit conclusions re-
garding the presence or absence of the organ in this species.

Mellitidae

Data were obtained for the following four mellitid genera:
Encope (Fig. 6a–e), Mellitella (Fig. 6f–j), Leodia (Fig. 6k–
o), and Mellita (Fig. 7). Gregory’s diverticulum was present
in all species analyzed, except for the extant species Encope
emarginata and the two fossil species Encope secoensis and
Mellitella falconensis. Relatively comprehensive X-ray imag-
ing series are available forMellita isometra (6–81mm),Mellita
quinquiesperforata (1.5–75 mm), and Mellitella stokesii (4–
60 mm). Gregory’s diverticulum was found to be fully
distended with sand up to a test length of 20 mm in Leodia
sexiesperforata, 21 mm in M. isometra, 23 mm in
M. quinquiesperforata, 30 mm in Mellita grantii, 35 mm in
M. stokesii, 36 mm in Encope micropora, and 48 mm in

Mellita longifissa. Remnants of the organ could still be
discerned up to the following test lengths: 36 mm
( L . s e x i e s p e r f o r a t a ) , 4 0 mm (M . g r a n t i i ,
M. quinquiesperforata), 42 mm (E. micropora), 54 mm
(M. isometra), and 60 mm (M. stokesii). In 8 out of 18 speci-
mens of Encope (44 %), 16 out of 37 specimens of Leodia
(43 %), 68 out of 77 specimens of Mellita (88 %), and 43 out
of 47 specimens of Mellitella (91 %), sediment was found
inside the diverticulum. The extent of Gregory’s diverticulum
is particularly impressive in the Eastern Pacific species
M. longifissa (Fig. 7k–n).

Observations on the formation of ambulacral
and interambulacral lobes

In 2 mm large specimens of Echinarachnius parma and
Mellita quinquiesperforata as well as 3 mm large specimens of
Dendraster excentricus, Gregory’s diverticulum was observed to
be present in the form of a tubular cecum that did not yet bear
any ambulacral or interambulacral lobes. However, small lateral
protrusions of the ring duct could be discerned in the
interambulacra (Fig. 7p). As the animal matures, each of these
protrusions becomes subdivided into the ambulacral and
interambulacral lobes (Fig. 7q–s). In M. quinquiesperforata,

Fig. 6 Presence and shape of Gregory’s diverticulum in the Mellitidae
(Encope,Mellitella, Leodia). The figure shows selected X-ray images. a,
b Encope michelini (9, 16 mm test length); c, d Encope micropora (36,
42 mm); e Encope wetmorei (14 mm); f–j Mellitella stokesii (15, 19, 26,

35, 46 mm); and k–o Leodia sexiesperforata (5, 8, 20, 24, 26 mm). All
images show an aboral view with ambulacrum III facing upwards. gd
Gregory’s diverticulum, in intestine, re rectum, st stomach. Scale
bar = 1 mm
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secondary protrusions on ambulacral and interambulacral
lobes started to form at a test length of about 5 mm
(Fig. 7q), while tertiary protrusions started to form at approx-
imately 10 mm test length (Fig. 7r). The onset of lobe forma-
tion varies among species, as fully formed ambulacral and
interambulacral lobes were already observable in specimens of
1.5 mm (Sinaechinocyamus mai, Fig. 3f) or 2 mm
(Scaphechinus griseus, Fig. 4f) test length.

Morphological characters

The X-ray images of sand dollar species with a sand-filled
Gregory’s diverticulum illustrate that the organ can display a
considerable degree of morphological variability between
equally sized individuals of a given species as well as during

ontogeny. In addition, differences in the organ’s shape can
also occur between specimens of the same species collected
from different localities. Despite this, the following morpho-
logical characters were extracted from the dataset—Table 2
provides a character matrix that includes all terminal taxa for
which sufficient data were available.

01 Gregory’s diverticulum: (0) absent; (1) present.
Selected sand dollar species possess an accessory struc-

ture of the digestive tract, termed Gregory’s diverticulum.
This organ is connected to the gut through a short canal
that branches off the junction of the intestine and rectum.
Compare Fig. 4d (0) and i (1).

02 Number of interambulacral lobes: (0) five; (1) four.
The interambulacral lobes are either four or five in number.

Compare Fig. 1a (0) and b (1).

Fig. 7 Presence and shape of Gregory’s diverticulum in the Mellitidae
(Mellita). The figure shows selected X-ray images. a–e Mellita grantii
(23, 26, 29, 30, 37 mm test length); f–j Mellita isometra (6, 10, 12, 21,
26 mm); k–n Mellita longifissa (16, 20, 29, 48 mm); o Mellita tenuis

(6 mm); and p–tMellita quinquiesperforata (1.5, 3.5, 7, 11, 19 mm). All
images show an aboral view with ambulacrum III facing upwards. gd
Gregory’s diverticulum, in intestine, re rectum, st stomach. Scale
bar = 1 mm
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03 Interambulacral lobe 5: (0) significantly smaller than
the other interambulacral lobes; (1) same size or larger than
the other interambulacral lobes.

If present, interambulacral lobe 5 is either about as large as
the other interambulacral lobes or significantly smaller.
Compare Fig. 3k–o (0) and f–j (1).

04 Ambulacral lobes: (0) same size or smaller than the
interambulacral lobes; (1) significantly larger than the
interambulacral lobes.

In some species, some or even all ambulacral lobes are
significantly larger than the interambulacral lobes. Compare
Figs. 4s (0) and 7m (1).

05 Anterior lobes: (0) same size or smaller than the posterior
lobes; (1) significantly larger than the posterior lobes.

In some species, the lobes in Amb II–IV are significantly
larger than the lobes in IAmb 4–1. Compare Fig. 1a (0) and b (1).

06 Posterior lobes: (0) same size or smaller than the ante-
rior lobes; (1) significantly larger than the anterior lobes.

In selected species, the lobes in IAmb 4–1 are significantly
larger than the lobes in Amb II–IV. Compare Figs. 1a (0) and
7m (1).

07 Secondary protrusions on ambulacral lobes: (0) pres-
ent; (1) absent.

Ambulacral lobes sometimes bear protrusions from the
main body of the lobe. Compare Fig. 3l (0) and g (1).

08 Secondary protrusions on interambulacral lobes: (0)
absent; (1) present.

Interambulacral lobes sometimes bear protrusions
from the main body of the lobe. Compare Fig. 1a (0)
and b (1).

09 Tertiary protrusions on ambulacral lobes: (0) absent;
(1) present.

Secondary protrusions on ambulacral lobes sometimes bear
further protrusions. Compare Fig. 1a (0) and b (1).

10 Tertiary protrusions on interambulacral lobes: (0) ab-
sent; (1) present.

Secondary protrusions on interambulacral lobes some-
times bear further protrusions. Compare Fig. 6k (0) and
g (1).

11 Ambulacral lobes A and J: (0) same size or smaller than
the other ambulacral lobes; (1) significantly larger than the
other ambulacral lobes.

Table 2 Distribution of
morphological characters
associated with Gregory’s
diverticulum among selected sand
dollar species. Taxonomic
arrangement follows Table 1

Taxon 01 02 03 04 05 06 07 08 09 10 11

Arachnoides placenta 0 – – – – – – – – – –

Clypeaster rosaceus 0 – – – – – – – – – –

Laganum laganum 0 – – – – – – – – – –

Peronella lesueuri 0 – – – – – – – – – –

Echinocyamus pusillus 0 – – – – – – – – – –

Mortonia australis 0 – – – – – – – – – –

Fibularia nutriens 0 – – – – – – – – – –

Fibularia ovulum 0 – – – – – – – – – –

Fibulariella acuta 0 – – – – – – – – – –

Heliophora orbicularis 0 – – – – – – – – – –

Rotula deciesdigitatus 0 – – – – – – – – – –

Sinaechinocyamus mai 1 0 1 0 0 1 1 0 0 0 0

Echinarachnius parma 1 0 0 0 1 0 0 0 0 0 0

Marginoproctus djakonovi 0 – – – – – – – – – –

Scaphechinus griseus 1 0 0 0 0 0 0 1 0 0 0

Scaphechinus mirabilis 1 0 0 0 0 0 0 1 0 0 0

Dendraster excentricus 1 0 0 0 1 0 0 0 0 0 0

Astriclypeus mannii 0 – – – – – – – – – –

Echinodiscus bisperforatus 0 – – – – – – – – – –

Sculpsitechinus auritus 0 – – – – – – – – – –

Encope micropora 1 1 – 1 1 0 0 1 1 1 1

Leodia sexiesperforata 1 1 – 1 0 0 0 1 1 1 1

Mellitella stokesii 1 1 – 1 1 0 0 1 1 1 1

Mellita grantii 1 1 – 1 0 0 0 1 1 1 1

Mellita isometra 1 1 – 1 0 0 0 1 1 1 1

Mellita longifissa 1 1 – 1 0 0 0 1 1 1 1

Mellita quinquiesperforata 1 1 – 1 0 0 0 1 1 1 1
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In some species, the two posteriormost ambulacral lobes are
significantly larger than the other eight ambulacral lobes.
Compare Figs. 1a (0) and 7r (1).

Discussion

Apart from presenting the first comprehensive overview of the
shape of Gregory’s diverticulum across multiple taxa, the present
study introduces definitions of the organ’s various substructures.
Previous reports on Gregory’s diverticulum were not based on a
coherent terminology and frequently omitted relevant structures
(cf. Wagner 1963; Mitchell 1972; Chia 1973; Chia 1985; Chen
and Chen 1994; Mooi and Chen 1996). While the application of
X-ray imaging to the largest part of all analyzed samples allows
better comparison across specimens, the use of noninvasive im-
aging techniques such as MRI and μCT did permit an extended
sampling of over 100 terminal taxa, several of which were ana-
lyzed for the first time in the context of the occurrence of
Gregory’s diverticulum. By adding these species to the list of
surveyed taxa, the present effort complements comparative data
gathered during previous studies (Wagner 1963; Mitchell 1972;
Chia 1985; Chen and Chen 1994; Mooi and Chen 1996).
Although the semitransparent aspect of Gregory’s diverticulum
in extant (Chia 1985) aswell as taphonomic disturbances in fossil
(Mooi and Chen 1996) specimens did not permit drawing a
conclusion regarding the presence or absence of the organ in
all species, the combined data result in a number of novel mor-
phological observations and provide additional arguments for
phylogenetic inferences among derived sand dollar taxa.

Morphological observations

One of the most striking characteristics of the organ is its pro-
nounced fivefold symmetry, a morphology that is generally atyp-
ical for gut shape in irregular echinoids (De Ridder and Jangoux
1982). A better understanding of the developmental origin of the
organ would help to understand how this specific shape could
have evolved. However, there currently remains a lack of mor-
phological data from consecutive stages of postmetamorphic ju-
veniles. Nonetheless, the combined data gathered here suggest
that Gregory’s diverticulum is never present in the form of a
closed ring (Figs. 3f and 4f), as had previously been suggested
(Borzone et al. 1997). Furthermore, in contrast to other accessory
structures of the echinoid digestive tract such as, for example, the
gastric cecum (Ziegler et al. 2010), it was not possible to deter-
mine any form of precursor of Gregory’s diverticulum—a de
novo evolution of the organ at some point during sand dollar
radiation should therefore be taken into account.

The occurrence and shape of Gregory’s diverticulum did not
show any correlation with character states of numerous other
sand dollar organs such as the position of the periproct or the
number of gonads (Kroh and Smith 2010), the absence or

presence of a gastric cecum (Ziegler et al. 2010), the presence
of complex lateral water vessels and associated microcanals in
the oral half of the test (Phelan 1977), as well as the length of the
primary siphon or the shape of the gut (De Ridder and Jangoux
1982). However, certain hard parts do influence the form of
Gregory’s diverticulum, although further data will be required
to assess the full extent of this interaction. A large effect on the
organ’s shape is probably caused by the paired buttresses that
stretch inward from the ambitus of the test. These structures are
involved in the division of the early lateral lobes of the divertic-
ulum into ambulacral and interambulacral lobes (Fig. 4f–h), most
likely in concert with the growth of the diverticulum itself.
Furthermore, the pillars responsible for forming the sometimes
extensive macrocanal system that is present between the aboral
and oral half of the test seem to be involved in the formation of
secondary and tertiary protrusions of the lobes, although the pre-
cise influence during ontogeny is difficult to determine at present.
However, the most striking example of a structure’s effect on the
shape of Gregory’s diverticulum is the occurrence of a posterior
lunule, which is correlated with the loss of interambulacral lobe 5
(Fig. 1b). In turn, this character is likely correlated with the en-
largement of ambulacral lobes A and J (Fig. 7r), which could act
as compensating structures for the absence of the missing
interambulacral lobe.

Considerable difficulty in analyzing and interpreting themor-
phology of Gregory’s diverticulum is posed by the transient
nature of the organ and its sometimes significant intraspecific
variability. One example for the pronounced structural variabil-
ity of Gregory’s diverticulum is provided by the presence of
adaxial protrusions as well as ring ducts that have a circumfer-
ence spanning a greater distance than the usual ca. 350°. For
example, Mitchell (1972) described a specimen of
Echinarachnius parma, which had a ring duct spanning more
than 360°. However, despite our extensive sampling, only a
single such specimen was found in the present study: a 9-mm-
long individual of Scaphechinus griseus showed a ring duct
spanning about 370° of circumference (see media file
M380292 in MorphoBank Project #2202). The same specimen
also showed an adaxial protrusion in the form of an irregularly
shaped canal branching off the ring duct between ambulacral
lobe H and interambulacral lobe 4. This blindly ending canal
paralleled the ring duct from its point of origin to about the level
of Amb III. However, although adaxial protrusions were found
to be present in specimens from all families known to possess
the organ, mellitids in particular are prone to show this morphol-
ogy.We therefore conclude that both the adaxial protrusions and
elongated ring ducts occur randomly, do not seem to serve any
specific purpose, and are most likely caused by excessive filling
of the organ with sediment particles (Mitchell 1972).

Further morphological observations include the relative en-
largement of lobes in the anterior (Dendraster, Echinarachnius,
Encope,Mellitella) or posterior (Sinaechinocyamus, Kewia) part
of the animal. This tendency of the organ’s position within the
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animal had already been noted in certain species (Mitchell 1972;
Chia 1973; Chen andChen 1994), but is here shown to be amore
common feature. The distribution of this character suggests that
functional rather than evolutionary constraints govern its
occurrence.

While some of the morphological characters presented
here constitute synapomorphies of the early scutelliform
sand dollar families (e.g., Echinarachniidae, Scutellidae,
Dendrasteridae), the largest set of characters differentiates
the Mellitidae from the other taxa. Some of the most signifi-
cant structural changes in the morphology of Gregory’s diver-
ticulum occurred in the lineage leading to this crown group of
scutelliform sand dollars. In contrast to the organ’s shape in
the Taiwanasteridae (Fig. 3f–j), Echinarachniidae (Fig. 3k–t),
Scutellidae (Fig. 4f–o), and Dendrasteridae (Fig. 4p–t),
Gregory’s diverticulum in mellitids is characterized by (1)
the absence of interambulacral lobe 5, (2) the location of the
ring gap in the posterior part of the animal, (3) an enlargement
of the ambulacral lobes compared to the interambulacral
lobes, (4) an enlargement of ambulacral lobes A and J com-
pared to the other ambulacral lobes, and (5) the presence of
tertiary protrusions on ambulacral as well as sometimes on
interambulacral lobes (Figs. 1b, 6, and 7). Within mellitids,
the shape of the organ in Leodia sexiesperforata (Fig. 6k–o)
bears the closest resemblance to the nonmellitid shape, while
Gregory’s diverticulum has attained considerable size as well
as a pronounced mellitid shape in the genusMellita (Fig. 7). It
is of interest to note that while almost all specimens of
Mellitella andMellita contained sand within the diverticulum,
less than half of the specimens of Encope and Leodia did. In
these latter two taxa, the presence of sediment within
Gregory’s diverticulum seemed to be dependent on the spec-
imens’ locality, although the mechanisms underlying this ob-
servation currently have to remain unexplained.

Phylogenetic implications

The present data corroborate previous findings and support
the assumption that species belonging to basal clypeasteroid
taxa do not possess the organ (Chia 1985; Mooi and Chen
1996). Despite the fact that the placement of certain
scutelliform taxa remains disputed (Mooi 1987, 1989, 1990;
Mooi and Chen 1996; Kroh and Smith 2010; Mooi et al.
2014), a single evolutionary event leading to the appearance
of Gregory’s diverticulummost likely would have taken place
in the ancestor of crown-group clypeasteroids during the
Middle Eocene (ca. 38–48 Mya). For example, although
Kroh and Smith (2010) found the Scutellinidae to fall to the
base of the clypeasteroid tree, other evidence supports the idea
that this group of fossil sand dollars represents a subgroup of
miniaturized crown-group scutelliform clypeasteroids (Mooi
1987, 1990). Similar conclusions with regard to a problematic
taxonomic placement apply to other miniaturized

clypeasteroid taxa such as the Taiwanasteridae, Fibulariella,
or Marginoproctus. Character distribution in the miniscule
taiwanasterid Sinaechinocyamus mai (Tab. 2), for example,
indicates that the morphology of Gregory’s diverticulum in
this species shows adaptations to a derived state within the
Scutelliformes. The list of morphological characters presented
here yields data that will complement the already existing
character matrix so far based almost exclusively on echinoid
hard parts (Kroh and Smith 2010), potentially resulting in a
better resolution of clypeasteroid phylogeny.

Due to the scarcity of available material, knowledge about
the presence or absence of Gregory’s diverticulum must still
be regarded as inconclusive for a number of fossil sand dollar
taxa (Table 1). In addition, no suitable specimens representing
the fossil families Fossulasteridae, Scutellinoididae,
Eoscutellidae, and Scutasteridae could be obtained for analy-
sis. However, based on the presence of Gregory’s diverticu-
lum in most scutelliform sand dollar families (Fig. 8), we
regard the presence of the organ in the Protoscutellidae,
Eoscu te l l idae , Scu tas te r idae , Aber te l l idae , and
Monophorasteridae as highly likely. Given that Gregory’s di-
verticulum can be identified in fossils if adequate material is
available (Fig. 3p–t), it should merely be a question of time
until the presence or absence of Gregory’s diverticulum can be
convincingly ascertained in the fossil taxa in which determi-
nations are presently not possible.

Our data also support previous conclusions regarding the
absence of Gregory’s diverticulum in the Rotulidae (Seilacher
1979; Mooi and Chen 1996). Although Kroh and Smith
(2010) and Mooi et al. (2014) found this group to be placed
among derived sand dollars in some of their topologies, there
is reason to question this finding due to several synapomor-
phies of rotulids with laganid taxa (Mooi 1987, 1989, 1990).
The unequivocal evidence that rotulids (and their putative
sister group, the miniaturized Fibulariella) lack Gregory’s di-
verticulum therefore suggests that rotulids are not closely re-
lated to the more crownward clypeasteroid taxa (Mooi and
Chen 1996).

We additionally report that the organ is absent in
Marginoproctus and in the Astriclypeidae. The data for these
two taxa are in conflict with previous reports (Mooi and Chen
1996), but our observations suggest that the former findings
must have mistaken other internal structures (e.g., gonadal
tissue) for the organ studied here. A potential reason for the
absence of Gregory’s diverticulum in the Astriclypeidae could
be the elongation of intestine and rectum towards Amb III or
IAmb 2 (white arrows in Fig. 5). In species that possess
Gregory’s diverticulum, this part of the digestive tract encom-
passes precisely the point at which the duct connector attaches.
The presence of an elongated digestive tract element in
astriclypeids had already previously been noted (Agassiz 1841;
Koehler 1922), but the function of this morphology remains un-
clear. Koehler (1922) states that in Sculpsitechinus auritus the
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elongated gut element starts to form at about 13 mm test length,
while our data show its presence already in a 11-mm-long spec-
imen of this species and a 9-mm-long specimen of
Astriclypeus mannii. This specific morphology of the digestive
tract appears to be a common feature of theAstriclypeidae, forwe
were able to identify the elongated gut element in all analyzed
genera of this family, including the fossil taxa (Table 1).

Outlook

Despite the present comprehensive overview, numerous open
questions regarding the biology of Gregory’s diverticulum
remain. Therefore, the organ should provide a rich substrate
for studies from various disciplinary angles, including, for
example, research exploring the developmental origin of

Gregory’s diverticulum or studies of potential correlations of
organ size and gonad development (Chia 1973), as well as
analyses of the biomechanics involved in sediment transport
within the organ’s ciliated lumen (Chia 1985). In addition,
derived sand dollar taxa known to occur in the same locality
but characterized either by the absence or presence of
Gregory’s diverticulum (e.g., Astriclypeus mannii and
Scaphechinus mirabilis in Misaki Bay, Japan) would constitute
a suitable target for ecological and hydrodynamic studies. The
precise function of a sand-filled structure in burying juvenile
sand dollars (Wagner 1963; Chia 1973), the potential replace-
ment of the “weight belt” by the calcified peripheral ballast sys-
tem (Moore and Ellers 1993), the detailed anatomy and ultra-
structure of the only known pentameric digestive tract structure
among sea urchins, as well as the evolutionary origin of a largely

Fig. 8 Evolution of Gregory’s
diverticulum in sand dollars. a
The phylogenetic tree shows a
combination of results based on
analyses of morphological
characters (Mooi 1987, 1990;
Kroh and Smith 2010; Mooi et al.
2014).Marginoproctus is omitted
due to uncertain placement. Note
that branch length is
uninformative in this schematic.
Taxa in bold black letters do
possess Gregory’s diverticulum,
while taxa in regular black letters
don’t. The occurrence of the
organ in taxa marked in gray
letters remains unknown or
inconclusive. b X-ray images of
selected species, illustrating
evolution and loss of the organ in
sand dollars. (c) Clypeaster
rosaceus (35 mm test length), (d)
Laganum joubini (19 mm), (e)
Echinocyamus pusillus (5.5 mm),
(f) Fibularia ovulum (5.5 mm),
(g) Rotula deciesdigitatus
(22 mm), (h) Sinaechinocyamus
mai (3.5 mm), (i) Echinarachnius
parma (12 mm), (j) Scaphechinus
griseus (8.5 mm), (k) Dendraster
excentricus (9 mm), (l)
Astriclypeus mannii (9 mm), and
(m) Mellita grantii (23 mm).
Black square = hypothetical
evolutionary event,†= fossil
taxon, R! = loss of structure
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enigmatic internal organ of scutelliform sand dollar taxa would
certainly all merit further study.
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