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Abstract

The gastric mill is a prominent structure in the digestive system of brachyuran

crabs, consisting of a median tooth plate and a pair of lateral tooth plates. Among

crab species that are deposit feeders, the morphology and size of the gastric mill

teeth are correlated with the preferred substrate types and food spectrum. In this

study, we provide a detailed description of the morphology of the median and

lateral teeth of the gastric mills in eight species of dotillid crabs from Indonesia,

and compare them in relation to habitat preferences and molecular phylogeny.

Ilyoplax delsmani, Ilyoplax orientalis, and Ilyoplax strigicarpus have comparatively

simple shapes of their median and lateral teeth, with fewer teeth on each lateral

tooth plate compared to Dotilla myctiroides, Dotilla wichmanni, Scopimera

gordonae, Scopimera intermedia, and Tmethypocoelis aff. ceratophora, which have

more complexly shaped median and lateral teeth, with a greater number of teeth

on each lateral tooth plate. The number of teeth on lateral tooth correlates with

habitat preference, that is, dotillid crabs inhabiting muddy substrata have fewer

teeth on the lateral tooth plate, and those inhabiting sandy substrata have a more

teeth. Phylogenetic analysis using partial COI and 16S rRNA genes supports that

teeth morphology is similar among closely related species. Therefore, the

description of median and lateral teeth of the gastric mill is expected to

contribute to the systematic study of dotillid crabs.

K E YWORD S

16S rRNA, COI, deposit feeder crabs, lateral tooth plate, median tooth plate, phylogeny,
propyloric ossicle

1 | INTRODUCTION

Deposit‐feeding crabs, such as fiddler crabs and dotillid crabs, feed

on particulate organic matter in substrates derived from decomposed

organic materials, vascular plants, microalgae, bacteria, and small

interstitial organisms (Allen, 2010; Davie et al., 2015). In mudflats and

sand flats, various species of deposit‐feeding dotillid crabs can be

found, with some species inhabiting sand substrates (Gherardi

et al., 2002; Lee & Lim, 2004; Takagi et al., 2010), some inhabiting

mud substrates (Kitaura & Wada, 2006; Trivedi et al., 2015), and
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others inhabiting sandy mud substrates (Trivedi & Vachhrajani, 2018).

The morphology of the feeding apparatus in these crabs, including

the chelipeds, mouthpart appendages, and gastric mills, is related to

the structure of sediment composition in the substrate in which

they live.

Milne Edward (1834) was the first referring to a digestive

organ called the stomacale, or stomach. This organ, referred

to as the cardiacalmagens, was later described in detail by Nauck

(1880, fig. 1) as consisting of the mittleres superomedianum

(median tooth plate) and the mittleres superolaterale (lateral tooth

plate). Huxley (1884, fig. 9) introduced the term “gastric mill”

for these median and lateral tooth plates, which function in

grinding food particles.

The morphology of the gastric mill is often considered species‐

specific (Allardyce & Linton, 2010; Brösing, 2010; Carvalho

et al., 2018; Naderloo et al., 2010) and sometimes used for the

purpose of distinguishing between families, genera, species

including even cryptic species (Brösing, 2010; Brösing et al., 2007;

Felgenhauer & Abele, 1989; Naderloo et al., 2010; Shih, 2015).

Therefore, it may be reflected by crab's phylogeny in addition to

their feeding ecology.

Among deposit feeders, various anatomy and sizes of gastric

mills are known to be related to the preferred substrate types and

food spectrum. Icely and Jones (1978) stated that differences in

gastric mill morphology among four coexisting species of fiddler crabs

resulted from adaptation to feed on a specific type of sediment.

Allardyce and Linton (2010) described the morphology of gastric mill

and mechanism of the food process in gastric mill of carnivorous,

omnivorous, and herbivorous land crabs. They found that the

morphology of teeth of the gastric mill is definitely correlated to

the type of the food. In addition, Brösing (2010) described the

morphology of gastric teeth of some brachyuran crab families. As

such, we hypothesize that the teeth morphology correlates with the

type of substrata.

The value of morphology of gastric mills for systematic studies is

debated. Huang et al. (1998) described the morphology of gastric mill

teeth to distinguish between two closely related species, Ocypode

cordimanus and Ocypode sinensis. Sakai et al. (2006) described the

morphology of the median and lateral teeth of the Helice/

Chasmagnathus complex (Varunidae) and claimed that this morphol-

ogy was useful for distinguishing genera. However, Sakai and Türkay

(2013) found in their revisional study of the genus Ocypode that

gastric mill teeth characteristically varied within species from

different localities and were not useful for separating species. Davie

et al. (2015) claimed that these teeth were generally not useful in

distinguishing closely related species. However, the morphology of

teeth of the gastric mill of dotillid crabs, as deposit feeder, has never

been studied. Therefore, this study aims to test the possible

relationship between morphology of the gastric mill, feeding ecology,

and phylogeny.

The primary purpose of this study is to describe the gastric

mills of eight species of dotillid crabs commonly found in the

Indonesian water. We further test the hypothesis whether the

morphology of the gastric mills relates more closely to the feeding

ecology of the species, their phylogenic relationship or both. For

this purpose, we compare habitats of those crabs and also

construct a phylogenetic tree using partial COI and 16S rRNA

genes and map morphological features of the gastric mills onto

the tree.

2 | MATERIALS AND METHODS

2.1 | Material collection

Eight species of dotillid crabs were used, that is, Dotilla myctiroides

(Milne Edwards, 1852), Dotilla wichmanni (De Man, 1892), Ilyoplax

delsmani (De Man, 1926), Ilyoplax orientalis (De Man, 1888),

Ilyoplax strigicarpus (Davie, 1990), Scopimera gordonae (Serène &

Moosa, 1981), Scopimera intermedia (Balss, 1934), and Tmethypocoelis

aff. ceratophora (Koelbel, 1897). We use male and female specimens

of various size of carapace (carapace width and length) to evaluate

intraspecific variation (Table 1).

Some specimens were recently collected from various

intertidal areas in Indonesia, including Pariaman Mangrove, Apar,

North Pariaman, Pariaman, West Sumatera; Penajam, East

Kalimantan; Tosale, Banawa District, Donggala, Central Sulawesi;

Tasikoki Beach, Tanjung Merah, Bitung, North Sulawesi; Pancer

Mangrove Forest, Serang, Banten; Yasa River, Cilacap, Central

Java; Cupek Estuarine, Pamenang, North Lombok; Keakwa,

Mimika, Papua (Figure 1). The substrates of the habitats of each

species were recorded and classified as sand, muddy, or sandy

mud (Table 1).

In addition, we studied some specimens from reference

collections in the Museum Zoologicum Bogoriense (MZB)

(Figure 1). All collected specimens were preserved in 90% ethanol

and deposited in the MZB of the Directorate of Scientific

Collection Management, National Research and Innovation Agency

(Badan Riset dan Inovasi Nasional‐BRIN), Cibinong, Indonesia.

Detailed examinations of the morphology were conducted at the

Research Center for Biosystematics and Evolution, BRIN, Cibinong,

Indonesia.

2.2 | Preparation of gastric mill

Foreguts were removed from the bodies of the crabs, then gastric

mills were removed from the foreguts, and their muscle tissues

were carefully removed using micro dissecting needles. Lateral

and median teeth were separated using micro dissecting needles

as well, and the particles inside were collected for observation

and classified as hard particle (HP) and soft particle (SP).

The teeth were fixed in glutaraldehyde and cacodylate buffer

for 24 and 4 h, respectively. They were then dehydrated in

several steps of ethanol (50%, 70%, 85%, 90%, 100%), and

vacuum‐dried using a TITEC VC‐96N for 10 min. Each prepared
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sample was mounted on a specimen stub and coated with

gold at 5−8 mA for 5 min using an ion coater (Dewi &

Purwaningsih, 2020).

Detailed photographs of the teeth plates of the gastric mills were

captured using scanning electron microscopy (SEM), JEOL JSM‐IT

200, at an accelerating voltage of 5 kV. The photographs are shown

in an inverted position, with the posterior portion at the top. For the

median tooth, the widest and longest parts of the propyloric ossicle

and the posteromedian‐urocardiac ossicle were measured, based on

the photograph, using ImageJ software. The size ratio of each part of

TABLE 1 Examined materials deposited in Museum Zoologicum Bogoriense (MZB).

Species Locality; collector
Substrate
type

Catalog number;
number of samples

Sample size
(CW×CL) (mm)

Dotilla myctiroides

Milne Edwards (1852)
Lubuk Damar, Aceh Tamiang, Aceh,
98°15′27.16″E 4°17′38.73″S;
Damarini A. S.

Sandy MZB.Cru.5176;
1 male

9.7 × 10.4 (broken
carapace)

MZB.Cru.5176;
1 female

Dotilla wichmanni

De Man (1892)
Depok Beach, Bantul, Yogyakarta;
Murniati D. C.

Sandy MZB.Cru.5125;
3 males

5.4 × 4.2–7.3 × 5.6

Yasa River, Cilacap, Central Java,
7°44′28.7″S 109°00′36.2″ E;

Murniati D. C.

MZB.Cru.5131;
3 females

5.7 × 4.4–7.2 × 5.7

Ilyoplax delsmani

De Man (1926)
Pancer Mangrove Forest, Serang, Banten,
6°01′32.0″S 106°09′53.8″E;
Murniati D. C., Arifin, Rahmansyah B. A.,

Arif R. A.

Muddy MZB.Cru.5135;
3 males

4.1 × 3.1–7.4 × 5.0

MZB.Cru.5135;
3 females

4.6 × 3.2–5.7 × 4.1

Ilyoplax orientalis (De Man [1888]
[in De Man, 1887−1888])

Pancer Mangrove, Serang, Banten,
6°01′32.0″S 106°09′53.8″E;
Murniati D. C., Arifin, Rahmansyah B. A.,

Arif R. A.

Muddy MZB.Cru.5134;
3 males

7.0 × 3.1–6.5 × 4.5

MZB.Cru.5137;
1 female

4.9 × 3.1

Ilyoplax strigicarpus

Davie (1990)

Yasa River (estuarine), Cilacap, Central Java,

7°44′25.5″S 109°00′39.0″E,
coll. D. C. Murniati

Muddy MZB.Cru.5132;

2 females

5.3 × 3.3–7.3 × 4.4

Pariaman Mangroves, Apar, North
Pariaman, Pariaman, West Sumatera,

0°36′01.1″S, 100°06′35.0″E;
Tasya L., Pangestu M. Q., Putra R. M.,

Salsabyla I., Muchlisin I.

MZB.Cru.5179;
3 males

4.8 × 3.2–5.3 × 3.3

Scopimera gordonae

Serène and Moosa (1981)
Keakwa, Mimika, Papua,
04°46′22.63″S, 136°32′02.52″E;
Surbakti S.

Sandy MZB.Cru.5184;
1 male

9.2 × 7.1

Scopimera intermedia

Balss (1934)
Tasikoki Beach, Tanjung Merah, Bitung,

North Sulawesi,
1°23′24.3“N 125°06′02.9“E;
Murniati D. C., Nurdiansyah D.

Sandy MZB. Cru.5139;
3 females

5.1 × 3.9–5.6 × 4.4

MZB.Cru.5185;

2 males

4.4 × 3.2–5.7 × 4.5

Tmethypocoelis aff. ceratophora
Koelbel (1897)

Cupek Estuarine, Pamenang, North Lombok,
8°23′16.8“S 116°06′02.2“E;
Anggorowati D. A.

Sandy‐mud MZB.Cru.5117;
3 males

7.1 × 4.0–7.2 × 4.1

MZB.Cru.5117;
3 females

4.0 × 2.5–4.5 × 2.8
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the median tooth was calculated as width/length. Morphological

terminology for the teeth of the gastric mill follows Davie et al. (2015)

and Lima‐Gomes et al. (2017) (Figure 2).

2.3 | Molecular phylogenetic analysis

2.3.1 | Samples, DNA extraction, amplification, and
sequencing

Eight species, with three to five samples per species, were used. The

muscle tissue was taken from pereopod 5 (P5). For small specimens,

one eyestalk from each sample was added to the muscle tissue

sample. Each of the collected tissues was placed in a 1.5 mL

microtube.

Total DNA from the tissue was isolated using Roche High Pure

polymerase chain reaction (PCR) template Preparation kit following

the manufacturer's protocol. A partial COI and 16S rRNA genes were

selected for amplification with PCR using primers (Table 2). The PCR

conditions for the above primers were denaturation for 50 s at 94°C,

annealing for 70 s at 45–50°C, and extension for 60 s at 72°C (40

cycles), followed by extension for 10min at 72°C. The PCR products

were sent to 1st Base for sequencing. The company used the Cycle

Sequencing Kit Chemistry BidDye® Terminator V3.1 for de novo

sequencing, resequencing, and finishing PCR products.

2.4 | Sequence alignment and phylogenetic
analysis

Forward and reverse sequences were aligned for the construction

of a consensus with MEGA‐X, with Austruca annulipes, Austruca

perplexa, and Ocypode ceratophthalmus as the outgroups. The

analysis was conducted based on an alignment of ~613 bp of COI

and 550 bp of 16S. Maximum likelihood (ML) analysis with

Kimura‐2 parameter was employed to construct the phylogenetic

tree. The 10,000 replicates bootstrap method was used to assess

the internal consistency the phylogenetic tree branches. Genetic

distances were calculated based on CO1 and 16S rRNA

sequences separately. A phylogenetic tree with posterior proba-

bility was also constructed using MrBayes to confirm the ML

phylogenetic tree. The best fitting‐model was calculated using

JModeltest (Dariba et al., 2012). The Bayesian analysis was

conducted using the Monte Carlo Marcov Chain (mcmc) method,

with the number of generation (ngen) being 1 × 106 and sample

frequency (samplefreq) being 500.

F IGURE 1 Map of the collected specimens. ● Reference collection from MZB, recently collected specimen. (A) Lubuk Damar, Aceh
Tamiang, Aceh. (B) Pariaman Mangroves, Apar, North Pariaman, Pariaman, West Sumatera. (C) Penajam, East Kalimantan. (D) Tosale, Banawa
District, Donggala, Central Sulawesi. (E) Tasikoki Beach, Tanjung Merah, Bitung, North Sulawesi. (F) Pancer Mangrove Forest, Serang, Banten.
(G) Yasa River, Cilacap, Central Java. (H) Depok Beach, Bantul, Yogyakarta. (I) Cupek Estuarine, Pamenang, North Lombok. (J) Keakwa, Mimika,
Papua (derived from Camroux & Jaffrelot, 2021; Kindpng, 2010). MZB, Museum Zoologicum Bogoriense.
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3 | RESULTS

3.1 | Description of gastric mill

Based on our observation, there are five different shapes of

propyloric ossicle in dotillid crabs, that is, ovate, hexagonal, triangular,

half‐circular, and trapezoid (Figure 3).

3.2 | D. myctiroides (Milne Edwards, 1852)

Median tooth plate (Figure 4a). Propyloric ossicle ovate, wider

than posteromedian‐urocardiac ossicle; size ratio 2.5−2.6; surface

slightly convex; complex structure, consisting of two teeth

separated by wide groove, anterior tooth larger than

posterior tooth; anterior margin nearly straight; posterior margin

straight. Posteromedian‐urocardiac ossicle triangular, size ratio

0.5−0.6, length 3.8 times as long as propyloric ossicle;

anterior margin pointed; posterior portion wider than anterior

portion; lateral margins tubercular on 3/4 of its total length

anteriorly, ½ length of lateral margins covered by short setae

anteriorly.

Lateral tooth plate (Figure 5a). Consisting of 20−24 slender teeth,

each tooth with comb shaped lamellae facing anteriorly, setae short;

median teeth 6−7 longest, posterior tooth shortest, postero‐outer

margin with 9 blunt teeth.

Particles inside gastric mill. Consist of hard and soft particles

(Figure 6a).

F IGURE 2 Gastric mill and teeth of dotillid crabs. (a) Digestive organ (b) foregut (c) gastric mill (d) median tooth plate, with propyloric ossicle
(PrO), posterior tooth (Pt), anterior tooth (At), posterior margin (PtM), anterior margin (AtM), and posteromedian‐urocardiac ossicle (PuO) with
anterior margin (AtM), lateral margin (LtM) (e) Lateral tooth plate, with teeth (Tt), posterior teeth (Pt), anterior teeth (At), and postero‐outer
margin (PoM) Source: Upper figures are adopted from Davie et al., 2015.

TABLE 2 Primers used for
amplification of 16S rRNA and C
cytochrome oxidase subunit I (COI) by
means of polymerase chain reaction (PCR).

Gene Primer Sequence References

16S rRNA 1471 5′‐CCTGTTTANCAAAAACAT‐3′ Shih et al. (2009)

1472 5′‐AGATAGAAACCAACCTGG‐3′ Shih et al. (2010)

CO1 LCO1490 5′‐GGTCAACAAATCATAAAGATATTGG‐3′ Folmer et al. (1994)

HCO2198 5′‐TAAACTTCAGGGTGACCAAAAAATCA‐3′ Folmer et al. (1994)
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3.3 | D. wichmanni De Man (1892)

Median tooth plate (Figure 4b). Propyloric ossicle ovate, wider than

posteromedian‐urocardiac ossicle; size ratio 2.3; surface convex

medially; complex structure, consisting of two teeth separated by

triangular groove, anterior tooth smaller than posterior tooth; anterior

margin nearly straight; posterior margin nearly straight. Posteromedian‐

urocardiac ossicle triangular, size ratio 0.5, length 3.1 times as long as

propyloric ossicle, anterior margin triangular, posterior portion wider

than anterior portion, lateral margins with finger shaped structure.

Lateral tooth plate (Figure 5b). Consisting of 19 slender teeth;

each tooth with comb shape lamellae facing anteriorly; median teeth

F IGURE 3 Schematic shape of propyloric ossicle of median tooth plae. (a) Ovate, (b) hexagonal, (c) triangular, (d) half circular, and
(e) trapezoid.

F IGURE 4 Median tooth plate. (a) Dotilla myctiroides, male (9.7 × 10.4 mm) (MZB.Cru.5176), Lubuk Damar, Aceh Tamiang, Aceh. (b) Dotilla
wichmanni, male (7.4 × 5.6 mm) (MZB.Cru.5125), Depok beach, Bantul, Yogyakarta. (c) Ilyoplax delsmani, male (7.4 × 5.1mm) (MZB.Cru.5135),
Pancer Mangrove Forest, Serang, Banten. (d) Ilyoplax orientalis, male (6.5 × 4.5 mm) (MZB.Cru.5134), Pancer Mangrove, Serang, Banten.
(e) Ilyoplax strigicarpus, male (4.8 × 3.2 mm) (MZB.Cru.5179), Pariaman Mangroves, Apar, North Pariaman, Pariaman, West Sumatera.
(f) Scopimera gordonae, male (broken carapace), Keakwa, Mimika, Papua. (g) Scopimera intermedia, male (5.8 × 4.5 mm) (MZB.Cru.5185), Tosale,
Banawa District, Donggala, Central Sulawesi. (h) Tmethypocoelis aff. ceratophora, male (7.2 × 4.2 mm) (MZB.Cru.5117), Muara Cupek, Pamenang,
North Lombok. MZB, Museum Zoologicum Bogoriense.
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F IGURE 5 Lateral tooth plate. (a) Dotilla myctiroides, male (9.7 × 10.4 mm) (MZB.Cru.5176), Lubuk Damar, Aceh Tamiang, Aceh. (b) Dotilla
wichmanni, male (7.4 × 5.6 mm) (MZB.Cru.5125), Depok beach, Bantul, Yogyakarta. (c) Ilyoplax delsmani, male (7.4 × 5.1mm) (MZB.Cru.5135),
Pancer Mangrove Forest, Serang, Banten. (d) Ilyoplax orientalis, male (6.5 × 4.5 mm) (MZB.Cru.5134), Pancer Mangrove, Serang, Banten.
(e) Ilyoplax strigicarpus, male (4.8 × 3.2 mm) (MZB.Cru.5179), Pariaman Mangroves, Apar, North Pariaman, Pariaman, West Sumatera.
(f) Scopimera gordonae, male (broken carapace), Keakwa, Mimika, Papua. (g) Scopimera intermedia, male (5.7 × 4.5 mm) (MZB.Cru.5185), Tosale,
Banawa District, Donggala, Central Sulawesi. (h) Tmethypocoelis aff. ceratophora, male (7.2 × 4.2 mm) (MZB.Cru.5117), Muara Cupek, Pamenang,
North Lombok. MZB, Museum Zoologicum Bogoriense.

F IGURE 6 Particles collected from gastric mill. (HP) Hard particle (SP) soft particle. (a) Dotilla myctiroides, (b) Dotilla wichmanni, (c) Ilyoplax
delsmani, (d) Ilyoplax orientalis, (e) Ilyoplax strigicarpus, (f) Scopimera gordonae, (g) Scopimera intermedia, (h) Tmethypocoelis aff. ceratophora.

MURNIATI ET AL. | 7 of 15

 10974687, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

or.21605 by C
ochrane Japan, W

iley O
nline L

ibrary on [11/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7−8 longest, posterior tooth shortest, postero‐outer margin with 6

hook‐shape teeth.

Particles inside gastric mill. Consist of hard and soft

particles (Figure 6b).

3.4 | I. delsmani De Man (1926)

Median tooth plate (Figure 4c). Propyloric ossicle nearly hexagonal,

wider than posteromedian‐urocardiac ossicle; size ratio 1.2; surface

convex; simple structure, consisting of one tooth; anterior margin

nearly pointed medially; posterior margin convex. Posteromedian‐

urocardiac ossicle waist‐like shape, size ratio 0.5, length 1.6 times as

long as propyloric ossicle; anterior margin pointed; posterior portion

wider than anterior portion; lateral margins entire.

Lateral tooth plate (Figure 5c). Consisting of six stout teeth, each

tooth with row of bristle‐like setae anteriorly; third anterior tooth

longest, posterior tooth shortest; postero‐outer margin without teeth.

Particles inside gastric mill. Consist of SP (Figure 6c).

3.5 | I. orientalis (De Man, 1888 [in De Man,
1887–1888])

Median tooth plate (Figure 4d). Propyloric ossicle triangular, wider

than posteromedian‐urocardiac ossicle; size ratio 1.4, surface convex;

simple structure, consisting of one tooth; anterior margin tridentatus;

posterior margin arched. Posteromedian‐urocardiac ossicle rectangu-

lar shape, size ratio 0.3, length 2.5 times as long as propyloric ossicle;

anterior margin convex; posterior portion narrower than anterior

portion; lateral margins entire, slightly concave medially.

Lateral tooth plate (Figure 5d). Consisting of six stout swollen

teeth, each tooth with one row of bristle‐like setae anteriorly; first

three anterior teeth with nearly similar size; last three posterior teeth

equally smaller than first three anterior teeth; postero‐outer margin

without teeth.

Particles inside gastric mill. Consist of SP (Figure 6d).

3.6 | I. strigicarpus Davie (1990)

Median tooth plate (Figure 4e). Propyloric ossicle trapezoid, wider

than posteromedian‐urocardiac ossicle; size ratio 1.7, surface convex;

simple structure, consisting of one tooth; anterior margin straight;

posterior margin slightly convex. Posteromedian‐urocardiac ossicle

rectangular, size ratio 0.5, length 2.6 times as long as propyloric

ossicle; posterior portion as wide as anterior portion; anterior margin

convex; lateral margins entire, slightly concave medially.

Lateral tooth plate (Figure 5e). Consisting of seven moderate

teeth, each tooth with one row of bristle‐like setae anteriorly; teeth

1−3 equally long, teeth 1−4 equally shorter than first 3 teeth; upper‐

outer margin without teeth.

Particles inside gastric mill. Consist of SP (Figure 6e).

3.7 | S. gordonae Serène and Moosa (1981)

Median tooth plate (Figure 4f). Propyloric ossicle trapezoid; size ratio

1.9; median surface convex; complex structure, consisting of three

teeth; anterior tooth larger than median tooth, separated by narrow

gap; posterior tooth larger than anterior tooth, posterior and median

teeth separated by wide gap; anterior margin arched; posterior

margin nearly straight; lateral margins entire, parallel to lateral

margins of posteromedian‐urocardiac ossicle. Posteromedian‐

urocardiac ossicle triangular, size ratio 0.7, length 2.6 times as long

as propyloric ossicle; narrow anteriorly, anterior margin convex;

wider posteriorly; lateral margins entire.

Lateral tooth plate (Figure 5f). Consisting of 19 teeth, each tooth

fully covered with bristle‐like setae; anterior teeth 6−8 longest; posterior

tooth shortest; postero‐outer margin with 9 hook‐shaped teeth.

Particles inside gastric mill. Consist of hard and soft

particles (Figure 6f).

3.8 | S. intermedia Balss (1934)

Median tooth plate (Figure 4g). Propyloric ossicle half circular, wider

than posteromedian‐urocardiac ossicle; size ratio 1.6; median surface

flat; complex structure, consists of two teeth, separated by furrow,

anterior tooth smaller than posterior tooth; anterior margin arched;

posterior margin convex; lateral margins parallel to posteromedian‐

urocardiac ossicle. Posteromedian‐urocardiac ossicle triangular, size

ratio 0.8, length 1.6 times as long as propyloric ossicle; narrow

anteriorly, anterior margin convex; wide posteriorly; lateral margins

entire.

Lateral tooth plate (Figure 5g). Consisting of 14 teeth, each tooth

covered with lamellar setae anteriorly; anterior teeth 5−6 longest;

posterior tooth shortest; postero‐outer margin with 6 wide teeth.

Particles inside gastric mill. Consist of hard and soft particles

(Figure 6g).

3.9 | T. aff. ceratophora Koelbel (1897)

Median tooth plate (Figure 4h). Propyloric ossicle half circular, wider than

posteromedian‐urocardiac ossicle; size ratio 1.4; median surface slightly

convex; simple structure, slightly consisting of two teeth, separated by

lateral truncation, anterior tooth smaller than posterior tooth; anterior

margin pointed; posterior margin convex; lateral margins parallel to

posteromedian‐urocardiac ossicle. Posteromedian‐urocardiac ossicle

triangular, size ratio 0.7, length 1.7 times as long as propyloric ossicle;

narrow anteriorly, anterior margin convex; wide posteriorly; lateral

margins entire.

Lateral tooth plate (Figure 5h). Consisting of 9−10 stout teeth,

teeth gradually lessen stout posteriorly, each tooth covered with one

row of bristle‐like setae anteriorly; first anterior tooth swollen,

anterior teeth 3−4 longest, posterior tooth shortest; postero‐outer

margin without teeth.
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Particles inside gastric mill. Consist of hard and soft particles

(Figure 6h).

3.10 | Intraspecific variation in gastric mill
morphology

Within all eight species, no significant morphological differences in

gastric mill teeth are observed by size or sex.

3.11 | Interspecific difference in gastric mill
morphology

Various interspecific differences were observed in the shapes of

lateral tooth plates and propyloric and posteromedian‐urocardiac

ossicles of the median tooth plate (Figure 3 and Table 3). The shape

of the propyloric ossicle varies between species, particularly in the

size ratio of length to width and the gap between teeth. For example,

D. myctiroides has wider propyloric ossicles than D. wichmanni, with a

wider gap between teeth and a wider anterior tooth than posterior

tooth. In D. wichmanni, these features are the opposite shape

compared to D. myctiroides. Among the Ilyoplax species, differences

are seen in the shape of the propyloric ossicle and posteromedian‐

urocardiac ossicle. I. delsmani and I. strigicarpus have a trapezoidal

posteromedian‐urocardiac ossicle, while I. orientalis has a triangular

one. Among the Scopimera species, there are marked differences in

the shape and number of teeth on propyloric ossicles.

Taking all of these characteristics into account, the morphology

of the gastric mills of the eight species studied here can be roughly

divided into two types. I. delsmani, I. orientalis, and I. strigicarpus have

lateral and median teeth of comparatively simpler shape, with a lower

number of stout teeth on each lateral tooth plate: 6 teeth in I.

delsmani, 6 in I. orientalis, and 7 in I. strigicarpus. The propyloric ossicle

of the median tooth of these species consists of only 1 tooth.

On the other hand, D. myctiroides, D. wichmanni, S. gordonae, S.

intermedia, and T. aff. ceratophora have lateral and median teeth of a

more complex structure, with a larger number of slender teeth on

each lateral tooth plate: 20−24 teeth in D. myctiroides, 19 in D.

wichmanni, 19 in S. gordonae, 14 in S. intermedia, and 9−10 in T. aff.

ceratophora. The propyloric ossicle of the median tooth in these

species consists of more than 1 tooth.

3.12 | DNA analysis

The data set consists of 1163 bp from two mitochondrial genes,

including 550 bp of the partial 16S gene and 613 bp of the partial COI

gene. The best‐fit evolution models for concatenated genes in the

Bayesian analysis were TPM3uf + I + G and TVM+G. The phyloge-

netic tree from MEGA‐X and Bayes shows similar branches with high

posterior probability (Figure 7). In general, there are two main clades

in the family. Two species of Ilyoplax, I. orientalis and I. strigicarpus,

form a single clade, all of which have simple teeth of gastric mills.

Scopimera and Tmethypocoelis, which all have complex teeth of gastric

mills, are in separate clades. Meanwhile Dotilla, which has complex

teeth structure, is in the same clade as the genus Ilyoplax.

4 | DISCUSSION

In the present study, we provide the first description of the teeth

morphology of dotillid crabs. We found that there is no intraspecific

variation, indicating that the characteristics of the gastric mill teeth

are not affected by the sex or size of the crabs, making this a

consistent character within a species and useful as a reliable marker

for identifying closely related or cryptic species. However, inter-

specific differences were found in the morphology of the propyloric

ossicle and the number of teeth on the lateral tooth.

These findings are in consensus with those of Shih (2015) and

Shih, Ng, et al. (2015), who found that the characteristics of the

median tooth plate in the gastric mill, particularly the urocardiac

ossicles, are sufficient and useful for distinguishing species. More-

over, variation in the number of teeth on the propyloric ossicles have

been detected in the Austruca lactea species complex, with numbers

ranging from 5 in A. perplexa to 8 in A. albimana (Naderloo

et al., 2010).

4.1 | Relationship between morphology of lateral
tooth plate and habitat substrata

Our field observations recorded that Dotilla and Scopimera species

inhabited sandy substrates, Ilyoplax species inhabited fine muddy

substrates, and Tmethypocoelis species inhabited sandy‐mud sub-

strates. This suggests that there may be a tendency for species with

lateral tooth plates bearing a larger number of teeth to inhabit sandy

habitats and those with fewer teeth to inhabit muddy habitats

(Table 3). However, the particle size and water content, are not

described in the present study.

This finding aligns with the observation by Naderloo et al. (2010)

that the Uca lactea species group inhabiting sand flats have lateral

tooth plates armed with more than 10 teeth. Similarly, Brösing's

(2010) SEM photograph of teeth showed that Mictyris longicarpus,

which inhabits sandy habitats (Rossi & Chapman, 2003), has lateral

tooth plates consisting of 23 teeth, and Gelasimus tetragonon, which

inhabits substrates composed of coarse sand adjacent to coral reefs

(Shih et al., 2016), has 22 teeth on its lateral tooth plate.

The cup‐like hollow directly behind the anterior teeth of the

lateral teeth would function as an effective “pestle” as the “mortar‐

like” process (propyloric ossicle) of the median tooth is drawn

forward. Any food trapped in this hollow would be pulverized by the

crushing action of the median tooth (Allardyce & Linton, 2010).

Dotilla and Scopimera scrape and intake the organic materials

from sand particles, and Tmethypocoelis scrapes and intake organic

materials from sandy‐mud particles. Some sand particles potentially
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included in the intake and subsequently transported into gastric mill

(Figure 6a,b,f–h). Consequently, the gastric mill would require an

efficient “mortar and pestle” system to crush and grind these HP. The

presence of the teeth features of the gastric mill is closely linked to

the process of fragmenting sand material. As sand enters the stomach

as HP, the initial anterior teeth of the lateral tooth plate perform the

grinding action, while the postero‐outer teeth of the two lateral teeth

contribute to further crush the ingested food fragments. Simulta-

neously, as the median tooth is drawn forward during the “grinding”

mode of chewing, food is ground between the surface of the two

lateral teeth and the head of the median tooth.

In contrast, Ilyoplax species primarily intake organic materials

from mud, hence SP are dominant inside the gastric mill (Figure 6c–e).

Therefore, the teeth are more specialized for crushing soft food

particles. The median tooth of Ilyoplax is simple, making it well‐suited

for crushing soft items. It consists of a “blunt” propyloric ossicle and a

smooth, sole‐like plate. This structure aligns well with the teeth along

the lateral teeth, so that any food items trapped in the mill are ground

as the teeth move past each other during the grinding and crushing

chewing process.

The simple structure of propyloric ossicle was exemplified by

carnivorous grapsid crabs (Allardyce & Linton, 2010). Their gastric

mill was well‐suited for pulverizing soft animal material. The median

tooth possessed a large, rounded, and blunt propyloric ossicle

(referred to as the posterior process), which in vivo would fit into

the flattened grooves of the lateral teeth and function as a mortar

and pestle. In contrast, the median and lateral teeth of herbivorous

gecarcinids were sharper, respectively possessing well‐defined teeth

(referred to as ridges) on the propyloric ossicle and postero‐outer

teeth (referred to as cusps). In vivo, these interlocking propyloric

ossicle and postero‐outer teeth would form effective cutting

surfaces, making the gastric mill of herbivores well‐suited for

processing a hard and fibrous plant diet (Allardyce & Linton, 2010).

A pair of lateral teeth plates, along with other ossicles, participate

in food grinding and maceration (Brösing, 2010; Carvalho et al., 2018;

Davie et al., 2015). Therefore, the morphology of the median and

lateral teeth plate is a useful indicator for determining the substrate

types associated with the habitats of deposit‐feeding crabs. This

conclusion aligns with Brösing and Türkay (2011), who proposed that

comparisons of the gastric teeth across different taxa and their

morphological similarities suggest a potential correlation with feeding

behavior. Moreover, that the teeth within the gastric mill exhibit a

comparatively stable ground pattern that may encompass adaptation

tailored to specific food preferences or resources.

4.2 | Teeth morphology of gastric mills in
phylogenetic context

In our observations, T. aff. ceratophora exhibit notable similarities not

only in terms of external morphology but also in terms of habitat

preferences to I. orientalis and I. strigicarpus. Despite this resemblance,

phylogenetic trees indicate that Tmethypocoelis is more closely relatedT
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to S. gordonae rather than to Ilyoplax (Figure 7). Additionally, the

morphology of the median tooth in T. aff. ceratophora is more similar to

that of S. gordonae and S. intermedia. These findings support the

phylogenetic tree results and aligns with the findings of Brösing and

Türkay (2011) that phylogenetic groups built from gastric mill

morphology are similar to those built from the examination of other

phylogenetically important characters, such as gonopods. Scholtz (2014)

also concluded that morphological characters, such as foregut ossicles,

clearly resolve the phylogenetics of brachyuran crabs.

On a preliminary basis, we mapped gastric mill morphology onto the

molecular phylogenetic tree constructed byTsang et al. (2014; Figure 8),

incorporating data from three sections and five families mainly sourced

from Brösing (2010): Dromiacea (Dromiidae, Dynomenidae, Homolidae),

Raninoida (Raninidae), and Cyclodorippoida (Cymonomidae). In the

lateral tooth plate of the gastric mill, there are 8 teeth in Dromia

personata (Dromiidae), 5 teeth in Paradynomene tuberculata (Dynome-

nidae), 4 teeth in Homola ranunculus (Homolidae), 12 teeth in Raninoides

hendersoni (Raninidae), and 3 teeth in Cymonomus granulatus (Cymono-

midae) (Brösing, 2010). These species have simple structure of

propyloric ossicles on the median tooth (Figure 8). In our study, species

inhabiting mud flats have similar simple structure of propyloric ossicles

to those of species inhabiting sandy flats. In other intertidal crab species,

Mictyris longicarpus (Mictyridae) has 23 teeth (Brösing, 2010) and

Austruca perplexa (Ocypodidae) has 14 teeth (Naderloo et al., 2010) on

the lateral tooth plate. Moreover, these species have complex structure

of propyloric ossicles on the median tooth plate.

From these limited data, however, it is quite difficult to assess

evolutionary trend of this morphology. Furthermore, gastric mills

presumably perform strong adaptation to ecological aspect, and

therefore their morphology might be affected by process of

convergent evolution. Further study is necessary to elucidate the

evolutionary trajectory of this morphology.

4.3 | Evolution on the teeth morphology

The difference in tooth morphology can be classified as macroevolution,

with distinct phenotypic differences observed at the genus level. Within a

genus, the numbers of teeth on the median tooth and lateral tooth plates

exhibit similarity, but the characteristics of these teeth differ between

species. Macroevolution encompasses the origin of novel characteristics

or the history and causes of evolutionary patterns at higher taxonomic

levels over genealogical time spans (Futuyma, 1998). For example, the

formation of the flattened carapace in brachyuran crabs occurred under

various circumstances during evolution, such as adaptation to water

currents, living in crevices or benthic habitats, avoiding predation, and

manipulating prey (Scholtz, 2014). Therefore, our plausible conclusion is

that the teeth morphology of dotillid crabs resulted from adaptive

modification based on their habitats, especially the substrate types. The

alteration of tooth morphology is exemplified by Figures 7 and 8. Among

these dotillid crabs, D. myctiroides has the most complex lateral tooth

plate, and S. gordonae has the most complex median tooth plate. The

F IGURE 7 Maximum likelihood tree of dotillid crabs based on a concatenated sequence data set of 550 bp of 16S and 613 bp of COI with
mapping of gastric mill teeth.
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most complex structure is considered to be the most derived and to have

undergone late diversification (Camargo et al., 2017).

5 | CONCLUSION

The teeth morphology of the gastric mill is a character useful in

distinguishing genera and species among dotillid crabs. Despite

essentially having a similar feeding behavior, species of dotillid crabs

differ from each other in terms of the morphology of the median

tooth plate and lateral tooth plates. These teeth support the

phylogenetic tree. However, more data on the teeth of the gastric

mill from other dotillid crabs need to be collected to postulate the

plesiomorphic and apomorphic forms of these teeth. The median and

lateral tooth plates are useful in ascertaining the substrate types of

the habitats of deposit‐feeding crabs, with a larger number of teeth

on the lateral teeth implying occupation of sandy substrata and a

smaller number implying occupation of muddy substrata. Species of

F IGURE 8 Maximum clade credibility from Tsang et al. (2014) and teeth on gastric mill from Brösing (2010) and Naderloo et al. (2010).
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Dotilla and Scopimera feed on sand particles and require an efficient

“mortar and pestle” to crush and grind these HP. In contrast, species

of Ilyoplax feed primarily on mud and are more generalized in their

ability to squash soft food particles.
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