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Abstract. Recent molecular analyses have challenged the traditional classification of scleractinian corals at
almost all taxonomic levels, suggesting a requirement of new morphological characters for classification. Micro-
skeletal characters have shown great potential to support the classification of the molecular-based clades of the
scleractinian corals. Flabellum (Family Flabellidae) is the fifth largest genus and contains two subgenera, F.
(Flabellum) and F. (Ulocyathus). The genus is very important in deciphering flabellid evolution, as phylogenetic
relationship is still ambiguous in this family. In particular, little is known of the microstructural features of
Flabellum species. Here we discuss the microskeletal structures of F. (F.) magnificum and F. (U.) deludens. Rapid
accretion deposits (RADs) on the walls of F (F) magnificumm show dome-shaped strands ca. 50-100 pm wide,
which are composed alternatively of microcrystalline and fibrous parts. In contrast, the RADs on the walls of
(U.) deludens consist of strands (50-100 pm long and 20-30 pm wide) made up of very short fibers (ca. 0.5-5 pm
long) or microcrystallines with meniscus structure and dome-shaped fibrous layers. Thickening deposits (TDs)
on the walls of both species are characterized by three qualities: (1) layered bundles consisting of fibrous crys-
tals; (2) shingle-like TDs composed of small crystals and microcrystallines; and (3) shingle-like TDs comprised
of larger fibers. In particular, in F (U.) deludens, the TD of the calicular side of the wall is mainly formed of
shingle-like TDs. The walls of F. (U.) deludens and F. (F.) magnificum thus differ completely in terms of the RAD
(digitated strand and dome-shaped fibrous layers vs. continuous dome-shaped alternation) and TD characteris-
tics. These kinds of microskeletal differences could support the molecular phylogenetic distinction between the
FE (U.) spp. cluster and the F. (F) clusters.
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Introduction

The family Flabellidae Bourne, 1905 (Cnidaria: Scler-
actinia) comprises 14 exclusively solitary and azooxan-
thellate genera and is the fifth species-richest family
among the 24 families containing extant species in the
Scleractinia (Cairns, 1999, 2017). These corals are widely
distributed in depths ranging from 0 m to 3186 m, exhibit-
ing specific life modes and morphologies (Cairns, 2017).

The coralla of genus Flabellum contain ceratoid,
campanulate, bowl-shaped, discoidal, or compressed
flabellate without pali, dissepiments, and synapticu-
lae. Flabellum contains two subgenera: F. (Flabellum)
characterized by a smooth calicular margin and £ (Ulo-
cyathus) distinguished by a serrate or jagged calicular
margin (Cairns, 1989). F. (Flabellum) contains 25 Recent
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species, whereas F. (Ulocyathus) consists of 19, for a total
of 44 Recent species (Cairns, 2016). Flabellum is the fifth
largest genus by number of species, among the ~240
extant scleractinian genera (Cairns, 2016). The genus is
also known from ~144 nominal fossil species recorded
from as early as the late Cretaceous (Cairns, 2016).
However, the phylogenetic relationship among the
flabellids is still ambiguous. Recently, molecular phylo-
genetic analyses have been performed on Scleractinia.
The suggested phylogenetic relationships differ from the
traditional ones based mainly on skeletal morphologies
(Romano and Palumbi, 1996; Romano and Cairns, 2000;
Fukami et al., 2004; Le Goff-Vitry et al., 2004; Fukami
et al., 2008; Kitahara et al., 2010; Stolarski et al., 2011).
As such, the traditional systematic relationships require
revision based on this new molecular phylogenetic evi-
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dence, suggesting the need to analyze new morphologi-
cal characters for classification. Microskeletal characters
have shown great potential to support the classification of
molecular-based clades of the scleractinian corals (Cuif et
al.,2003; Benzoni et al., 2007; Budd and Stolarski, 2009;
Benzoni et al., 2012; Kitahara et al., 2012). Romano and
Cairns (2000); Le Goff-Vitry et al. (2004); Kitahara et al.
(2010); Tokuda et al. (2010), and Stolarski et al. (2011)
have conducted molecular phylogenetic analyses on
some flabellids. However, detailed phylogenetic relation-
ships in the Flabellidae remain mostly unelucidated. The
genus Flabellum is polyphyletic in origin (Kitahara et al.,
2010; Tokuda et al., 2010; Stolarski et al., 2011). Skel-
etal microstructures of flabellid corals have been studied
by Sorauf and Podoff (1977), and Stolarski (1995, 1996,
2003). In particular, Stolarski (2003) described various
microscopic characteristics of F. (F)) chunii Marenzeller,
1904. However, similar microstructural details of other
flabellids remain unknown. Particularly, little is known
of the microstructural features of F. (Ulocyathus) spe-
cies. Microskeletal structures of Flabellum species are
therefore investigated to define and delimit a new set of
morphological characters that reflect skeletal growth, and
to determine the correlation between these characters and
molecular phylogenetic data. Additionally, we investigate
how microstructures play essential roles in the formation
of macromorphologies.

Materials and methods

Specimens of Flabellum (Flabellum) magnificum and
Flabellum (Ulocyathus) deludens were collected off
Makurazaki, Kagoshima Prefecture, Japan (from a depth
of ~300 m). The terminology of skeletal microstructural
characteristics follows that of Stolarski (2003), Brahmi et
al. (2010), and Janiszewska ef al. (2011). In scleractin-
ian corals, two essential skeletal structures are observed
at the microscopic level; they are traditionally referred
to as the centers of calcification (COC) and fibers (e.g.
Bourne, 1887; Oglivie, 1896; Vaughan and Wells, 1943;
Cuif and Dauphin, 1998, 2005). Recently, the terms rapid
accretion deposits (RADs) and thickening deposits (TDs)
have been substituted for COCs and fibers, respectively
(Stolarski, 2003; Nothdurft and Webb, 2007; Brahmi et
al., 2010; Janiszewska et al., 2011). The RADs formed
within the well-differentiated regions of rapid skeletal
accretion are enriched in organic components (hollowed-
out by acidic etching) (e.g. Brahmi et al., 2010). The TDs
are skeletal structures deposited outside the areas of rapid
accretion and typically consist of fibrous layers continu-
ous with those of the RADs, but poorer in organic compo-
nents (Brahmi ez al., 2010). These new terms have been
used in this study.
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Details of macroskeletal features were observed using
optical microscopes (Nikon SMZ-1500; Leica M165C;
Leica DM 2700P) and a digital microscope (Keyence
VHX-1000). Skeletal microstructures were visualized
using scanning electron microscopies (= SEM) (Key-
ence VE-7000; JEOL JSM-IT100). For SEM observa-
tions, transverse or longitudinally polished sections of
skeletons were etched for 2040 s with a 0.1% formic
acid solution or cut fragments of skeletons were etched
for 30 s with a 10% formic acid solution for observa-
tions of heavily etched surface. The sections were rinsed
with distilled water and washed in an ultrasonic cleaner
for 10-20 s. The samples were mounted on stubs using
double-sided adhesive tape and sputter-coated with con-
ductive platinum film.

Results

Flabellum (Flabellum) magnificum Marenzeller, 1904
Macroskeletal structures

Flabellum (Flabellum) magnificum shows a flabellate
corallum with a smooth calicular edge and no thecal edge
spines (Figure 1A, B). Septa show a hexameral arrange-
ment preceded by septal insertions near the two directive
septa. The upper calicular edges of the septa are slightly
notched but expand below into an exert lobe that extends
well into the fossa (Figure 1C, D). The columella is
formed by the inner and lower edges of the septa (Figure
1E). F. (F) shows a marginothecal wall (sensu Stolarski,
1995) with septal furrows on the thecal faces (Figure 1F,
Q). In particular, the thecal faces corresponding to the
septa of S1-S3 are slightly raised to form ridges. Well
preserved specimens display thecal faces ornamented
with dish-shaped growth lines, looped between the septal
furrows (Figure 1G). The most distal parts of the walls
show a smooth thecal face without dish-shaped growth
lines (Figure 1F). The outer wall of the corallum is not
covered with soft tissue and secondary skeletal thicken-
ings. The wall surface is often encrusted and damaged
by other skeletozoans and microboring organisms (Figure
1F).

Microskeletal structures

The upper calicular edge of Flabellum (Flabellum)
magnificum is smooth at the macroscopic level, whereas
the growth peripheral edges of the wall are slightly undu-
lated, when viewed under the microscope (Figure 1D).
Both the inner and outer surfaces of the growth edges of
the wall are smooth at the margin and about 1 mm wide
(Figure 1D, F). The proximal parts of the smooth zone
of the wall are covered with growth lines, which are rec-
ognized as lined granules (44.4 um + 2.7 Mean + SE,
N = 26) (Figure 1F). In contrast, the proximal parts of
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Figure 1. Morphology of Flabellum (Flabellum) magnificum. A, side view of a corallum. B, distal view of a corallum. C, side view
of septa. Septal spines are present along the growth lines. D, distal part of septum and inner side of wall. The septum grows on inner side
of wall. E, septal edges and elongated columella in deeper fossa. F, most distal parts of the walls show a smooth thecal face (ca. 1 mm in
width). G, close-up view of an outer surface of wall. Dish-shaped growth lines and septal furrows (white arrows) are on the thecal faces.

the smooth surfaces of the inner side of the wall are cov- The polished and etched sections of the distal ends of
ered with TD, which have a slightly rough surface with  the walls parallel to the maximum growth direction show
granules. dome-shaped strands of RAD, ca. 50-100 um wide (Fig-
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Inside

Figure 2. Skeletal microstructures of longitudinal sections of Flabellum (Flabellum) magnificum. A, polished and etched section per-
pendicular to a growth direction of wall showing dome-shaped growth lines of rapid accretion deposits (RAD) and thickening deposits (TD).
Arrows indicate growth directions of wall. B, enlarged dome-shaped growth lines of RAD which are composed of alternating microcrystalline
(m) and fibrous (f) layers. A microcrystalline layer of RAD grades into a fibrous crystal layer. C, enlargement of the region in white square
in A showing distinct microcrystalline (m) and fibrous (f) layers. D, polished and etched section perpendicular to a growth direction of wall.
White arrow shows growth direction of RAD. E, enlargement of the region in white square in D showing bundles composed of fibrous crystals
(= FTD), shingle-like thickening deposits comprised of small crystals and microcrystallines (= STD-A), and shingle-like thickening deposits
made up of larger fibers (= STD-B). F, enlargement of a STD-A.
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Figure 3. Skeletal microstructures of transverse sections of Flabellum (Flabellum) magnificum. A, a transverse section of wall showing
laterally continuous RAD zone in outermost part of wall and fibrous thickening deposit (FTD) zones of inner side of the RAD. B, enlarge-
ment of the region in white square in A showing centers of rapid accretion (CRA; white arrows) in the RAD zone, which are made up of
microcrystalline centers and radiating fibers. C, a transverse section of TD of the calicular side of the wall showing FTD, STD-A, and STD-B.
D, enlargement of the region in white square in C showing FTD and STD-A.

ure 2A). The RAD is composed of microcrystalline and
fibrous parts, alternately (Figure 2B). The microcrystal-
line parts of the RAD are aggregates of much smaller
nanocrystalline units (up to 1 um) (Figure 2C). RAD
growth direction repeatedly changes inward or outward
(Figure 2A). The inner surfaces of the RADs are cov-
ered with TDs composed of fibrous crystals (Figure 2A,
D-F). The edges of the dome-shaped fibrous layers of the
RAD:s are in some cases continuous with the fibrous parts
of the TDs (Figure 2A). The overall growth directions of
the wall are identical with the stacking direction of the
dome-shaped layers in the RAD. The RAD microcrystal-
line layers are more developed moving outward from the
wall, than moving inward. The thickness of one fibrous
crystalline layer of the RAD is unchanged from the center
to the side of the layer, whereas a microcrystalline layer
of RAD grades into a fibrous crystal layer, especially near
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the inner face of the wall (Figure 2A, B). No microcrystal-
line layers are present between the fibrous layers in either
the inner or the outer sides of the RAD (Figure 2A). Since
microcrystalline layers are formed exclusively in the cen-
tral part of the RAD, the total growth increments of the
central RAD, consisting of microcrystalline and fibrous
layers, are larger than those of the RAD sides comprised
of only the fibrous layers. TD (stereome) of the calicu-
lar side of the wall is divided into three character groups
(Figure 2D-F): (1) bundles composed of fibrous crystals
(= FTD); (2) shingle-like thickening deposits composed
of small crystals and microcrystallines (= STD-A); and
(3) shingle-like thickening deposits composed of larger
fibers (= STD-B).

The polished and etched sections of the walls perpen-
dicular to the maximum growth direction show laterally
continuous RADs at the outermost sections of the walls
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Figure 4.
surface of a septal edge in white square in A, which are composed of microcrystallines. C, enlarged etched surface of distal part of a septal
face in white square in A showing irregular meshwork structures of fibers organized into bundles. D, enlarged etched surface of a septal
face in white square in A showing fibrous crystals forming shingle-like structures. Longer axis of the fibers is almost uniformly arranged.
E, enlarged etched surface of a septal spine in white square in A showing microcrystalline deposits.

(Figure 3A, B). The centers of rapid accretion (CRAs),
which are made up of microcrystalline centers and radi-
ating fibers, are in some cases shown in the RAD zone
(Figure 3B). TD (tectura sensu Stolarski, 1995) formed
on the outer surface of the RAD is composed of a very
thin fibrous, crystalline layer, which is often damaged by
microboring (Figure 3A). The TD (stereome) of the calic-
ular side of the wall is divided into three character groups:
(1) FTD; (2) STD-A; and (3) STD-B (Figure 3C, D). The
bundles of fibrous crystals of FTD, which extend perpen-
dicular to the RAD zone, are often recognized adjacent to
the RAD zone. The STDs are formed on the exterior of
the layered bundles of the fibrous crystals.

The growth edges of the septa are composed of micro-
crystallines and show slightly rough surfaces (Figure 4A,
B). The septal faces are covered with TDs, which are
made up of fibrous crystals forming irregular meshwork
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Skeletal microstructures of septa of Flabellum (Flabellum) magnificum. A, side view of septa and a wall. B, enlarged etched

structures on distal parts of the septal face and STDs on
more proximal parts (Figure 4C, D). Septal spines are
composed of microcrystallines (Figure 4E). Transverse
sections of septa show RAD in the mid-septal zone and
TD on both sides of the RAD. The septal RAD consists of
a series of CRA in the mid-septal zone. The TD adjacent
to the septal RAD is comprised of layers of fibers orien-
tated almost perpendicular to the septal surface. The TD
near the septal surfaces shows individually flattened and
elongated bundles of fibers oriented at a low angle to the
basal RAD plane, showing shingle-like appearances.

Flabellum (Ulocyathus) deludens Marenzeller, 1904
Macroskeletal structures

The corallum is slightly compressed flabellate with jag-
ged calicular edges (Figure 5A, B). The proximal parts
of the corallum often attach to sand particles. Columel-
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Figure 5. Morphology of Flabellum (Ulocyathus) deludens. A, side view of a corallum. B, distal view of a corallum. C, close-up view
of septal edges and fossa shown in white square in B. D, close-up view of walls and septa in convex part of a calicular edge shown in white
square in A. E, a boundary between convex (v) and concave (c) parts of a calicular edge. A wall of concave part is attached to septal faces of
the 4th cycle of a septum (white arrow). F, directive septum (s) and costa (c). Wall (w) crawls up on slightly inner part of septal face (white
arrow). The costa is covered by secondary skeletal deposits.
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Figure 6. Skeletal microstructures of growth edge of walls of Flabellum (Ulocyathus) deludens. A, most distal part of a septum (s) and
walls (w) of convex part of calicular edges. B, close-up view of growth edge of the wall showing very rough surfaces with small granules.
C, etched growth edge of a wall (w) in convex part of calicular edges. D, enlarged etched surface of a wall in white square in C showing
radial small fibrous crystallines and microcrystallines. E, outer wall surfaces in a convex part of calicular edge. Small, lined granules on the
wall surface form growth lines. F, close-up view of a pillar structure (white arrow) of a tubercle shown in white square in E. G, broken,
etched part of the pillar structure composed of gathered CRAs and layered, small fibrous crystals.
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Figure 7. Etched outer surface of wall of Flabellum (Ulocyathus) deludens. A, outer surface of convex part of wall. B, enlarged etched
outer surface of the upper part of wall in white square in A showing growth lines almost parallel to wall edges. C, enlargement of the region
in white square in B showing alternated strands and fibrous layers. White arrow indicates growth direction of the strands. D, close-up view
of strands in white square in C. Strands are arranged side by side, and surrounding fibrous layers are composed of short fibers approximately
2-5 um long. E, enlargement of the region in white square in D showing a strand composed of very short fibers (ca. 0.5-5 um long) or

microcrystallines with meniscus structure.

lae are formed by the fusion of spiny projections growing
from the axial edges of the septa (Figure 5C).

F. (U.) deludens forms tent-like walls in the jagged,
convex parts, where either the 1st or the 2nd cycles of the
septa and its adjacent 4th cycle are bridged by concurrent
walls (Figure 5A, D). The 3rd cycle of the septa and the
adjacent 4th cycle form a concave area. The walls of these
concavities link the septal faces of the 4th cycle and the
3rd cycle on the convex area (Figure SE). Outer surfaces
of the walls are covered with small, lined granules, espe-
cially on the convex portions (Figure 5D). Two directive
septa form distinct costae on both thecal edges and are
secondarily covered by calcareous deposits (= tectura).
The growing wall crawls up on the inner parts of the
directive septal faces (Figure 5F). The costae are covered
with secondary skeletal deposits.
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Microskeletal structures

The growth edges of the wall often show very rough
surfaces with lined tubercles (ca. 100200 um in diam-
eter) formed by small CRAs (ca. 3-20 um in diameter),
which are composed of microcrystallines in the central
part of the CRA and radial, small fibrous crystallines in its
peripheral part (Figure 6A-D). The tubercles occasion-
ally form a pillar structure composed of gathered CRAs
that is covered with layered, small fibrous crystals in its
peripheral part (Figure 6E-G).

The heavily etched outer surface of the wall shows
alternated strands (sensu Stolarski, 2003) and fibrous lay-
ers (Figure 7A—C). A strand corresponding to CRAs of
RAD is approximately 50-100 um long and 20-30 pm
wide composed of very short fibers (ca. 0.5-5 wm long)
or microcrystallines with meniscus structure (Figure
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Figure 8. Skeletal microstructures of Flabellum (Ulocyathus) deludens. A, longitudinal polished and etched sections quasi-parallel to
the maximum growth direction of a strand showing RAD composed of strand of small fibers and TDs with thin fibrous layers. White arrow
indicates growth direction of wall. B, longitudinal polished and etched sections of an inner part of wall showing RAD and TDs. The TD of
the calicular side of the walls are composed of shingle-like thickening deposits consisting of small crystals and microcrystalline (= STD-A)
and shingle-like thickening deposits made up of larger fibers (= STD-B). C, longitudinal polished and etched sections showing alternated
strands and fibrous layers. White arrow indicates maximum growth direction of the wall. D, close-up view of the strand and fibrous layers
shown in white square in C showing strand and dome-shaped fibrous layers.

7D, E). Each strand is covered with thin fibrous layers
composed of short fibers growing perpendicular to the
outer line of the strand (Figure 7D, E). The strands are
arranged side by side along the growth line of the wall.
Growth direction of the strands is obviously oblique to
maximum growth direction of the wall or septum (Figure
7C, D). Especially, growth direction of the wall, which is
close to the 1st or 2nd cycle of septa, in its convex part is
almost perpendicular to the septal surface. In contrast, the
strands that are close to the 4th cycle, in the convex part
of wall are almost parallel to the septa. The fibrous layers
are composed of short fibers approximately 2—5 wm long.

In the polished and etched sections of the walls quasi-
parallel to the maximum growth direction of a strand, the
RADs are composed of alternated strands and fibrous
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layers (Figure 8). Each strand often shows arch-shaped
growth lines. The strand zone is covered with dome-
shaped fibrous layers (Figure 8C, D).

The polished and etched sections of the walls perpen-
dicular to the maximum growth direction of the strand
show slightly continuous RADs in the outer parts of the
walls (Figure 9A). The CRAs, which are made up of
microcrystalline central parts and radiating fibers, are in
some cases shown in the RAD zones (Figure 9B). The
CRAs show a slightly scattered arrangement in the RAD
zones and correspond to the strand recognized in the lon-
gitudinal sections (Figure 9B). TDs are present in both
the outer and inner parts of the RAD in the wall. Thin
fibrous layers of TDs (= tectura) are recognized in the
outermost parts of the walls (Figure 9A). The fibrous lay-
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Figure 9. Skeletal microstructures of Flabellum (Ulocyathus) deludens. A, polished and etched transverse sections of an outer part of
wall showing TD and laterally continuous RAD zone. B, close-up view of the center of rapid accretions (= CRA) (white arrows) in white
square in A showing a slightly scattered arrangement in the RAD zone. C, transverse polished and etched sections of an inner side of wall
located at the corner of a 1st cycle septum and a wall showing thick STD-A zones. D, close-up view of STD-As composed of microcrystal-

lines shown in white square in C.

ers are also covered with a projection that originates from
a strand in the RAD zone.

The TD (= stereome) of the calicular side of the walls
is divided into two characteristic groups (Figures 8B,
9C, D): (1) shingle-like thickening deposits composed
of small crystals and microcrystalline (= STD-A) (Fig-
ures 8B, 9C, D); (2) shingle-like thickening deposits
composed of larger fibers (= STD-B) (Figure 8B). Thick
STD-A zones are in many cases recognized around the
corners of 1st and 2nd cycles of septa and walls.

The growth edges of the septa, made up of microcrys-
tallines, show smooth to slightly rough surfaces (Figure
10A, B). Septal faces are covered with irregular mesh-
work formed by small fibers or STDs (Figure 10C). The
longer axes of the fibers of meshwork and STDs are
almost parallel to the septal face.

The polished and etched sections of the septa perpen-
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dicular to the septal face show RADs in the central area
(Figure 10D, E). The RADs are covered with a meshwork
of fibers consisting of small fibers quasi-parallel to the
septal faces and STDs. The meshwork of fibers is espe-
cially evident near the RAD zone.

Discussion

Growth edges of the walls

The growth edges of the walls of Flabellum in this study
show two patterns: (1) smooth surfaces in F. (F)) mag-
nificum (Figures 1D, F, 2A), and (2) pronounced rough
and nodular surfaces in F. (Ulocyathus) deludens (Figure
6A, B). The surface morphologies of the growth edges
are closely related to the characteristics of the RADs on
the walls and their inner structures (Figures 2A, 6C, D).
Smooth or slightly smooth surfaces at the growth edges
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Figure 10.
B, close-up view of etched growth edge of a septum in white square in A showing a smooth to slightly rough surface and CRAs (white
arrows) which show a slightly scattered arrangement in a continuous RAD zone. C, etched surface of a septal face showing fibrous crystals
forming shingle-like structures. The longer axes of the fibers are almost parallel to the septal face. D, polished and etched transverse sections
of a septum showing RAD and TDs. The RAD composed of gathered CRAs form a continuous mid-septal zone. E, close-up view of the
CRAs (white arrows) of the RAD of septum made up of small fibrous crystallines showing a slightly scattered arrangement in the RAD zone.

of the walls show continuously dome-like growth in the
longitudinal sections of the RAD (Figure 2A). In contrast,
a rough surface at the growth edges corresponds to piled-
up, discrete strand and dome-like fibrous layers (Figure
7A). The RAD structures of F. (U.) deludens are influ-
enced by subtle differences in skeleton secretion rates at
the growth edge surfaces between the tubercles (strands)
at the microscopic level (Figure 6A, B).

Most flabellids show laterally continuous walls at the
calicular edges (Cairns, 1989). In contrast, the walls of F.
(U.) deludens are not continuous laterally, being divided
into convex and concave parts (Figure 5A, D, E). Par-
ticularly, the species has costae only at the two directive
septa (Figure 5F). Full-grown Javania cailleti also shows
distinct costae corresponding to the 1st to 3rd cycles of
septa (Stolarski, 1995), whereas F. (U.) deludens forms
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Skeletal microstructures of septa of Flabellum (Ulocyathus) deludens. A, distal part of a wall (w) and septum (s).

costae only at the two corallum edges from a very early
growth stage.

RAD of the walls

A longitudinal section of the RAD of the walls of Fla-
bellum (Flabellum) magnificum shows a dome-shaped
morphology composed of microcrystalline and fibrous
layers (Figure 2A—C). The same feature is also found
in other scleractinians (Wise, 1972; Jell, 1974; Jell and
Hill, 1974; Stolarski, 2003; Nothdurft and Webb, 2007;
Brahmi et al., 2010; Janiszewska et al., 2011). In fla-
bellids, Truncatoflabellum spheniscus and Rhizotrochus
typus also show dome-shaped RAD morphology (Tokuda
and Ezaki, 2013). Relative thickness of the microcrys-
talline and fibrous layers in the continuous RAD zone
varies, even within the same specimen (Figure 2A, B).
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The fibrous layers of the RAD are formed without micro-
crystalline layers along the sides of the walls, even if the
microcrystalline layers are present in the central areas
between the two fibrous layers (Figure 2A, B). This result
suggests discontinuous or minimum skeletal growth
between the two fibrous layers in the sides of the walls,
at least during the growth of the microcrystalline zone in
the central parts of the RADs. In addition, these micro-
crystalline layers are predominant in the outward growing
part of the wall (Figure 2A). Barnes (1972) assumed that
the outward and inward growths of the wall in Manicina
areolata were produced by daily changes in the shape
of the secreting polypal tissue. Our results clearly show
that relative thickness, composition, and growth direction
of the microcrystalline and fibrous layers of the RAD in
F. (F) magnificum are influenced not only by genetic fac-
tors, but also by extrinsic factors (e.g. ambient environ-
mental fluctuations and resultant metabolic activities of
polyps).

F. (U.) deludens shows digitated strands and dome-like
fibrous layers in a longitudinally sectioned RAD (Figure
8A). This type of RAD in the wall structure is totally dif-
ferent from that of the other flabellid species [F. (F) mag-
nificum, T. spheniscus, and R. typus].

Skeletal microstructures are controlled by a geneti-
cally coded organic matrix (Janiszewska et al., 2011).
The secretions of granular and fiber-like aragonite in
the skeleton are clearly involved with the production
of Galaxin and Amgalaxin-like molecules, respectively
(Reyes-Bermudez et al., 2009). The morphologies of the
fibrous and microcrystalline crystals are common among
the flabellids. However, the resulting compositions and
morphologies of the units composed of fibers and micro-
crystallines are totally different in Flabellum (Flabellum)
and Flabellum (Ulocyathus). These results indicate that
the growth and pattern formations of the crystals consti-
tuting the skeletons may be controlled by not only the
types of organic matrices, but also the three-dimensional
spatial distributions of the organic matrices and the tim-
ings of secretion.

TDs of the walls

The TDs of the inner parts of the walls (= stereome) of
Flabellum include three characteristic types, as below: (1)
bundles of fibrous crystals oriented more or less perpen-
dicular to the RAD surfaces [Flabellum (Flabellum) mag-
nificum, Figure 2A, E] (= FTD), (2) shingle-like structure
composed of microcrystallines [F. (F.) magnificum, Fig-
ure 2A, E; F. (Ulocyathus) deludens, Figures 8B, 9C, D]
(= STD-A), (3) shingle-like structure composed of fibers
[F. (F.) magnificum, Figure 2D, E; F. (U.) deludens, Fig-
ure 8B] (= STD-B). In contrast, F. (F.) magnificum and
F. (U.) deludens show fibrous layers of TD in the outer
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edge of the wall’s RAD (tectura; Figure 3A, B). How-
ever, F. (U.) deludens shows a thicker TD layer than F.
(F.) magnificum (Figure 8A). F. (F) therefore differs from
F (U.) in having a fibrous layer of TD in the inner side
of the RAD and thinner tectura. Although Acroporidae is
not closely related to Flabellidae according to molecular
phylogeny, shingle-like surface textures of the TDs are
also observed in Acropora (Wallace, 1999; Nothdurft and
Webb, 2007; Stolarski et al., 2016).

STD-A of F. (U.) deludens is formed directly along the
inner surfaces of RAD (Figure 8B). Growth rates of the
microcrystalline parts are higher than those of the fibrous
parts (e.g. RAD vs. TD; Brahmi et al., 2012). In F. (U.)
deludens having slightly light and thin coralla, the micro-
crystalline of the STD-A may contribute to rapid skeletal
growth of walls rather than increasing their thickness and
strength. A variety of thicknesses of the microcrystalline
zones in places indicate that the formation of the TDs is
strongly affected by physiological mechanisms.

Septal microstructures

Septal microstructures have been analyzed in various
scleractinian corals in order to understand their taxo-
nomic characteristics in relation to molecular phylogeny
(e.g. Stolarski, 2003; Budd and Stolarski, 2009). Stolarski
(2003) proposed a “layered model of the septal growth
(covering of TD around the RAD at the growing periph-
ery)”, which has been slightly modified and updated
by Nothdurft and Webb (2007) and Janiszewska et al.
(2011). Septa of Flabellum (Flabellum) magnificum and
Flabellum (Ulocyathus) deludens show the same RAD
microskeletal morphology, following the layered model
of septal growth (sensu Stolarski, 2003). In contrast, a
new septal growth model of TDs is required for the two
subgenera of Flabellum, both exhibiting shingle-like TDs.
Both subgenera show (1) irregularly arranged bundles of
fibers; (2) STD-A composed of microcrystalline; and (3)
STD-B made up of fibers. The irregularly meshwork of
fibers has also been recognized in the septal TD of micra-
baciid corals (Janiszewska et al., 2011). However, those
fibers are much shorter in length than those of Flabel-
lum. In addition, irregularly arranged TDs are covered by
shingle-like TDs in the later growth stages. Structures of
the septal TDs are thus changed according to their growth
stages and/or sites of formation of the corallites.

Comparison of microskeletal characters with molecu-
lar phylogeny

Flabellum is characterized by its free-living flabellate
corallum showing no transverse division. Cairns (1989)
divided Flabellum into two subgenera, Flabellum (Fla-
bellum) having a smooth calicular edge, and Flabellum
(Ulocyathus) having a jagged one. Molecular phylo-
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genetic analysis indicates that F. (U.) deludens and F.
(U.) japonicum form a distinct cluster. F. (F.) magnifi-
cum and F. (F.) pavoninum form another distinct cluster,
which is closely related to Monomyces pygmaea (Tokuda
et al., 2010). Skeletal microstructures of the walls of F
(U.) deludens are totally different from those of F. (F))
magnificum in regard to RAD (digitated strand and dome-
shaped fibrous layer vs. continuous dome-shaped alter-
nation) and TD characteristics. Moreover, F. (U.) shows
a laterally discontinuous wall and costae in the corallum
edges. These microskeletal differences support the results
of molecular phylogeny. However, F. (F.) impensum does
not belong to the same cluster as F. (F.) magnificum and
F. (F.) pavoninum, although they have similar coral-
lite characters (i.e. flabellate corallum, smooth calicular
edge). Interestingly, F. (F.) impensum is closely linked
with the cluster of F. (U.) deludens and F. (U.) japoni-
cum, contrary to its placement in the traditional classi-
fication. F. (F.) impensum exhibits a flabellate corallum
with a smooth calicular edge like F. (F.) magnificum and
F. (F.) pavoninum (Tokuda et al., 2010). Microskeletal
characteristics of other species of Flabellum are to be
elucidated in near future for the understanding of overall
flabellid evolution.
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