
Luminaolide, a novel metamorphosis-enhancing macrodiolide for
scleractinian coral larvae from crustose coralline algae

Makoto Kitamuraa, Peter J. Schuppb,*, Yoshikatsu Nakanoc, and Daisuke Uemuraa,d,*
aDepartment of Biosciences and Informatics, Center for Biosciences and Informatics, Keio
University, Hiyoshi, Yokohama 223-8522, Japan
bUniversity of Guam Marine Laboratory, UOG Station, Mangilao, GUAM 96923, USA
cSesoko Station, Tropical Biosphere Research Center, University of the Ryukyus, Motobu, Okinawa
905-0227, Japan
dInstitute of Advanced Research Center, Nagoya University, Chikusa, Nagoya 464-8602, Japan

Abstract
A new metamorphosis-enhancing macrodiolide, luminaolide (1), was isolated from the crustose
coralline algae (CCA) Hydrolithon reinboldii. Its structure was determined by spectroscopic analysis.
A fraction (1.30 μg/mL) eluted with 80% aqueous MeOH by ODS gel column chromatography of
the same CCA extract induced larval metamorphosis (25.9 ± 7.4%) against Leptastrea purpurea, and
its metamorphosis-inducing activity was further enhanced to 92.6 ± 2.9% with the addition of 1 (25.6
ng/mL).
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The settlement and metamorphosis of larvae of many marine invertebrates are known to be
influenced by crustose coralline algae (CCA). In some species, recruitment is inhibited by
CCA.1 However, there are many more reports that coralline algae induce settlement and/or
metamorphosis.2 In scleractinian coral, various species of CCA have also been shown to be
the primary sources of external inducers of metamorphosis in coral larvae.3 Larvae of the
scleractinian coral Agaricia humilis settle and metamorphose when exposed to the extracts of
CCA Penyssonnelia sp.4 and to the fragments of Hydrolithon boergesenii.5 These phenomena
are thought to produce cell-wall-bound polysaccharides that are recognized by chemoreceptors
on the planula larvae.4 While several CCA, such as Lithophyllum insispidum, Hydrolithon
onkodes, Neogoniolithon brassica-florida, have been shown to induce metamorphosis of the
coral larvae Acropora millepora, the bacteria Pseudoalteromas sp. isolated from the surface
of CCA have also been shown to induce the metamorphosis of A. millepora larvae.6 Moreover,
the specific substratum preferences of CCA and bacteria have been reported in larvae of two
species of scleractinian corals, Goniastrea retiformis and Stylaraea punctata.7 However, the
chemical characterization of the external cues that act as natural inducers or enhancers8b of
larval metamorphosis has been very limited. In our continuing search for bioactive substances
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in CCA,8 we found that fragments of coral rubble with the CCA Hydrolithon reinboldii induced
larval metamorphosis in the scleractinian coral Leptastrea purpurea (88.9 ± 8.2, n = 6). These
biological phenomena were investigated by a simple bioassay9 using larvae of L. purpurea
(Fig. 1). We describe here the isolation of a new macrodiolide, luminaolide (1) (Fig. 2), as a
natural enhancer of larval metamorphosis, and report its structure and biological activity.

The CCA H. reinboldii (248 kg, wet weight, including coral rubble) which had overgrown a
skeleton of dead Acroporidae (coral rubble) was collected by skin-diving at a depth of 0.5–1.5
m at Luminao Reef, Guam, USA. The coral rubble was extracted with methanol for 12 h. The
extract was filtered, concentrated and partitioned between water and EtOAc. The EtOAc layer
was further partitioned between 90% aqueous MeOH and hexane. The 90% aqueous MeOH
layer was subjected to silica gel column chromatography (CHCl3–MeOH) and then ODS gel
column chromatography (40% aqueous MeOH–MeOH). The fractions eluted with 80%
aqueous MeOH produced a lower percentage of larval metamorphosis compared to that in
untreated live CCA. However, the combination of the fractions eluted with 80% aqueous
MeOH and MeOH showed higher metamorphosis-inducing activity than the fraction eluted
with 80% aqueous MeOH alone (data not shown). This effect guided isolation of the fraction
eluted with MeOH by reversed-phase HPLC (MeOH) and preparative TLC (CHCl3–MeOH,
20:1) to give luminaolide (1) [3.2 mg] as a white amorphous solid  −49 (c 0.2, MeOH);
IR (KBr) 3440 and 1650 cm−1. The molecular weight of 1 was determined by ESIMS [1562.0
(M+Na)+, 792.5 (M+2Na)2+]. The molecular formula of 1 was found to be C82H142N2O24 [(M
+Na)+, m/z 1561.9845, Δ−0.5 mmu, calcd for C82H142N2O24Na 1561.9850] by HR-FABMS.

1H and 13C NMR (Table 1) and HSQC spectra of 1 in CD3OD revealed the presence of four
O-methyl, one N-methyl, and five secondary methyl groups, and nine methylenes, 10 oxygen-
bearing methines, five C-methines, two disubstituted double bonds, one formamide, and two
ketones. A terminal N-methyl-N-vinylformamide structure in 1 was deduced based on a
comparison of the 1H NMR data with those for aplyronines,10 scytophycins,11 sphinxolide,
12 and macrocyclic trisoxazoles.13 Due to the limited rotation about the N-methyl-N-
vinylformamide terminus, doubled NMR signals for some protons and carbons were observed
in a ratio of approximately 2:1, as shown in Table 1. The Δ29,30 double bond was assigned an
E geometry based on a coupling constant of 14.2 Hz between the H29 and H30 signals. A
detailed analysis of the 1H–1H COSY spectra of 1 allowed the construction of two partial
structures: C2–C24 and C26–C30 (Fig. 3). The connection between C24 and C26 through a
ketone carbonyl carbon (C25) was suggested from HMBC for H24/C25, H26/C25, and Me-26/
C25. Similarly, an HMBC was observed for H2/C1 (δC 173.79), indicating that C2 was attached
to an ester carbonyl carbon (C1). The existence of a dihydropyran ring at C7–C11 was implied
by the HMBC for H7/C11. Furthermore, HMBC for OMe-5/C5, OMe-13/C13, OMe-21/C21,
and OMe-27/C27 suggested the attachment of four methoxy groups at C5, C13, C21, and C27,
respectively. The ester linkage between C1 and C19 was established based on a relatively
lowerfield chemical shift for H19 (δH 5.62) and the HMBC for H19/C1. The remaining three
oxymethine carbon signals showed a deuterium shift (C3; δC 66.04, C15; δC 72.68, and C17;
δC 68.23, respectively) in the 13C NMR spectra in CD3OH, which suggested that three hydroxyl
groups were located at C3, C15, and C17, respectively. Overall, analysis of the NMR data
indicated that 1 had a molecular formula of C41H71NO12, which was exactly half of the
molecular formula C82H142N2O24 determined by HR-FABMS. Thus, it was clear that 1 was
a symmetrical macrodiolide dimer composed of two identical C30 units containing two N-
methyl-N-vinylformamide groups.

A fraction (1.30 μg/mL) eluted with 80% aqueous MeOH by ODS gel column chromatography
induced larval metamorphosis (25.9 ± 7.4%) of L. purpurea, as shown in Table 2. A higher
concentration (6.50 μg/mL) of this fraction showed malformed or dead individuals without an
increase in the percentage of those undergoing metamorphosis (data not shown). These results
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suggest that this fraction may contain at least one compound that acts as a natural inducer of
larval metamorphosis, although no such inducer has yet been isolated from this fraction. On
the other hand, when luminaolide (1) was offered to L. purpurea larvae at a concentration of
25.6 ng/mL together with this fraction by ODS gel column chromatography (1.30 μg/mL),
metamorphosis significantly increased to 92.6 ± 2.9% compared to that with the fraction
obtained by ODS gel column chromatography alone (Table 2). Furthermore, at different
concentrations, 1 alone (12.8, 25.6, and 128 ng/mL, respectively) did not show any induction
of larval metamorphosis in L. purpurea (n = 4). These results indicate that 1 serves to enhance
larval metamorphosis in L. purpurea and does not act as an inducer. This kind of enhancing
effect in larval metamorphosis has been generally reported for carotenoids in the scleractinian
coral Pseudosiderastrea tayamai.8b

Compounds with structures similar to that of 1, such as tolytoxin,14 scytophycines,14 swinhoide
A,15 and their analogs, have been isolated from cyanobacteria, and some related compounds
are also thought to originate from cyanobacteria.16 Fenical and co-workers reported that
lobophorolide was isolated from the seaweed Lobophora variegata. However, due to the
similarity of its structure to related macrolides, they concluded that the true producer could be
a microbial symbiont of L. variegata.17 Based on these previous reports, we can speculate that
1 is produced by epiphytic bacteria on the surface of the CCA H. reinboldii and not directly
by the CCA itself, although no such symbiont has yet been identified.

In conclusion, a new metamorphosis-enhancing dimeric macrolide, luminaolide (1), was
isolated from the CCA H reinboldii. Compounds related to 1 which possess an N-methyl-N-
vinylformamide terminus10–13,18 and macrodiolides19 with a wide range of activities, such as
cytotoxic, antibiotic, antifungal, sea urchin egg cleavage-inhibitory, actin depolymerizing, and
proteasome inhibitory activities, have been reported. However, this is the first report of a
metamorphosis-enhancing macrolide for scleractinian coral larvae.
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Figure 1.
(A) Leptastrea purpurea in Guam. Scale bar = 1.0 cm. (B) Early metamorphosis of L.
purpurea larvae, 24 h after exposure to the extract of CCA Hydrolithon reinboldii in a glass
dish. The central mouth and septal mesenteries are observed. Scale bar = 0.5 mm.
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Figure 2.
Structure of luminaolide (1).
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Figure 3.
Partial structure of luminaolide (1), based on 2D NMR correlations.
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Table 1

NMR data for luminaolide (1) in CD3OD

No. 1Ha 13Cb HMBC

1 173.79

2 2.50 dd (9.8, 16.2)c 44.00 C1, 3, 4

2.59m C1, 3

3 4.07m 65.95

4 1.46m 42.71 C5

1.85 ddd (3.7, 10,3, 14.1)

5 3.73m 76.16 C5-OMe

5-OMe 3.40s 57.22 C5

6 1.35m 39.90 C5

1.90 ddd (2.3, 11.5, 13.7) C7

7 4.45 br d (10.6) 70.82 C6, 8, 9, 11

8 5.67 br d (10.1) 131.07 C7, 10

9 5.83 ddd (2.5, 5.5, 7.8) 125.11 C7

10 1.97m 2H 32.76 C9

11 3.55m 65.50

12 1.64 ddd (1.3, 10.6, 14.2) 37.67

1.82m C11

13 3.92 br d (9.7) 77.60 C11, 13-OMe

13-OMe 3.37 s 57.22 C13

14 1.51m 43.82 C14-Me, 15

14-Me 0.82 d (7.4) 9.64 C13, 14, 15

15 3.62m 72.62 C14, 17

16 1.74m 43.34 C17

1.71m

17 3.81m 68.14

18 1.44m 42.29 C17

1.95m

19 5.62 br dd (1.4, 10.6) 71.94 C1

20 1.80m 41.69 C21

20-Me 0.98 d (7.8) 17.73 C19, 20

21 2.85 dd (3.2, 7.8) 89.40 C19, 20, 21-OMe, 23

21-OMe 3.44 s 61.89 C21

22 1.74m 35.89

22-Me 0.97 d (7.3) 11.62 C21,22, 23

23 1.35m 25.31

1.74m

24 2.54m 42.83 C22, 23, 25

2.59m

25 216.74
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No. 1Ha 13Cb HMBC

25e 216.64

26 2.76 dq (6.9, 9.2) 50.28 C25, 26-Me, 27

26e 2.74 50.31

26-Me 0.95 d (6.9) 13.90 C25, 26, 27

26-Mee 0.94 14.44

27 3.30 dd [2.6, 9.2]d 89.05 C27-OMe

27e 88.97

27-OMe 3.341 s 61.68 C27

27-OMee 3.338 s 61.68

28 2.46m 38.72 C28-Me, 29, 30

28e 2.50 38.94

28-Me 1.17 d (6.9) 19.71 C27, 28, 29

28-Mee 19.61

29 5.19 dd (9.2, 14.2) 113.16 C30

29e 5.26 115.32

30 6.71 d (14.2) 130.50 C28, 29, 30-NMe, CHo

30e 7.10 125.71

30-NMe 3.03 s 27.68 C30, CHO

30-NMee 3.12 33.58

CHO 8.32 s 164.73 C30, 30-NMe

CHOe 8.09 163.36

a
800 MHz.

b
150 MHz.

c
Coupling constants (Hz) are in parentheses.

d
Coupling constants (Hz) based on homo-J-resolved 1H NMR spectral data are in parentheses.

e
Signal for minor conformer.
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Table 2

Enhancing effects of luminaolide (1) on the induction of larval metamorphosis by a fraction eluted with 80%
aqueous MeOH by ODS gel column chromatography

Additive (ng/mL) % Metamorphosis ± SE

Control 0 ± 0.0 a

None 25.9 ± 7.4 b

Lunimaolide (12.8) 27.8 ± 6.8 b

Lunimaolide (25.6) 92.6 ± 2.9 c

Metamorphosis was scored 24 h after the addition of L. purpurea larvae (1–3 days after larval release). Each value represents the mean (±SE) of nine
replicates with six larvae in each replicate. Values with different letters were significantly different from each other (P <0.01; Tukey's test).
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