
Phytothemwy. Vol 27, No 4, pp 1011 1014, 1988 0031 9422/88 $300+000 
Prlnted ,n Great Brnaln ;i> 1988 Pergamon Journals Ltd 

DITERPENOID FEEDING DETERRENTS FROM THE PACIFIC GREEN 
ALGA PSEUDOCHLORODESMIS FURCELLATA 

VALERIE J. PAUL, PATR~ZIA CIMINIELLO and WILLIAM FENICAL* 

Marme Laboratory, Umverslty of Guam, UOG Statlon, Mangilao. Guam 96923, Marlana Islands, Institute of Marme Resources, 
Scripps Instltutlon of Oceanography, Unlverslty of Cahfornla, San Dlego, La Jolla, CA 92093, U S A 

(Recewed 17 June 1987) 

Key Word Index-PFeudochlorodesmrs fircellata, Udoteaceae, Chlorophyta, herbIvory, chemical defense, marme 
natural products 

Abstract-Our contmuing research with tropical green algae of the family Udoteaceae has led to the isolation of two 
new diterpenold metabohtes from the uncalclfied Pacific alga Pseudochlorodesmis furcellata. The lsolatlon and 
structural determmatlon of these secondary metabohtes 1s presented here along with data on the susceptibility of this 
alga to herbivorous fishes on Guam In addition, data on the feeding deterrent effects of the extract and maJor 
metabohte toward natural populations of herbivorous fishes and toward the herbivorous surgeonfish, Zebrasoma 
jlauescens, and the rabbltfish, Slganus spinus, are presented. Results from these ecologlcal assays support the proposal 
that chemical defenses effectively reduce grazing on P jiircellata by herbivorous fishes 

INTRODUCTION 

In connection with our Interest m the chemical adap- 
tations of troplcal marme algae, we have investigated the 
natural products chemistry and in situ palatablhty of the 
Pacific green alga Pseudochlorodesmisfurcellata (Zanard ) 
Boerg (Udoteaceae) Our results have shown that P 
furcellata contams two new diterpenolds (1 and 2) which 
are related to other compounds found m this family of 
algae. Like several of the related diacetoxybutadlenes 
from this group, the major compound (1) possesses 
significant feeding deterrent properties m field assays [l J 

The importance of plant secondary metabohtes m 
reducing herbivory m terrestrial communities IS well 
documented and generally accepted as one of the most 
effective means of herbivore defense [2, 31. Coral reefs 
have been reported to have some of the highest grazing 
intensities of any terrestrial or marme habitats [4] and 
therefore many secondary metabohtes from tropical algae 
have been hypothesized to function m chemical defense 
against herbivores However, little experimental evidence 
exists to support these proposals Cl, 5, 61. 
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We have previously isolated numerous terpenold 
metabolites from tropical green algae of the famlhes 
Udoteaceae and Caulerpaceae [7-93, and have shown 
that these compounds are toxic and feeding deterrent m 
laboratory assays [lo] However, recent evidence m- 
dlcates that these laboratory assays must be interpreted 
with caution m the way m which they relate to the 
behavlour of herbivores under natural condrtlons [l, 61 
It IS Important to use herbivores that co-occur with the 
algae and may naturally feed on the plants to test the 
chemical defensive role of algal secondary metabohtes 
Although useful informatlon about the bloactlvlty ofalgal 
secondary metabohtes can be gained from laboratory 
assays, ecologlcally relevant field and aquarmm assays 
should be used to test hypotheses regarding the chemical 
ecology of marine algae 

In this study, we first examined the susceptlbihty of 
Pseudochlorodesnusfircellata to grazmg by herbivorous 
fishes m a reef habitat on Guam, Marlana Islands. The 
secondary metabolites were Isolated, and the major 
metabohte, epoxylactone (1) was tested as a feedmg 
deterrent toward natural populations of herbivorous 
fishes on Guam The deterrent effects of the crude extract 
were tested toward the herbivorous surgeonfish, Ze- 
brasomajkuescens, m aquarium assays The crude extract 
and compound 1 were also tested as feeding deterrents 
toward the rabbitfish, Slganus spmus, an Important her- 
bivore in the tropical western Pa&c. By utlhzing these 
biological assays, we felt we could more accurately 
determine the role of the Pseudochlorodesmis terpenolds 
m chemical defense 

RESULTS AND DISCUSSION 

Pseudochlorodesmrs jiircellata was collected m reef 
habitats m Cetti Bay and Sella Bay on Guam P. 
furcellata IS a soft, uncalclfied green alga which IS related 
to Chlorodesmls, a genus of green algae which IS known to 
contain similar dlterpenolds [9, 111 Fresh P. fircellata 
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was extracted repeatedly with dtchloromethane- 
methanol (2 l), and the solvents were removed under 
vacuum to yield a dark green gum (0 9 g from ca 80 g wet 
algae, 12 g dry algae) Flash chromatography of the 
extract on slhca gel, using ethyl acetate-lsooctane mix- 
tures, ylelded two fractions rich m dlterpenolds 1 and 2 
Fmal purlficatlon of one fraction (EtOAc-lsooctane, I 1) 
by slhca HPLC (EtOAc-lsooctane, 35 65) yielded the 
major dlterpenold 1 (250 mg, 28% extract) Slhca HPLC 
punficatlon (EtOAc -Isooctane, 1 9) ofthe more nonpolar 
fraction ylelded the mmor metabohte 2 (50 mg, 5% 
extract) 

The epoxylactone I showed [xl;” + 1 6’ (CHCI,, ~0 7), 
and analysed for C,,H,,O, by HRMS (M’ m/z = 
432 2 139, talc 432 2149). The presence of an &E-1,4- 
dlacetoxybutadlene functlonahty, commonly found m 
metabohtes from this algal group, was readily apparent 
from the characterlstlc UV absorption at 248 nm (E 
= 14000) ‘H NMR bands for the trtrns-olefimc protons at 
C-l and C-2, and the lone olefin proton at C-16 were 
observed at 67 38 (d, .I = 12 5 Hz), 5 86 (d, J= 12 5 Hz) 
and 7 25 (s) (Table I) Correspondmg acetate ester car- 
bony1 bands and appropriate enol acetate olefin car- 
bons were also observed m the ‘jC NMR spectrum of 1 
(Table I ) 

The IR spectrum of 1 showed broad absorption at 1760 
cm ’ This absorption, consldered with a carbonyl band 

m the 13C NMR spectrum at j 168 5 mdlcated the 
presence of a &lactone functlonahty Also present m 
lactone 1 were two typlcal trlsubstltuted olcfimc bonds, 
one of which was gemmally dlmethylated. dnd a trlsubstl- 
tuted epoxlde (Table 1) Two 13C NMR shifts abocc 
18 ppm proved the C-lO:C-I 1 olefin geometry to be t 
The mass spectrum of 1 showed C,H, + and C,,,tl,,’ 
fragments which mdlcated cleavage of the C-8/C-9 bond 
and hence the posltlonmg of all oxygenation before C-8 

Fmal assignment of the structure of epoxyiactone 1 was 
achieved by mterpretatlon of heteronuclear correlation 
(HETCOR) long range couplmg (.I,-_, = 4- 9 HI. Ta- 
ble 1) Particularly dmgnostlc were the long range 
couplmgs between the lactone proton (C-4) and the 
carbon signals for C-2. C-16. and C-6 These data 
posItIoned the Nactone as orlgmatmg from C-17 (car- 
bonyl) and as possessmg the x,/i-epoxy constellation 
Analysis of the proton couplmg constants of the h- 
membered lactone rmg falled to yield reliable stereo- 
chemical mformatlon Lactone 1 IS slmllar m structure to 
the r,B-epoxy-;I-lactone he recently reported from Urlorarr 
aryentea [9] 

A second metabohte of P Jurcdata was the saturated 
bls-enol acetate 2 This compound showed [z];’ + 1 6‘ 
(CHCI,, ~068) and analysed for C,,H,,O, by HRMS 
(found 394 3072. talc 394 3085) Structural assignment of 
2 as the blsdlhvdro derlvatl\e of trlfarln [12] ans straight 

Table 1 ‘H NMR and 13C NMR spectra of epoxylactonc I 

‘HNMR* “C‘NMRt 

C ‘H shift J(W *jC shift 

6 
7 
8 

9 
IO 
II 
12 
13 
14 
15 
16 
17 
1X 
19 
20 
OAc 

73Xd 125 1365 CH 2 
5H6d 125 108 6 CH 1 16 

11x4 c I, I6 
537t 6 73 2 CH 2.6, 16 
2 45 ddd 14 6,2 27 7 (‘HZ 6 
2 29 ddd 14,6,2 
3 52hs(t) -7 5X 0 CH 

54 8 C 
225m 30 6 CH, 6 
15Xm 
2 20 ,,I 23 0 CH, 
5 121 7 1226 CH IX-MC 

1365 c IX-Me 
202tn 39 6 CH, I X-Me 
206m 26 6 CH2 14 
5 07 t 7 1240 CH 19-Me, ?O-Me 

131 5 C 19-Me. 20.Me 
7 2s ( 1324 CH 7 

16X 5 C=O 
1635 I60 Me IO, 12 
l60\ 175 MC 20-Me. 14 
I 6X \ 25 5 Me I9-Me & ?O-Me 
2 17, 70 5 Me 
2 145 20 5 MC 

1664 C=O Me 
1675 C-0 Me 

*‘H NMR spectra recorded at 360 MHz m CDCI, solution 
t13CNMR spectra recorded dt 50 MHz m CDCI, Attached protons were 

determmed bq DEPT sequence analy5es 
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forward on the basis of Its simplified spectral character- 
istics No attempt was made to determine the absolute or 
relative stereochemistrtes of the methyl-bearing carbons 
at C-7 and C-11. 

Because P.furcellata occurs m reef habitats on Guam 
and lacks morphologrcal defenses such as cahficatron, we 
hypothesized that chemical defenses were important for 
this alga. The alga 1s also taxonomically related to 
Chlorodesmrs fasttgiata which is known to produce dtter- 
penotd feeding deterrents [l, lo]. The suscepttbthty of the 
whole alga to grazing by herbivorous fishes was hence 
tested m Pago Bay on Guam. Arrays (N= 12) of P. 
furcellata, Chlorodesmis fastrgiata, Cladophoropsis mem- 
branacea, and Udotea geppti attached to polypropylene 
lines were placed on the reef slope for SIX hours. During 
this time, 50% of the Cladophoropsis membranacea m- 
dtvrduals were eaten, 42% of the Pseudochlorodesmrs 
mdrvrduals were eaten, 8% of the Chlorodesmts was eaten, 
and vrrtually no Udotea was eaten. We ranked P. 
furcellata as a medium preference alga based on these and 
similar studies conducted on the Pago Bay reef slope. 
Many species of preferred algae were rapidly consumed m 
thts herbivore-intense habitat (6&80% of individuals 
consumed in 2-3 hr), yet P furcellata was not avoided like 
Chlorodesmls and the calcified alga, Udotea. 

The crude extract of P. furcellata was tested m 
aquarium assays toward the herbivorous surgeonfish, 
Zebrasoma Jlauescens, which IS common m some reef 
habitats on Guam. We coated the highly preferred alga, 
Enteromorpha clathrata, with the extract at a concentra- 
tron of 5% of the dry mass which approximates the 
natural concentrations of 7.5% of the dry mass m 
Pseudochlorodesmts. The coated Enteromorpha was off- 
ered to 10 mdtvtdual Z. f7auescens along with solvent 
controls Results of the assay are shown in Fig. 1. The 
extract reduced grazmg by 80.6% relative to solvent 
controls and was a significant feeding deterrent (N = 10, 
p<O.O05). The extract was also tested toward Z flaues- 
tens at a lower concentration of 3% of the Enteromorpha 
dry mass. The extract reduced grazing by 25% relative to 
solvent controls but was not a significant deterrent (N = 9, 
p > 0 06). Thus, the Pseudochlorodesmts extract is a potent 
feeding deterrent toward Z. Javescens, especially at 
naturally occurring concentrations. 

The crude extract of P. furcellata and the major 
epoxylactone (1) were also tested m aquarium assays 
toward the herbtvorous rabbitfish, Siganus spinus, an 

Crude extract 
p< 0.005 

Fig 1 Results of feedmg deterrent assays wrth the Pseudochlor- 
odesmts crude extract tested toward the herbivorous surgeonfish, 

Zebrasoma flavescens. Results were analysed by the WIlcoxon 
SIgned-Ranks test for palred comparisons (N= 10, 90% of 

control algae eaten, 17 5% of treated algae eaten, p < 0.005) 

abundant herbivore in the tropical western Pacific Again, 
we coated Enteromorpha clathrata wrth the extract and 
the epoxylactone (1) at naturally-occurrmg concen- 
trations and offered these to a school of 25 rabbitfish 
along with solvent controls. The crude extract reduced 
grazing by 50% relative to solvent controls at 8% of the 
dry mass of Enteromorpha. In three trrals, 18 pieces of 
control Enteromorpha and nme pieces of treated Entero- 
morpha were eaten The epoxylactone 1 also srgmficantly 
reduced grazing by 30% when coated on Enteromorpha 
at 2% of the algal dry mass (N = 6, p = 0 016, Frg 2) The 
minor metabolite 2 was not tested m these assays because 
insufficient amounts were Isolated (See Experimental for 
details of the assays) 

The feeding deterrent effects of the epoxylactone 1 
toward natural populatrons of herbrvorous fishes on 
Guam were reported in an earlier paper [l] The com- 
pound was coated on the preferred red alga, Acantho- 
phora specifera, at 2% of the algal dry mass and offered to 
grazing fishes m Cocos Lagoon on Guam for 30-60 mm 
The compound stgruficantly (p = 0 04) reduced grazing by 
20% relative to the solvent controls. The Acanthophora 
was grazed by a wide vartety of herbrvorous fishes 
including surgeonfishes, parrotfishes, and rabbrtfishes m 
these assays. The compound thus appeared to be an 
effective deterrent toward natural populatrons of these 
herbivores. 

Chemical defense appears to contribute to the survival 
of Pseudochlorodesmts furcellata in some reef habitats on 
Guam. The alga is soft and lacks calcrficatron, yet tt IS not 
hrghly susceptible to grazing by herbrvorous fishes The 
major metabohte, epoxylactone 1, IS a stgmficant feeding 
deterrent toward herbivorous fishes m field and aquarium 
experiments This study utthzes natural herbivore species 
m assays to test predictions about the feeding deterrent 
role of the Pseudochlorodesmzs dtterpenords. Srmrlar stud- 
ies will yield further informatron regardmg the complex 
interactions between tropical algae and the numerous and 
diverse species of herbivores that occur on coral reefs. 

EXPERIMENTAL 

General The mstrumentatlon and general experlmental meth- 

ods used m this research have been recently described [ 131 High 

resolution ‘H NMR spectra were obtamed on a 360 MHz 

Nlcolet-Oxford Magnetlcs FT spectrometer, ‘H and 13C NMR 

L I 
Epoxylactone 1 
p=OO16 

T 

Rg 2 Results of feedmg deterrent assays with the epoxylactone 

1 toward the herbivorous rabbltfish, Stganus splnub Statlstlcal 

tests are as m Fig 1 Nme trials were performed, three resulted m 

ties (N=6, 83 3% of control algae eaten, 58 3% of treated algae 

eaten, p=OO16) 
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ZCKI MHz spectrometer (SU MHz carbon) MuItlphcltles for atta- 

ched protons m the 13C NMR were determmed by DEPT 

sequence analyses High resolution mass spectra were obtamed 

by the mass spectrometry service laboratory, Umversrty of 

Cahforma, RIversIde Algae were collected at Cettl Bay and Sella 

Bay on the southern portlon of Guam, Manana Islands, m the 
troplcal western Pacific (13”N, 143” E) m October 1985 and 

January 1986 

Epox~lactonr I The dlterpenold showed [@I$ + 1 6’ (CHCI,, 

cO7), IR 3020, 2960, 173s-1770 broad, 1370, 1220, 1200, 1100, 

1085, 930, SOOcm- (CHCI,), UV (MeOH) i.,,, 248 nm (F 

= 14.00@ HRMS M+ found 432 2139, talc 432 2149 See Table 
I for ‘H NMR and 13C NMR values 

&&h~dro wr/arrn 2 The dlterpenold showed [ali + 1 6’ 

(CHCl,, tO68), IR (CHCl,) 2910. 1750, 1630, 1370, 1080, 

930 cm ‘, UV (MeOH) I.,,, 250 nm (E= 14,51X$ HRMS M+ 

found rn,~: 394 3072, talc 394 3085, ‘H NMR (CDCl,) 6 7 40( 1 H, 

d.J=125Hz),717(lH,\),592(1H,d,5=125Hz),238(t,.l 

=65H7),217(3H.\),215(3H,r),O87(12H,d,.I=65H~),’~C 

NMR (50 MHz, CDCI,) 167 8 (C=O), 167 4 (C=O), 135 7 (CH), 

134 t (CH), I.21 7 (Cl, 113 4 (CH), 39 4 (CH,), 37 4 (CH,!, 37 35 

(CH,), 37 3 (CH,), 36 8 (CH,), 32 8 (CH), 32 5 (CH), 27 9 (CH), 
2S 5 (CH,I. 75 4 (CH,), 24 8 I,CH,), 24 4 (CH,), 22 6 (Me), 22 5 

(Me), 206 (Me), 19 7 (Me). 19 6 (Me) 

41yal <UC.< eptr.h&r> arya!s The su~+zepttbdtty of d&rent 
spccles of algae to grazmg by herbivorous fishes was exammed by 

wedbmg small (3 to 4 cm long) pieces of thalll, at 5 cm Intervals, 

Into a 0 5 m length of 3-strand, 7 mm thick, polypropylene lme 

that was then fastened to the reef at Pago Bay on Guam (N= 12 

ropes) When dn herbivorous fish encountered a rope, all species 

of algae should have been equally apparent and avallable 

Grazrng was dllowed to contmue for 6 hr At the end of the 

experunent. each species on each rope was recorded as still 
pre‘%nt or lotally mn%umed Sun\lar methods have tvXn u%.d m 

other studies of algal ausceptlb&y to grazers 114, 151 

Furrlm01~ drrrrrvlzl acur?< A school of 25 rabhtish, Slyanm 

splnu\, were malntamed m a 5000 I. flowmg seawater aquarium 
The. crude. ewtracr of PX%&Klrlnrodr~~u~ prrrrllrtia and tsnlated 

epoxylactone 1 were dissolved m Et,0 and apphed to the 

palatable green seaweed Enteromorpha clathrata at ta natural 

concentrations Et,0 alone was apphed to the control Entero- 
mrrphrl Small &xeCes of Enmnmqllw (x&3M mg wet mass) 
were woven mto a 0 5 m length of polypropylene lme To test the 

crude extracts, 6 pieces of control and 6 pieces of treated 

lxtrromorpha were offered to the rabbltfish for 3 trrals (10 mm 

edch) The total number ofpleces ofcontrol and treated algae that 

were eaten dnd uneaten were recorded To test the Isolated 

cpoxylactone 1 4 pieces of control and 4 pieces of treated 

Enrerorrurrp~u were o&red to the rabbltfish for 9 trlalq The 

control and treated algae were placed at opposite ends of the 

polypropylene hne and offered as a matched pair The number of 

pleLe\ of control and treated algae that were eaten were recorded 

for edch trldl dnd results were analysed by the Wllcoxon Slgned- 
ranks Test for patted camparirlson~ Results were ~~gmficant at 
p-0016 (Fig 1) 

Feedmg deterrent assays with Zrbrasoma fhescens were 
conducted snmlarly Ten md~v~dual fish were mamtamed m 5QQ 1, 

flowmg seawater tanks that were sectloned mto 4-6 mdlvldual 

compartments Four pieces of treated and four pieces of control 

(Et,O) Enteromorpha were placed at opposrte ends of a poly- 

propylene lme and one hne was offered to each fish Assays were 

allowed to contmue until at least half of the avallable algae was 

eaten or up to 2 hr Results were analysed by the Wllcoxon 

Slgned-Ranks Test for palred comparisons 
F&d @e&g deterrenr ussa~ 5 Methods and results for this 

assay have been previously described [1] The experiments were 
slmllar to the rabbitfish assays, but were conducted m reef 
habitats m Cocos Lagoon on Guam Instead of m large nquarla 

Five pieces of the palatable red seaweed, Acanrhophoro spry rf~tc, 
were coated with the epoxylactonc I and placed on poly- 

propylene hnes Five Et,0 control\ were also placed on hnes and 

the hnes were placed on the reef. 0 25 m apart. as palred samples 

for 30 mm (N = 15 pairs) Results were analysed by the Wllcoxon 

Signed-Rank Test and showed that the epoxylactone I \\‘ds a 

slgmficant feedmg deterrent (p = 0 04) 
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