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ABSTRACT Investigations focused on the ecological roles of manne  secondary metabolltes have 
become common, but manne ecologists have rarely assessed how methodologies used in sample 
preparation affect the extractability and stablhty of secondary metabolites and, thus measurements of 
intraspeclflc and interspeclflc compound vanance We assessed vanous procedures for storing, drylng, 
and extracting samples of 2 chenllcally defended brown seaweeds Dictyota cillolata and D menstru- 
alis These plants contain the diterpenoid alcohols pachydictyol A dictyol B acetate and dlctyol E that 
are relatively stable under all test conditions In contrast, the related diterpenoid dlaldehyde dictyo- 
dlal decomposed when plant tissues or crude extracts were stored at -25'C for 13 to 27 wk or when 
tissues or extracts were freeze-dned or subjected to high vacuum ( C O  01 torr) methods that are com- 
monly used in studies of marine chemical ecology The stabihty of dictyodial was specles-specdlc, 
degrading more in D cillolata than in D menstrual~s Dunng a few extractions, dictyodial reacted with 
methanol (MeOH) to yleld an  artdact resulting from the addition of 2 molecules of MeOH per molecule 
of dlctyodial A mlxture of 2 1 dlchloromethane (DCM) and MeOH tended to extract the lipophlhc 
secondary metabolites better than MeOH or DCM alone Metabolltes were also afforded some protec- 
tion agalnst degradation when fresh tissue was submerged In 2 1 DCM MeOH dunng storage at  -25'C 
Results of thls inveshgation lndlcate that storage, extraction, and quantlflcation methods need to be 
o p t m z e d  for analyses of individual compounds and that even ldentlcal compounds can behave differ- 
ently when they occur in different specles 
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INTRODUCTION 

During the last decade, our understanding of how 
marine plants and animals use secondary metabolites 
as defenses against consumers and competitors has 
expanded tremendously (reviewed by Hay & Stein- 
berg 1992, Paul 1992, Pawlik 1993). Previous studies 
documented the ecological roles played by these com- 
pounds but relatively few have investigated, in a rig- 
orous manner, how compounds varied qualitatively 
and quantitatively among plant portions, individuals, 
locations, seasons, etc. (for exceptions see Ragan & 
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Jensen 1978, Phillips & Towers 1982, Steinberg 
1984, 1989, Johnson & Mann 1986, Paul & Fenical 
1987, Hay et al. 1988a, Paul & Van Alstyne 1988, 1992, 
Van Alstyne 1988, 1989, Carlson et  al. 1989, Ilvessalo 
& Tuomi 1989, Tugwell & Branch 1989, Pfister 1992, 
Yates & Peck01 1993). Advancement of our under- 
standing of the ecological and evolutionary aspects of 
marine secondary metabolites will depend greatly on 
assessments of this variance, yet there are few studies 
evaluating which general methodological procedures 
should be employed (Norris & Fenical 1985). 

The bioactive nature of many secondary metabolites 
suggests that some could be labile, necessitating the use 
of methodologies that do not alter the concentration or 
structure of compounds. Previous work has shown that 
the yields of secondary metabolites can be changed by 
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biochemical activity (de Scisciolo et al. 1990, Goodrich 
et al. 1990, Kleiner 1991), heat (Cork & Krockenberger 
1991, Newman et al. 1992), light (Cork & Krockenberger 
1991), vacuum (Hay et al. 1988b), extraction solvent 
(Hagerman 1988, Carlson et al. 1989, Muzika et al. 1990, 
Cork gi Krockenberger 1991), drying procedure (Lin- 
droth & Pajutee 1987, Hagerman 1988, Cork & Krocken- 
berger 1991), and duration of extraction (Lindroth & 
Pajutee 1987, Zobel & Brown 1988). Enzymatic conver- 
sion of secondary metabolites can rapidly alter less ac- 
tive precursors to more potent deterrents (reviewed by 
Duffey & Felton 1989), having important ecological im- 
plications as in the case of activation of chemical de- 
fenses (Newman et al. 1992, Paul & Van Alstyne 1992). 

Because so many factors can affect the measurement 
of ecologically important secondary metabolites, we 
tested how several commonly used storage and extrac- 
tion procedures affected the yields of lipophilic sec- 
ondary metabolites from 2 chemically defended brown 
seaweeds in the order Dictyotales, Dictyota menstru- 
alis (previously D. dichotoma) and D. ciliolata. D. rnen- 
strualis produces 2 structurally similar diterpenoid 
alcohols, pachydictyol A and dictyol E (Hay et al. 1987), 
and the diterpenoid dialdehyde, dictyodial. D. ciliolata 
also produces pachydictyol A and dictyodial, as well as 
dictyol B acetate (Fig. 1). These terpenes are represen- 
tative, in terms of size and polarity, of many secondary 
metabolites produced by marine algae (Faulkner 1993 
and papers cited therein), so our findings may apply 
more broadly. 

In this study, we address the following questions: (1) 
Is there a general extraction procedure that optimizes 
yields of all of our lipophilic compounds, or do optimal 
procedures for these related secondary metabolites 
differ? (2) How does duration and method of storage 
prior to analysis affect compound yield? (3) Do some 
procedures cause secondary metabolites from Djctyota 
ciliolata and D. menstrualis to degrade or to form 
artifactual derivatives? 

MATERIALS AND METHODS 

Isolation of secondary metabolites. To identify the 
secondary metabolites in the Dictyota spp. at our 
study site and to acquire pure compounds for stan- 
dards, we made a mixed collection of D. ciilolata and 
D. menstrualis from a rock jetty located at Radio 
Island, near Beaufort, North Carolina, USA, in summer 
1990. The collection was frozen, lyophilized, and 
then extracted in a 2 :  1 mixture of dichloromethane 
(DCM) and methanol (MeOH). Individual metabolites 
were purified using vacuum-flash chromatography 
over silica gel followed by high-performance liquid 
chromatography (HPLC). The identification of pachy- 
dictyol A, dictyol E,  dictyol B acetate, and dictyodial 
was achieved by comparison of nuclear maynetic 
resonance (NMR) spectroscopy with known standards. 
The structure of the methoxy-bisacetal of dictyodial 
was elucidated by 'H and 13C NMR in conjunction with 
infrared and mass-spectral studies. 

Extraction procedures. To test how extraction pro- 
cedures affected yield of secondary metabolites, indi- 
vidual Dictyota ciliolata and D, menstrualis plants 
were collected on August 24, 1990, cut into small 
pieces (< 1 cm2), and stirred in seawater to assure 
homogeneity. After straining and blotting to remove 
excess seawater, a 1 g portion of tissue (range 0.943 to 
1.186 g) from each plant was assigned to each of 8 
extraction procedures (summarized in Fig. 2A). Three 
different methods of water removal at non-elevated 
temperatures were tested: (1) DCM-water partition 
after the extraction solvents were evaporated under a 
stream of nitrogen gas (extraction methods 1 to 3); 
(2) use of a speedvac (Savant Instruments, Inc.) to 
remove water, MeOH, and ethanol (EtOH) used during 
extractions (extraction methods 4 and 5); and (3) 
lyophilization of frozen tissue (extraction methods 6 to 
8). The extraction solvents tested were MeOH, EtOH, 
DCM, and a 2:l  mixture of DCM:MeOH. DCM alone 

D~ctyol 8 acetate Pachydictyol A Dictyol E 

OHC 
Fig. 1. Structures of compounds analvzed 
in this study. The methoxy-bisacetal is an 
artifact produced when dictyodial reacts 

Dictyodial Methoxy-bisacetal with methanol 
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was not used to extract wet samples because it is 
immiscible with water. The 2 : l  mixture of DCM: 
MeOH was not used in the speedvac methods because 
DCM would damage the vacuum pump. Plant samples 
were placed in 6 m1 of solvent, ground for 60 S with a 
Brinkmann homogenizer (model PCU-11, setting 6),  
centrifuged, and the supernatant saved. The pellet was 
suspended in another 6 m1 of solvent, ground for an 
additional 30 S, centrifuged, and the supernatant com- 
bined with the previous one. 

Organic solvents were evaporated from extraction 
methods 1 to 3 and 6 to 8 using a stream of nitrogen 
gas. Lipophilic compounds in these extracts were sep- 
arated from the water with 2 DCM-water partitions, 
first with 3 m1 of DCM then with 1 m1 of DCM (extrac- 
tion methods 1 to 3). The combined DCM washings 
were evaporated under nitrogen. In extraction meth- 
ods 4 and 5, extracts were dried in a speedvac at 
<0.01 torr. 

Concentrations of compounds from replicate por- 
tions of an individual plant (i.e. a block) treated by 
different extraction procedures were determined by 
analytical HPLC on the same day to assure that dif- 
ferences between extraction methods would not be 
due to temporal drift in instruments or storage artifacts. 
To express compound concentrations on a dry mass 
basis, the percent dry mass of each plant was cal- 
culated using the mean dry mass:wet mass ratio of 
portions that were freeze-dried for extraction methods 
6 to 8. Differences in extraction efficiency among 
extraction methods were analyzed by 2-factor ANOVA 
(replicates among the extraction methods were 
blocked by individual plant) followed by Tukey's Stu- 
dentized range test (SAS 1991). 

Sample storage. To determine if Dictyota spp. sec- 
ondary metabolites degraded as a function of method 
and duration of storage, D. ciliolata and D. rnenstrualis 
collected from the rock jetty at Radio Island on July 20, 
1991, were subjected to 4 storage methodologies. For 
each species, individual plants were cut into small 
pieces, stirred in seawater, drained, and from each 
plant we took two 0.994 to 1.006 g (wet mass) samples 
and one 1.997 to 2.007 g sample. One of the smaller 
samples was frozen for 13 to 27 wk prior to extraction 
in 2: 1 DCM:MeOH. The other was stored at  -25°C 
in 6 m1 of 2 :  1 DCM: MeOH. The larger sample was 
immediately extracted in 2 :  1 DCM: MeOH. The ex- 
tract was split into 3 equal portions that were either 
(1) analyzed within 2 wk, (2) stored in DCM under air 
for 3 to 6 mo, or (3) stored in DCM under nitrogen gas 
for 3 to 6 mo. 

Of the 15 Dictyota menstrualis plants, 6 were ana- 
lyzed with HPLC after 13 wk of storage at -25°C. Be- 
cause our HPLC malfunctioned, the remaining 9 D. 
menstrualis and 15 D. ciliolata samples were analyzed 

after 25 to 27 wk of storage at -25°C. All replicates 
among treatments from an individual plant (i.e. a 
block) were analyzed on the same day (except the one 
analyzed within 2 wk) to prevent systematic errors 
from influencing between-treatment differences. Data 
from D. menstrualis samples stored for 13 wk were 
analyzed separately from the samples stored for 25 to 
27 wk because significant differences between the 2 
periods were detected for some compounds. Signifi- 
cant differences in metabolite concentration among 
storage treatments were determined by a 2-factor 
ANOVA (blocked by plant) followed by Tukey's Stu- 
dentized range test (SAS 1991). 

HPLC analysis. Prior to injecting samples into the 
HPLC system, each extract was placed under high 
vacuum ( ~ 0 . 0 1  torr) for 5 min to remove residual 
solvents, dissolved in 2 m1 of hexanes, and then added 
to a small column containing 500 mg of Florisil. The 
vial containing the extract was rinsed with 1 m1 of 
hexanes and this was also added to the Florisil column. 
Another 3 m1 of hexanes was then suctioned through 
the Florisil column. This eluted triglycerides and other 
very nonpolar compounds. A second fraction, eluted 
with 6 m1 of a 65:35 mixture of hexanes and anhydrous 
diethyl ether, contained dictyols, sterols, and small 
quantities of other compounds. The third fraction, 
eluted with 100% diethyl ether, did not contain 
dictyols. The second fraction was dried with nitrogen 
gas and placed under high vacuum for 5 min to remove 
residual solvent. 

To quantify compounds in this fraction, we used an 
analytical HPLC system consisting of a Beckman llOB 
solvent delivery module, a 20 p1 sample loop, a 4.6 X 

100 mm silica column with 3 pm particle size and 100 a 
pore size (Rainin Instrument Co., Inc., Microsorb Short- 
One), a Spectra Physics RI detector (model SP8430), 
and a Spectra Physics printing integrator (model 
SP4290). Calibration curves for the HPLC analyses had 
previously been constructed from 3 to 6 replicate injec- 
tions of 2 to 100 pg each of pachydictyol A,  dictyol B 
acetate, and dictyol E.  The instability of dictyodial pre- 
vented construction of a calibration curve. 

Extraction efficiency. As a crude determination of 
the efficiency of our extraction and quantification pro- 
cedures, an alga with a known concentration of sec- 
ondary metabolites was created by adding 0.2 mg each 
of pachydictyol A, dictyol B acetate, and dictyol E to 
100 mg of ground, lyophilized Ulva sp., a green alga 
which does not contain dictyols. The alga and com- 
pounds were submerged in diethyl ether, mixed, 
and the ether evaporated under a gentle stream of 
nitrogen. This alga was then double-extracted in 2 :  1 
DCM: MeOH (extraction method 7). 

To determine if any compounds were lost while 
preparing samples for HPLC analysis, 0.2 mg of pachy- 
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dictyol A, dictyol B acetate, and dictyol E were simul- 
taneously added to Florisil solid-phase columns and 
processed as if they were a crude lipophilic extract. A 
mixture containing 0.2 mg of each metabolite was 
injected directly into the HPLC as a reference. These 
data were analyzed with a l-way ANOVA followed by 
Tukey's Studentized range test (SAS 1991). 

RESULTS 

Four diterpenes, pachydictyol A, dictyol B acetate, 
dictyol E, and dictyodial, were recovered from the 
mixed collection of Dictyota ciliolata and D. menstru- 
alis. In addition, the methoxy-bisacetal of dictyodial 
was isolated. This compound was an artifact produced 
when dictyodial reacts with methanol during extrac- 
tion (Fig. 1). 

The RI detector response for each compound showed 
a strong linear relation with concentration ( r2  > 0.991) 
although the slopes of the regression lines were sig- 
nificantly different (p  < 0.001, ANCOVA). The slopes 
of the regressions for pachydictyol A, dictyol B acetate, 
and dictyol E were 1.84, 1.42, and 1.35 X 104 peak area 
units pg-' compound and their y-intercepts were -4.25, 
-3.03, and -9.35 X 104 area units, respectively. 

Water 
removal 

DCM:Water 
partition of 

extract 
Speed Vac of 
crude extract 
Lyophilizat~on 

of 
whole tissue 

Extraction 
method 

1 
2 
3 
4 
5 
6 
7 
8 

Extraction methodology 

Extraction 
Solvent 

2:l DCM:MeOH 
MeOH 
EtOH 
EtOH 
MeOH 
MeOH 

2:l DCM:MeOH 
DCM 

The amounts of lipophilic metabolites recovered 
from Dictyota ciliolata and D, menstrualis tissue varied 
depending on solvent and means of water removal 
(Fig. 2). For dictyol B acetate, yields were highest if 
lyophilized tissues were extracted with 2: 1 DCM: 
MeOH or for any of our test solvents if extraction was 
followed by a DCM:water partition of the extract 
(Fig. 2B). When lyophilized tissues were extracted with 
2 : 1 DCM : MeOH, yields were significantly higher than 
when these same tissues were extracted with either 
DCM or MeOH alone or when frozen tissues were 
extracted with EtOH or MeOH followed by speedvac. 

The yield of pachydictyol A differed between extrac- 
tion methods in a pattern crudely similar to that for 
dictyol B acetate (Fig. 2B, C). Although many par- 
ticular contrasts were not significant, the 2:l mixture of 
DCM and MeOH (extraction methods 7 and 1) tended 
to extract dictyols better than DCM (extraction method 
8), MeOH (extraction methods 2, 5, and 6), or EtOH 
(extraction methods 3 and 4) alone (Fig. 2C). These 
trends were statistically significant (a = 0.05) for 
extraction method 7 vs 4, 5, and 6, and for extraction 
method 1 vs extraction methods 4 and 5. Lyophilized 
tissue extracted in 2 : 1 DCM : MeOH (extraction 
method 7) yielded 51 % more pachydictyol A 

=0.031 Dictyol B acetate 

2 0.30 
I 
P 
0 

0.15 

0 

.. -. 

2 0.10 p=O.O1l Pachydictyol A 

2 
f 
0 
.$ 0.05 
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Fig. 2. (A) Summary of the treatments used to remove water 
and extract lipophilic compounds from samples of Dictyota cil- 
iolata and D. mentrualis. Yield (mean + 1 SE) of (B) dictyol B 
acetate, (C) pachydictyol A, and (D) dictyodial as a function of 
extraction methodology. The number below each bar 
represents the extraction method (number) from (A). p-values 
are from the 'extraction method' source of error from a 2-way 
ANOVA with extraction methods and individual plants as the 
2 factors. Horizontal lines above the bars join means that do not 
differ significantly (a i 0.05, Tukey's Studentlzed range test) 

than lyophilized tissue extracted in MeOH alone 
(extraction method 6). 

Freeze-drying, as opposed to solvent, did not consis- 
tently affect yields of pachydictyol A or dictyol B 
acetate but did signlficantly reduced yields of dictyo- 
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dial for thawed versus lyophilized tissue extracted with 
2:  1 DCM:MeOH (extraction method 1 vs 7, Fig. 2D). 
When MeOH was the extraction solvent, lyophilization 
appeared to decrease dictyodial yield by 34 % (extrac- 
tion method 2 vs 6),  but this decrease was not 
statistically significant. Recovery of dictyodial tended, 
though not always significantly, to be lower in 
those extraction methods where extreme vacuum 
(< 0.01 torr) was used to remove water (lyophilization 
and speedvac; extraction methods 4 to 8).  

When comparing the yields of pachydictyol A, 
dictyol B acetate, and dictyodial extracted with the 2: 1 
mixture of DCM:MeOH versus either DCM or MeOH 
alone, the 2 : 1 mixture gave the highest average yield 
in 5 of 6 possible comparisons (extraction method 1 vs 
2, and 7 vs 6 and 8 for each compound), suggesting 
that it may be most useful for general extractions of 
these types of metabolites. MeOH alone gave the high- 
est average yield in 1 of 6 (extraction method 2 vs 1 and 
6 vs 7 and 8 for each compound) comparisons and 
DCM in 0 of 3 (extraction method 8 vs 6 and 7 for each 
compound) comparisons (Fig. 2). 

When the freeze-dried Ulva sp. containing 0.2 % dry 
mass of pachydictyol A,  dictyol B acetate, and dictyol E 
was double-extracted in 2 :  1 DCM: MeOH, 88 to 90 % 
of each of the dictyols was recovered (Fig. 3). The 
Florisil column pretreatments dld not decrease yields 
of the dictyols; the 5 % increase in pachydictyol A con- 
centration with this treatment possibly resulted from 
the evaporation of solvent when the samples were dis- 
solved in HPLC solvent before injection. The standard 
error of the measurements for these 3 treatments 
ranged from 1.7 to 2.4% of the mean, indicating the 
precision of measurements was good. 

Sample storage 

Yields of dictyol B acetate did not differ significantly 
among treatments of Dictyota ciliolata that were stored 
in the freezer for 25 to 27 wk; however, yields from 
stored treatments were all unexpectedly higher than 
those from samples analyzed within 2 wk of collection 
(Fig. 4A). Dictyol E concentrations did not differ among 
storage treatments when D. menstrualis samples were 
stored for 13 or 25 to 27 wk (Fig. 4A); however, samples 
stored for 25 to 27 wk had significantly less dictyol E 
than samples analyzed within 2 wk of collection. In D. 
ciliolata, the concentration of pachydictyol A in tissue 
frozen in solvent was significantly higher than in the 
tissue frozen without solvent, but neither of these 
yields differed significantly from the remaining 3 
treatments (Fig. 4B). Pachydictyol A concentration 
did not differ significantly among storage treatments in 
D. menstrualis samples (Fig. 4B). Yields of dictyodial 

[?I- Standard injected dlrectly 

D- Standard passed through Flor~s~l 
0- Standard extracted from Ulva. then 

passed through Flor~s~l 

B A C  A A 0  A A 8  I - 

U 
Pachydictyol A Dtctyol B  D~ctyol E 

acetate 

Fig. 3. Effectiveness of 2 : l  DCM:MeOH at extracting freeze- 
dried Ulva sp. coated with dictyol E ,  dictyol B acetate, and 
pachydictyol A,  each at 0.2% dry mass. The left bar In each 
group represents the standard compounds injected drect ly  
Into the HPLC and all data for each compound are normahzed 
to this value. The middle bar in each group represents com- 
pounds that were prepared for injection as d they were a 
D~ctyota spp. extract (i.e. passed through a Flonsll column 
pnor to HPLC injectlon). The right hand bar represents the 
yleld of the compounds extracted from freeze-dned Ulva sp. 
N = 10 for each treatment and error bars show + 1 SE. For 
each compound, bars with the same letter above them do not 
d~ffer  significantly ( a  < 0.05, l-way ANOVA followed by 

Tukey's Studentized range test) 

were reduced by 42 to 73% when samples of D. cilio- 
lata were stored for 25 to 27 wk (Fig. 4C). Placing tis- 
sues or extracts in solvents significantly reduced loss of 
dictyodial compared to freezing tissues without sol- 
vents. In D. menstrualis, the concentration of dictyodial 
in tissue or extracts stored in solvent did not differ from 
samples that were analyzed within 2 wk of collection, 
although dictyodial did decrease when tissue that was 
simply frozen for 13 and 25 to 27 wk (Fig. 4C). Primary 
metabolites were also protected when algal tissue was 
submerged in solvent. Sterol yields were 11 to 15 % (D. 
ciliolata) and 20 to 26 % (D. menstrualis) lower in tissue 
samples frozen without solvent than in samples sub- 
merged in solvents (Fig. 4D). 

DISCUSSION 

When extracting nonpolar metabolites from wet or 
dried Dictyota ciliolata and D. menstrualis tissue, a 
double extraction in a 2 : l  mixture of DCM:MeOH 
worked as well as or significantly better than DCM, 
MeOH or EtOH alone (Fig. 2). This solvent mixture 
should work well with a wide variety of lipophilic sec- 
ondary metabolites because it contains a low-polarity 
solvent (DCM) and a high-polarity, water-miscible 
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0.7 I A N=12-l5 
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B 0.0q5 1 ~ = 1 2 - 7 5  m - Pachydictyol A 

D N=14 ( - Sterols N=S-9 
p=o 0001 

p=O 003 

C 

a > .- 
C m 
Q, 
K 

O 1 2 3 4 5  1 2 3 4 5  1 2 3 4 5  
25-27 weeks 13 weeks 25-27 weeks 
D. ciliolafa D. menstrualis D rnenstrual~s 

Fig. 4. Concentration of dictyols and sterols from Dictyota cil- 
iolata stored for 25 to 27 wk (left third of graphs) and D. men- 
str-ualis stored for 13 wk (middle third) or 25 to 27 wk (right 
thud)  in vanous ways at -25°C The 5 storage treatments are, 
from left to right, (1) HPLC analysis wi th~n 2 wk of extraction, 
(2) the extract dissolved in DCM under nitrogen gas, (3) the 
extract dissolved in DCM un.der air, ( 4 )  wet tissue submerged 
in 2 : l  DCM:MeOH, and ( 5 )  wet tissue frozen fresh. (A) 
Means + 1 SE for dictyol B acetate in D. ciliolata and dictyol E 
in D. menstrualis. (B. C, and D) Results for pachydictyol A, dic- 
tyodial, and sterols, respectively, in both D. ciliolafa a.nd D 
menstrualis For each third of each graph, bars w ~ t h  the same 
letter above them do not differ significantly (a  < 0.05, Tukey's 

Studentlzed range test) 

solvent (MeOH) that can penetrate cell membranes 
and extract a wide variety of lipids that differ in polar- 
ity. The 88 to 90% recovery of dictyols from freeze- 
dried Ulva sp. using 2 : 1 DCM : MeOH (Fig. 3) is similar 
to recoveries of vitamin E and P-carotene (87% and 
84%, respectively; Aucoin et al. 1990), o-nitrophenol 
and methyl salicylate (about 95%; Diehl et al. 1991), 
and (+l-cis,trans-[3H]-abscisic acid (> 90%; Holappa & 
Blum 1991) reported from similar terrestrial studies. 
However, we are uncertain that extraction of dictyol- 
treated Ulva sp. can be used to confidently conclude 
that we are obtaining similar percentage yields when 
we extract D. ciliolata and D. menstrualis. 

Lyophilization dries samples without elevating 
temperature and is thus commonly used in hopes of 
avoiding loss or conversion of sensitive compounds. 
However, the extreme vacuum significantly reduced 
the amount of dictyodial in plant tissues that were 
freeze-dried (Fig. 2D). Thus freeze-drying should be 
used with caution because it can decrease the yield 
of unstable or volatile compounds (Hay et al. 1988b). 
Although lyophilization worked well for quantifying 
pachydictyol A and dictyol B acetate, separating lipo- 
philic compounds from water using a DCM-water par- 
tition worked significantly better for dictyodial. 

Whenever possible, samples should be extracted and 
analyzed soon after collection because compounds can 
decompose even if samples are froz,en under nitrogen 
gas (e.g. dictyodial; Fig. 4C). Due to the remoteness of 
some field sites and to common constraints on time, it is 
often necessary to store samples for analysis at a future 
date. Analysis of a few representative samples should 
be made soon after collection so gross qualitative 
changes, and maybe even quantitative changes, in 
chemical composition can be detected. When immedi- 
ate analysis is impossible, samples should be stored in a 
manner that m~nimizes changes in metabolite composi- 
tion. We found that submersion in solvents before freez- 
ing afforded some protection against loss of pachydic- 
tyol A,  dictyodial, and sterols in Dictyota ciliolata and 
of sterols and dictyodial in D. menstrualis (Fig. 4 ) .  
There were no differences between storing samples 
as whole tissue submersed in 2 :  1 DCM: MeOH or as 
extracts dissolved in DCM. 

Although submersion in solvents protected some 
Dictyota ciliolata and D. menstrualis compounds from 
decomposition (Fig. 4 ) ,  some solvents, alcohols in par- 
ticular, can react with secondary metabolites to create 
chemical artifacts (Table 1). For example, in a few 
samples (< 5%)  and In 1 mass extraction, dictyodial 
reacted with methanol to form a methoxy-bisacetal 
(Fig. 1 ) .  We do not know what initiated this reaction, 
but we were able to isolate this artifact and detect it 
using our HPLC methodology. 

The explanation for the observed increase in the 



Cronin et  al.. Seaweed secondary metabolites 27 1 

Table 1.  Chemical processes that can decompose secondary metabolites or alter thelr structure during storage, extraction, and 
purificat~on The ordenng of chemical processes in this table does not lndicate their likelihood of occurrence with any particular 

secondary metabolite 

Type of chemical process Source 

Acid-catalyzed rearrangements Stallard & Faulkner (1974) 

Air oxidation Andersen & Stonard (1979), Gerwlck & Fenical (1981), Oltz et a1 (1988), 
Wiseman et a1 (1990), Hedin et al (1991). Peng & Jay-Allemand (1991) 

Apparent enzymatlc conversions Duffey & Felton (1989) Paul & Van Alstyne (1992) Teeyapant & Proksch (1993) 

Dlmenzat~on/polyrnenzat~on Fahy & Andersen (1987), Bernart et  a1 (1992) 

Photochein~cal reactions 
Isomerization Guella et  a1 (1988) 
Ox~dahon  Andersen & Stonard (1979), Cork & Krockenberger (1991) 

Reactions of alcohols or water with the following functional groups commonly found in manne natural products 
Aldehydes Thls paper, Lindqulst et  a1 (1988) 
Carbon-carbon double bonds Sun & Fenical (1979), Carte & Faulkner (1983), Boros et  a1 (1990) 
Esters Lindroth & Palutee (1987) 
Epoxldes Van Altena (1988) 
Furans Walker & Faulkner (1981) 

Halogens Anthoni et  a1 (1987) 
Quinones Urban & Capon (1992) 
Sulfates Welnstein et  a1 (1975) 

Thermal decomposition Jones & Sutherland (1968),Welnhe~rner et a1 (1970), Cork & Krockengerger (1991) 

yield of dictyol B acetate after samples were stored for 
25 to 27 wk is not apparent (Fig. 4A). Because the 
increase did not occur in other compounds which were 
quantified from the same HPLC sample as dictyol B 
acetate, inadvertent evaporation of solvent from the 
samples prior to injection into the HPLC is unlikely. 
The increase in dictyol B acetate yield could have 
occurred if (1) dictyol B acetate was produced in the 
samples during storage or (2) a compound-specific 
change in supplies, standards, or equipment occurred 
during the 25 to 27 wk samples were stored. The same 
problem exists for compounds that decreased by 
similar amounts anlong the samples stored for 13 to 
27 wk (e.g. dictyol E stored for 25 to 27 wk, Fig. 4A). 
Because these results were necessarily confounded by 
having samples analyzed at  different times, we cannot 
distinguish which explanation is responsible for the 
increase m dictyol B acetate or the decrease in dictyol E. 
The significant 42 to 73% reduction in dictyodial in 
Dictyota ciliolata tissue stored for 25 to 27 wk was most 
likely due to decomposition and not to instrument fluc- 
tuation or changes in supplies because the magnitude 
of the reduction was large; and,  had a systematic 
change led to this reduction in dictyodial concentra- 
tion, it also would have been apparent in D. menstru- 
alis (Fig. 4C). 

The bioactive nature of many secondary metabolites 
may arise from the presence of highly reactive func- 
tional groups. Secondary metabolites may deter con- 
sumers or competitors because they react with and 
disrupt the functions of physiologically important 
molecules such as enzymes or DNA. Because of this 

reactivity, these compounds also may undergo reac- 
tions that lead to their decon~position or conversion. 
Compound decomposition and conversion can be 
problematic because (1) they decrease yields of 
naturally occurnng metabolites, (2) they mislead 
quantitative data, (3) they diminish the magnitude of 
metabolite activities in bioassays, and (4) bioactive 
properties of artifacts can be mistakenly attributed to 
naturally occurring metabolites. Table 1 lists several 
chemical processes that can lead to the decomposition 
or conversion of natural secondary metabolites. Be- 
cause natural products chemists have the expertise to 
recognize chemical artifacts, collaborative efforts be- 
tween ecologists and chemists can enhance the quality 
of projects examining ecological roles of secondary 
metabolites. 

Because of the idiosyncrasies of different biological 
and chemical systems, the most efficient means of stor- 
ing and extracting Dictyota ciliolata and D. menstrualis 
secondary metabolites cannot be applied to all quanti- 
tative studies of secondary metabolites. We found 
commonly used procedures like freeze-drying and 
preserving samples by freezing them had detrimental 
effects on algal chemical composition that were 
species- and compound-specific, However, based on 
the results of our investigation, we suggest that: (1) 
Among the storage methods we tested, simply freezing 
algal tissue was the least effective means of preserving 
both primary and secondary metabolites. Addition 
of organic solvents prior to freezing significantly in- 
creased yield of metabolites (Fig. 4). (2) Using a mix- 
ture of a nonpolar (e.g. DCM) and a polar (e .g .  MeOH) 
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solvent for small-scale extraction of lipophilic com- 
pounds in replicate samples for HPLC quantification 
often produced greater yields, and never diminished 
yields, relative to using either type of solvent alone. (3) 
Highly reactive compounds are unlikely to be rigor- 
ousIy quantified unless factors contributing to their 
decomposition or conversion are identified and con- 
trolled [e.g. dictyodial's reaction with methanol (Fig. 1) 
or its loss when placed under high vacuum (Fig. 2D)]. 

For ecologists studying chemically mediated inter- 
actions among marine organisms, information on the 
variation of secondary metabolite composition within 
and among individuals and populations will be crucial 
for determining factors affecting the production of 
secondary metabolites and how ecologically important 
compounds may function to structure communities. 
This variance in metabolite concentration will most 
often be determined by analyzing multiple samples 
with chromatography methods. Our results show that 
methods of storing and extracting samples can signifi- 
cantly affect yields of biologically and ecologically 
important compounds (Figs. 2 & 4). Thus, careful opti- 
mization of these methods is required to ensure quality 
data, surprisingly, sometimes even for the same com- 
pound in different species (Fig. 4C). 
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