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Abstract

Secondary metabolites or natural products have been
isolated from many marine organisms. These metab-
olites often have important bioactive functions;
however, very little information is available regarding
the biosynthesis and regulation of many secondary
metabolites. At a time when use of marine-derived
metabolites is rapidly expanding in industry and
pharmacological fields, a better understanding of the
genetic mechanisms controlling secondary metabo-
lite production is necessary. We review the recent
development of a novel transcriptome profiling meth-
odology that allows for rapid and high-throughput
screening of changes in mRNA sequence pools. The
application of genomics-based techniques and the
integration of both biochemical and molecular data
sets in marine organisms complement ongoing drug
discovery efforts.
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Introduction: Metabolites and Drug Discovery

Secondary metabolites or natural products have been
isolated from many marine and terrestrial organisms.
Bioactive secondary metabolites or natural products
have long been known to be important biochemical
constituents in marine organisms. While most chem-
ical defense research has focused on tropical species
exposed to high competition and predation pressures
(Bolser and Hay 1996; Cronin et al. 1997), recent
studies indicate that secondary metabolite defenses
are prevalent in a variety of temperate, tropical, and

polar marine species (Cetrulo and Hay 2000; Becerro
et al. 2003; McClintock et al. 2004). Because these
biomolecules have been naturally selected for their
toxic/adverse effects on other organisms, they repre-
sent a broad potential pool of chemicals that could be
useful as pharmacological agents.

In the late 1980s to 1990s, there was a significant
movement of research devoted to isolating and
structurally identifying marine bioactive metabolites
(Faulkner 1991, 1992). Along with the increased
interest in marine metabolite discovery came the
need to understand metabolite synthesis pathways
and to develop new methods for the total synthesis
of potentially useful compounds (Pietra 1985;
Hiersemann and Helmboldt 2005; Kibayashi 2005).
Two recent reviews compile a group of marine natural
products undergoing clinical trials in the United
States (Chin et al. 2006; Fenical 2006), with 23
compounds in active Phase I to Phase III treatment
assessments, according to the National Cancer
Institute, Bethesda, MD. However, despite the diver-
sity of potential bioactive agents that are presently
described, only one compound (ziconotide-a peptide
derived from the cone snail Conus magnus) has been
approved as a drug for use in humans in both Europe
and the United States. Ziconotide, a w-conotoxin,
has the potential to be a valuable long-term pain
medication, with strong analgesic properties achieved
by blocking calcium-dependent pain signals in the
spinal cord (Chin et al. 2006; Klotz 2006). The
relatively small number of marine compounds in
use as pharmacological agents may be due to several
factors. First, there is greater difficulty in collection
of marine organisms compared to their terrestrial
counterparts, which slows progress toward metabo-
lite characterization and pharmacological develop-
ment (de Vries and Beart 1995). Second, a lack of
pharmacological understanding of the mechanismsCorrespondence to: Cindi Hoover; E-mail: cahoov@broad.mit.edu
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of action of new marine-derived compounds neces-
sitates additional research and target-driven assays
for any metabolites with drug potential (de Vries and
Beart 1995). In addition, after a metabolite is isolated
and elucidated, medicinal chemistry synthesis pro-
grams are sometimes necessary to produce molecules
with essential biological and chemical characteristics
to be a good drug development candidate (Turner
1996). This synthesis process is often quite time
consuming. Lastly, there is a lack of ethno-medical
history for marine metabolites as compared to terres-
trial derivatives, and such information does speed up
the drug development process (Amador et al. 2003).

However, over the last decade, the application
of genomic technologies to marine organisms has
been opening up new avenues of research (Hofmann
et al. 2005) at molecular and biochemical levels that
have been so far been limited to just model species
(i.e., species for which large genomic sequence
databases are available). The application of genomic
tools and resources for non-model marine organ-
isms is steadily being developed to identify and
describe the genetic components involved in me-
tabolite pathways (Fortman and Sherman 2005). For
example, steady progress has been made in the
study of the polyketide pathway and associated
metabolic genes involved in the biosynthesis of
bryostatin, an anticancer agent derived from bryo-
zoan symbionts (Hildebrand et al. 2004). In addition,
study of polyketide synthase genes in marine-
derived actinomycetes have also contributed to our
knowledge of biosynthetic pathways and allowed
for the production of novel and potentially useful
natural products (Moore et al. 2005). These advance-
ments are based on relatively simple and consoli-
dated microbial genomes; the level of difficulty in
isolating specific biosynthetic genes appears to
increase when studying more complex and diffuse
metazoan genomes (Piel et al. 2004). Thus, a more
robust tool that can rapidly screen cDNAs for
specific biosynthetic pathways of interest is neces-
sary. Although it is clear that there is a long road
between finding a bioactive natural product and the
development of an effective drug therapy, a better
understanding of metabolite biosynthesis will help
pharmacological and ecological characterization of
metabolites of interest. Biosynthetic pathway and
regulation data are needed to determine if large-
scale production of a bioactive compound would be
feasible for drug development. Further, knowledge
about whether the biosynthesis pathway is simple
or complex (i.e., the number of genetic elements
involved) and how the biosynthesis pathway is
regulated (i.e., induction sensitivity and time
course) would be very helpful in characterizing bio-

active metabolites and prioritizing them for further
study. An approach to assess rapidly the number of
genes involved in the production of a bioactive
compound and the environmental conditions that
regulate the induction or repression of those genes
involved in the biosynthesis pathway would com-
plement metabolite characterization efforts and
shed light on both medical and ecological roles of
the metabolite of interest. For such an assessment
of describing the molecular controls, we do not need
to quantify the expression levels of individual
genes, nor even identify the specific genes involved
in the process. We just need to be able to describe
quantitatively patterns of gene expression as they
are related to the biosynthesis of a metabolite. This
idealogical approach removes the necessity of having
a genomic-level resource available [expressed se-
quence tag (EST) libraries or microarray cDNA
probes] and opens up the possibility of working with
a broad range of non-model marine organisms. An
understanding of how secondary metabolites are
produced and controlled is vitally important for
assessing the potential production and yield of
natural products used in drug development research
(Belarbi et al. 2003; Fenical 2006). Applying new
molecular and genomic techniques will begin to
accelerate the pace at which we can identify the
biosynthesis pathways and functional regulation of
bioactive metabolites (König et al. 2006).

Feeding Deterrents Against Herbivory
and Predation

In terrestrial plants, secondary metabolite produc-
tion has been well studied. Herbivory by insects is
one of the most common inducers of secondary
metabolite production in plants (Karban and Baldwin
1997; Mercke et al. 2004; van Dam et al. 2005).
Inducible defenses are defined as mechanisms that
change following damage or stress and decrease the
negative fitness consequences of predatory attacks
on an organism (Karban and Baldwin 1997). Thus, in
terrestrial systems, these inducible secondary
metabolites often take the form of feeding-deterrent
compounds such as phenolics, furanocoumarins,
terpenes, alkaloids, hydrocarbons, proteinase inhibi-
tors, and others (Schultz and Baldwin 1982; Baldwin
1988; Van Alstyne 1988; Bernays 1989; Farmer and
Ryan 1990; Zangerl 1990; Farmer and Ryan 1992;
Zangerl and Rutledge 1996; Karban and Baldwin
1997). Significant increases in the biosynthesis of
such toxins in response to herbivory is well docu-
mented in terrestrial plants (Baldwin 1988; Zangerl
1990). In addition, volatile organic compounds (e.g.,
jasmonates) have been implicated in defense by
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stimulating production of proteinase inhibitors (PIs)
or by attracting predators/parasites to the attacking
species (Farmer and Ryan 1992; Dobson and
Bergstrom 2000; Mercke et al. 2004; Reddy and
Guerrero 2004; van Dam et al. 2005). With plant
secondary metabolite production well established,
recent research has focused on integration of
genomics and metabolite production with new
advances in mass spectrometry and data processing,
microarray, and subtractive hybridization (Mercke
et al. 2004; Keurentjes et al. 2006).

As in terrestrial systems, herbivory and preda-
tion are major factors influencing secondary metab-
olite production and inducible defenses in the
marine realm. While many secondary metabolites
from marine organisms have been isolated and
characterized (Faulkner 2000, 2002; Blunt et al.
2003, 2004, 2005, 2006), much less is known about
these defenses in marine systems than in terrestrial
systems. This may be due to the fact that the field of
marine chemical ecology (i.e., the study of marine-
derived bioactive compounds and their ecological
roles) is relatively new, having only been established
in the last 20 years (Fenical 2006), and thus fewer
studies of induced defenses in marine systems exist
relative to those regarding terrestrial systems. Still,
more than 17,000 natural products have been
isolated from diverse marine phyla (MarinLit
2006). More than 700 new compounds were discov-
ered in 2004 alone (Blunt et al. 2006). As more
secondary metabolites are isolated and characterized,
marine chemical ecology studies have switched
focus from simple metabolite discovery to investiga-
ting the role of specific predators, biosynthetic path-
ways and enzymes and energetic costs on secondary
metabolite production and defense induction (Hay
1996; Dworjanyn et al. 2006; Thoms et al. 2006).
Inducible secondary metabolite defense in an aquat-
ic, nonvascular plant was first reported by Van
Alstyne in 1988. She found that Fucus distichus
increased its level of defensive polyphenolic com-
pounds by approximately 20% over control plants
when experimentally damaged (Van Alstyne 1988).
Later, several other species of brown algae also
demonstrated induction of polyphenolic compounds
in response to artificial predation, designed to mimic
observed field predation (Hammerstrom et al. 1998).

However, a main difficulty in studying second-
ary metabolite production in marine organisms is
the fact that while many studies of marine organ-
isms suggest that induction of marine secondary
metabolites in response to predation does occur,
most have not directly linked metabolite produc-
tion and predation, and others have failed to prove
that induction occurs (Steinberg 1994; Pavia et al.

1997; Slattery et al. 2001; Toth and Pavia 2002). The
next step to better understanding induced defenses
and secondary metabolite production is to link
environmental and ecological data (i.e., predation
level, water conditions, etc.) to quantitative second-
ary metabolite production and gene expression data.
To do this, a better understanding of secondary
metabolite biosynthesis is needed. Because a large
portion (approximately 40%) of marine organism-
derived metabolites are terpenes (Harper et al. 2001;
MarinLit 2006), a logical place to begin investigation
is with the mevalonate or methylerythritol phos-
phate pathway. The mevalonate or isoprenoid path-
way is a very common terpene biosynthesis pathway.
One of the central molecules in this pathway is 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA), a pre-
cursor to mevalonate. Mevalonate is phosphorylated
to form isopentynyl pyrophosphate (IPP) via several
steps and 3 ATP molecules. These IPP molecules are
the active unit in terpene biosynthesis. Thus, HMG-
CoA, mevalonate, and IPP may be useful gene targets
in the pathway. Focusing in on these three molecules
by examining gene expression changes may ultimately
help us better understand how secondary metabolite
biosynthesis is triggered and regulated. Alternatively,
isoprenoid units may be synthesized via the meth-
ylerythritol phosphate (MEP) pathway. This path-
way has recently been examined in bacteria, algae,
plants, and a malarial parasite, and consists of seven
enzymatic steps leading to the formation of the
isoprenoid precursors, IPP (Proteau 2004). Therefore,
MEP pathway intermediates [i.e., 1-deoxy-d-
xylulose 5-phosphate (DXR) and 2-C-methyl-d-
erythritol 4-phosphate (MEP)] may also be useful
gene targets in understanding terpene biosynthesis.

Biosynthetic pathways for marine natural prod-
ucts may also be elucidated by looking toward
techniques used to study bacterial metabolite biosyn-
thesis pathways. Most biosynthesis pathway work to
date has focused on terrestrial bacteria and a few
marine bacteria (Fortman and Sherman 2005). Meta-
genomics, the study of multiorganism-derived pools
of genomic DNA, has been used to clarify bacterial
pathways and may prove useful for elucidating
secondary metabolite pathways in marine inverte-
brates (Wang et al. 2000; Brady et al. 2001; Fortman
and Sherman 2005). Further, structural similarities
between bacterial metabolites and metabolites from
marine sources and the occurrence of bacterial
symbionts in marine organisms suggest that under-
standing bacterial biosynthesis pathways may great-
ly increase our knowledge of marine secondary
metabolite production (Piel 2004; Moore 2006).

Subsequently, studies need to link observed levels
of secondary metabolites and predation with gene
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expression changes in potential biosynthesis pathway
intermediates. This has proved difficult with marine
organisms because molecular methods often require
optimization for use with Bnon-model^ organisms. As
in plants, additional steps in standard RNA/DNA
extraction protocols are needed when performing
extractions on marine organisms, especially marine
invertebrates, owing to higher levels of salts and poly-
saccharides (Hong et al. 1997; Barnwell et al. 1998). In
addition, sequence data availability for marine organ-
isms is often sparse, particularly in comparison with
what is accessible for terrestrial organisms. Common
transcriptome profiling and gene expression meth-
ods, such as microarray, serial analysis of gene
expression (SAGE), or massively parallel signature
sequencing (MPSS), require a priori knowledge of
sequence data to examine changes in gene expres-
sion. Further, the aforementioned methods are time
intensive and/or costly (Ruan et al. 2004).

Transciptome Profiling of Gene Expression
Patterns

In the field of functional genomics with natural
populations of non-model organisms, there is a
distinct need for new methodological approaches that
would allow for rapidly and efficiently assessing
differences in mRNA transcriptome pools (Feder and
Mitchell-Olds 2003; Hofmann et al. 2005). The cost
and expense in time, effort, and resources to conduct
studies utilizing the dominant technologies are
prohibitive for exploratory work with organisms for
which genomic-level resources are not already estab-
lished (e.g., expressed sequence tags, serial analysis
of gene expression, microarray hybridizations, mas-
sively parallel signature sequencing, 454 signature
sequencing). To answer this need, a novel method-
ology based on reannealing kinetics has been devel-
oped for the rapid, high-throughput, efficient, and
economical profiling of the sequence complexity of a
transcriptome sample (Marsh and Fielman 2005).

Thirty years ago, reannealing kinetics (Cot
curves) were developed for indirectly measuring the
sequence complexity of DNA extracts (Davidson
and Britten 1973; Galau et al. 1974, 1977; Anderson
et al. 1976; Chamberlin et al. 1978). The approach is
conceptually simple and is based on the probability
that a single-stranded DNA molecule will hybridize
with its complementary strand at a rate that is deter-
mined by the abundance of that sequence-specific
DNA molecule within a total DNA extract. Cot refers
to the product of annealed DNA concentration (Co)
and time (t), which was plotted on a log scale against
percent renaturation (determined by hydroxyapatite

chromatography) to form a sigmoidal Cot curve from
which kinetic parameters were extracted (Nayak et
al. 1991; Verneau et al. 1991). Reannealing reactions
that utilize RNA sequence-molecules are referred to
as Rot assays. From either a Cot or Rot kinetic profile,
genome or transcriptome size, repetitive sequence/
message abundance, and the total sequence com-
plexity of a nucleic acid pool can been determined
(Peterson et al. 2002a, b; Fielman and Marsh 2005;
Marsh and Fielman 2005; Hoover et al. 2006).

A traditional Cot or Rot profile is run at one
annealing temperature (generally about 60-C) and
the time points at which changes in the reannealing
profiles arise are used to separate between the
relative compositions of highly repetitive, modera-
tely repetitive, and nonrepetitive sequences in a
nucleic acid sample. In contrast, the transcriptome
kinetic profiles developed by Marsh and Fielman
(2005) utilize a programmable thermal block to lower
the temperature of a sample at 1-C intervals with a
30- to 45-min hold at each temperature. An interca-
lating, double-stranded DNA fluorescent dye (such
as PicoGreen, Molecular Probes) is used to directly
monitor the amount of double-stranded DNA that
accumulates at each temperature interval. By using
these small temperature steps, the kinetic classes
present in a sample can be finely sorted into 30–35
different Tm groups (i.e., melting temperature thresh-
olds). At any one temperature, the rate of rean-
nealing is determined by the probability that
complementary strands collide, align, and form
stable hydrogen bonds at that temperature within
the reaction buffer.

For example, consider the two reannealing
curves plotted for cDNA pools from two individuals
of the south Pacific soft-coral, Sinularia polydactyla
(Figure 1; data from Hoover et al. 2006). One indi-
vidual was in a treatment group that was wound-
stressed (grazing predation; day 10) and the other
was in a control group at the start of the experiment
(day 0). The stressed individual at day 10 exhibits
reannealing kinetics with a slower and more pro-
tracted completion period relative to the annealing
curve of the day 0 individual. This indicates that the
probability of complementary strands colliding is
lower in the stressed cDNA pool than it is in the
control cDNA pool. Essentially, we can conclude
that there is a greater level of nucleic acid sequence
Bdiversity^ in the stressed sample at this annealing
temperature because there is a lower probability
that any two complementary strands will collide
(i.e., there are more competing strands present).

The examples illustrated in Figure 1 present
annealing curves that can be described by second-
order rate functions because of the dynamics asso-
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ciated with duplex formation and subsequent inter-
calation of the fluorescent dye:

flr tð Þ ¼ �þ �* 1� e�+tð Þ (1)

where a is flr at time 0, b is the maximum change in
flr when reannealing is complete, and g is a second-
order rate constant. In Figure 2, the reannealing
curve is plotted for the same wound-stress sample
in Figure 1, with the gray points showing the FLR
data and the black line fitting a second-order
regression to that data (Eq. 1). These kinetic data
provide parameter estimates of the total amount of
nucleic acids (b) and the distribution of sequences
within that population of nucleic acids (g), both of
which provide vital information about the tran-
scriptome pool. A more detailed kinetic profile can
be constructed by performing these assays at mul-
tiple temperature plateaus. By denaturing a sample
at high temperature (995-C) and then sequentially
lowering the temperature at 1-C intervals with a 30-

to 45-min incubation at each temperature, a de-
tailed series of kinetic profiles can be obtained for
each sample (Figure 3). Thus, each temperature
plateau generates a set of kinetic parameter esti-
mates that are dependent on the abundance and
sequence complexity of those nucleic acid mole-
cules with the corresponding Tm.

Essentially the regression model (Eq. 1; Figure 2)
fitted to a fluorescence annealing curve represents a
probability distribution of how quickly individual
sequences in that Tm class can reanneal. Expressing
this distribution as a percentage of the total mole-
cules in a Tm class, we can condense the regression
model parameters into a single estimate of sequence
complexity. Here, quantitative entropy (organiza-
tion) statistics, such as the Shannon-Weaver entro-
py index (Prus et al. 1999; Shpak and Churchill
2000; Marsh et al. 2006), can provide a simple and
direct measure of the distribution and abundance of
unique nucleic acid sequences in a transcriptome
sample at each Tm class (Marsh and Fielman 2005):

Hflr ¼ �Fmax* Spi* log2 pið Þ (2)

where pi is the proportional contribution of each ith
time interval and Fmax is the maximum fluores-
cence reached (b from Eq. 1). Thus, the estimate of
sequence entropy (Hflr) incorporates information on
both the distribution and abundance of transcripts
within each kinetic Tm class. Although this Hflr

statistic is just a relative measure of sequence
diversity, it does allow for a direct, quantitative
comparison among different mRNA samples to
identify the magnitude of changes in the tran-
scriptome pool between experimental treatments
or over time course studies.

Figure 1. Reannealing curves.

Figure 2. Sequential reannealing curves to generate kinetic
profile.

Figure 3. Regression model for estimating kinetic
parameters.
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Combing data from all the individual tempera-
ture plateaus, a quantitative Bprofile^ of an mRNA
sample (after conversion to cDNA) can be generat-
ed. In Figure 4, the top panel presents the total
quantity of cDNA that reannealed at each Tm for
the samples shown in Figure 1. The Fmax parameter
is derived from b in Eq. 1 and indicates the asymp-
totic maximum fluorescence towards which the
regression model is approaching at each tempera-
ture interval. This maximum fluorescence value is a
relative measure of the total double-stranded DNA
in the sample at the end of the incubation period.
The log scale visually reduces the apparent differ-
ence between the D0 and D10 samples; however,
there is an approximately 5-fold difference in the
total cDNA in the 64–65-C Tm class, indicative of a
large change in the representation of transcripts
among those treatment samples.

The bottom panel in Figure 4 presents the
transcriptome entropy profiles (Eq. 2). The basic
interpretation of the curves is not necessarily
intuitive to most biologists. The peak in Hflr at 64–
65-C in the D10 sample results from two contrib-
uting processes. First, there is the amount of cDNA
that is reannealing (Fmax). Second, there is a decrease
in the probability that complementary strands of
cDNAs will reanneal (mathematically, the greater
the equivalence between pi values, the higher the
entropy statistic). Although we estimate these
processes with just relative measures, the Hflr

statistic that is generated is extremely practical as
a comparative measure for assessing differences in

mRNA sequence pools among samples. In Figure 4
there is a significant difference in the distribution
and abundance of transcripts in the 64–65-C Tm

class between the D0 and D10 treatments (see
(Hoover et al. 2006). The Hflr estimate is not an
end in itself, but primarily serves as a means for
comparative evaluations of the transcriptome in
samples collected from different experimental treat-
ments or environmental habitats.

Integrating Metabolite and Transcriptome Profiles

The primary advantage of the transcriptome kinetic
profile is that it allows for the rapid and high-
throughput analysis of mRNA samples in a 96-well
microtiter plate format. This establishes approxi-
mately the same screening capacity that is possible
with HPLC profiling of secondary metabolites. Con-
sequently, one now has the ability to screen a large
number of individuals and a large number of
treatment conditions quickly and efficiently to
identify correlative patterns in both gene expression
responses and secondary metabolite biosynthesis.
Given a large number of unknown metabolites in
any chromatogram, one could quickly identify those
that exhibited the greatest linkages to concomitant
changes in the transcriptome pools.

Slattery et al. (2001) identified two populations
of soft corals in Guam with site-specific defensive
chemistry levels. Higher levels of defensive chem-
istry were correlated to increased predation, and soft
corals transplanted between the sites acquired the
chemical profiles of the new site. While this study
didn’t demonstrate inducible defenses, we were able
to utilize this model system to examine the biosyn-
thesis of a feeding deterrent compound in response
to predation-mediated wound stress by transcrip-
tome profiling. These two levels of biological data
have been successfully integrated to identify a
significant correlation between the entropy statistic
for some of the Tm classes of cDNA and the
biosynthesis of 11b-acetoxypukalide in wound
stressed tissues (Hoover et al. 2006). In this study,
increased levels of both natural predation by butter-
fly fish and artificial wound-scrapes resulted in
significant transcriptome profile changes and in
significant increases in the defensive secondary
metabolite, 11b-acetoxypukalide. Using principle
component and discriminate function analyses,
Hoover et al. (2006) were able to identify just a few
Tm classes in the transcriptome profile that were
significantly correlated with the tissue levels of 11b-
acetoxypukalide. And conversely, they were able to
conclude that many of the HPLC chromatogram
peaks were not quantitatively related to any corre-

Figure 4. Profile of total cDNA and Hflr at each Tm.
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lational changes in the transcriptome profiles. This
linkage between molecular and biochemical pheno-
types could serve as an important information tool
when presented with a sample having a diverse
suite of unknown secondary metabolites and need-
ing to decide which selective few should be further
isolated and characterized. For example, a crude
secondary metabolite extract may yield many peaks
during HPLC analysis. Integration of transcriptome
and secondary metabolite data can uncover correla-
tions of some peaks to say, a particular environ-
mental stress, thereby eliminating the need to
pursue peaks that are not related to the question
being investigated.

As a screening tool, Hoover et al. (2006) were
able to evaluate a total of 50 different soft coral
samples, with replicate RNA extractions and cDNA
syntheses of each and four duplicate profile assays
run on each extract. Thus, this new method pro-
vided the Hoover et al. study with the ability to run
a total of 400 mRNA profile assays for just this one
experimental project. The second great value of this
methodology is that there is a large degree of
statistical power that is possible when analyzing
such high numbers of samples. An N of 50 provides
for a high degree of statistical resolution.

To truly understand secondary metabolite bio-
synthesis and regulation in marine organisms, ulti-
mately the mRNA transcripts representing the
changes in these transcriptome profiles must be
isolated, cloned, and characterized. Right now, the
fluorescence-based assay described in the preceding
text relies on reannealing kinetics to provide a
quantitative discrimination between samples. Thus,
transcriptome pool changes are discernible, but the
individual transcripts responsible for that change
remain unknown. Future work should aim to isolate
transcripts of interest in order to pinpoint the func-
tional genes involved in the gene expression differ-
ence. In the case of secondary metabolite production
in soft corals, isolating these transcripts will hopeful-
ly help us find the gene or genes responsible for
defensive secondary metabolite production.

In addition, there is a need for more integration of
metabolite and genomic data. Some genomics-based
approaches have been recently employed to better our
understanding of the reactions of non-model organ-
isms to environmental changes, including those of
marine organisms (Lopez et al. 2002; Gracey et al.
2004; Thomas and Klaper 2004; Hofmann et al.
2005). However, we should continue to look toward
terrestrial chemical ecology studies as some integra-
tion of secondary metabolite data and genomic-based
methods have been implemented (Wang et al. 2000;
Brady et al. 2001; Goossens et al. 2003). Combining

knowledge of metabolite biosynthesis, structure, and
function with genomic data may allow for a better
understanding of many marine ecological interac-
tions (e.g., predator-prey interactions, competition
for space). In addition, a better understanding of
biosynthesis may allow us to produce large quanti-
ties of biomedically valuable compounds with a
minimal impact on natural populations of marine
organisms.

References

Amador ML, Jimeno J, Paz-Ares L, Cortes-Funes H,
Hidalgo M (2003) Progress in the development and
acquisition of anticancer agents from marine sources.
Ann Oncol 14, 1607–1615

Anderson DM, Galau GA, Britten RJ, Davidson EH (1976)
Sequence complexity of RNA accumulated in oocytes
of Arbacia punctulata. Dev Biol 51, 138–145

Baldwin IT (1988) Damaged-induced alkaloids in tobacco:
pot-bound plants are not inducible. J Chem Ecol 14,
1113–1120

Barnwell P, Blanchard AN, Bryant JA, Smirnoff N, Weir
AF (1998) Isolation of DNA from the highly mucilag-
enous succulent plant Sedum telephium. Plant Mol
Biol Report 16, 133–138

Becerro MA, Thacker RW, Turon X, Uriz MJ, Paul VJ
(2003) Biogeography of sponge chemical ecology: com-
parisons of tropical and temperate defenses. Oecologia
135, 91–101

Belarbi E, Gomez AC, Christi Y, Camacho FG, Grima EM
(2003) Producing drugs from marine sponges. Biotechnol
Adv 21, 585–598

Bernays EA (1989) Host range in phytophagous insects:
the potential role of generalist predators. Evol Ecol 3,
299–311

Blunt JW, Copp BR, Munro MHG, Northcote PT, Prinsep
MR (2003) Marine natural products. Nat Product Rep
20, 1–48

Blunt JW, Copp BR, Munro MHG, Northcote PT, Prinsep
MR (2004) Marine natural products. Nat Product Rep
21, 1–49

Blunt JW, Copp BR, Munro MHG, Northcote PT, Prinsep
MR (2005) Marine natural products. Nat Product Rep
22, 15–61

Blunt JW, Copp BR, Munro MHG, Northcote PT, Prinsep
MR (2006) Marine natural products. Nat Product Rep
23, 26–78

Bolser RC, Hay ME (1996) Are tropical plants better
defended? Palatability and defenses of temperate vs.
tropical seaweeds. Ecology 77, 2269–2286

Brady SF, Chao CJ, Handelsman J, Clardy J (2001) Cloning
and heterologous expression of a natural product
biosynthetic gene cluster from eDNA. Org Lett 3,
1981–1984

Cetrulo GL, Hay ME (2000) Activated chemical defenses
in tropical versus temperate seaweeds. Mar Ecol Prog
Ser 207, 243–253

CINDI A. HOOVER ET AL.: A FUNCTIONAL APPROACH TO TRANSCRIPTOME PROFILING 417



Chamberlin ME, Galau GA, Britten RJ, Davidson EH
(1978) Studies on nucleic acid reassociation kinetics. 5.
Effects of disparity in tracer and driver fragment
lengths. Nucl Acids Rese 5, 2073–2094

Chin Y-W, Balunas MJ, Chai HB, Kinghorn AD (2006) Drug
discovery from natural sources. AAPS J 8, E239–E253

Cronin G, Paul VJ, Hay ME, Fenical W (1997) Are tropical
herbivores more resistant than temperate herbivores to
seaweed chemical defenses? Diterpenoid from Dictyota
acutiloba as feeding deterrent for tropical versus
temperate fishes and urchins. J Chem Ecol 23, 289

Davidson EH, Britten RJ (1973) Organization, transcrip-
tion, and regulation in animal genome. Q Rev Biol 48,
565–613

de Vries DJ, Beart PM (1995) Fishing for drugs from the sea:
status and strategies. Trends Pharmacol Sci 16, 275–279

Dobson HEM, Bergstrom G (2000) The ecology and
evolution of pollen odors. Plant Syst Evol 222, 63–87

Dworjanyn SA, Wright JT, Paul NA, de Nys R, Steinberg
PD (2006) Cost of chemical defence in the red alga
Delisea pulchra. Oikos 113, 13–22

Farmer EE, Ryan CA (1990) Interplant communication:
Airborne methyl jasmonate induces synthesis of pro-
teinase inhibitors in plant leaves. Proc Natl Acad Sci
USA 87, 7713–7716

Farmer EE, Ryan CA (1992) Octadecanoid precursors of
jasmonic acid activate the synthesis of wound-induc-
ible proteinase inhibitors. Plant Cell 4, 129–134

Faulkner DJ (1991) Marine natural-products. Nat Product
Rep 8, 97–147

Faulkner DJ (1992) Marine natural-products. Nat Product
Rep 9, 323–364

Faulkner DJ (2000) Highlights of marine natural products
chemistry (1972–1999). Nat Product Rep 17, 1–6

Faulkner DJ (2002) Marine natural products. Nat Product
Rep 19, 1–48

Feder ME, Mitchell-Olds T (2003) Evolutionary and eco-
logical functional genomics. Nat Rev Genet 4, 651–657

Fenical W (2006) Marine pharmaceuticals: past, present,
and future. Oceanography 19, 111–119

Fielman KT, Marsh AG (2005) Genome complexity and
repetitive DNA in metazoans from extreme marine
environments. Gene 362, 98–108

Fortman JL, Sherman DH (2005) Utilizing the power of
microbial genetics to bridge the gap between the
promise and the application of marine natural prod-
ucts. Chembiochem 6, 960–978

Galau GA, Britten RJ, Davidson EH (1974) Measurement
of sequence complexity of polysomal messenger RNA
in sea urchin embryos. Cell 2, 9–20

Galau GA, Britten RJ, Davidson EH (1977) Studies on
nucleic acid reassociation kinetics-rate of hybridization
excess of RNA with DNA, compared to rate of DNA
renaturation. 3. Proc Natl Acad Sci USA 74, 1020–1023

Goossens A, Hakkinen ST, Laakso I, Seppanen-Laakso T,
Biondi S, De Sutter V, Lammertyn F, Nuutila AM,
Soderlund H, Zabeau M, Inze D, Oksman-Caldentey
K-M (2003) A functional genomics approach toward
the understanding of secondary metabolism in plant
cells. Proc Natl Acad Sci USA 100, 8595–8600

Gracey AY, Fraser EJ, Li W, Fang Y, Taylor RR, Rogers J,
Brass A, Cossins AR (2004) Coping with cold: an
integrative, multitissue analysis of the transcriptome
of a poikilothermic vertebrate. Proc Natl Acad Sci USA
101, 16970–16975

Hammerstrom K, Dethier MN, Duggins DO (1998) Rapid
phlorotannin induction and relaxation in five Wash-
ington kelps. Mar Ecol Prog Ser 165, 293–305

Harper MK, Bugni TS, Copp BR, James RD, Lindsay BS,
Richardson AD, Schnabel PC, Tasdemir D, VanWagoner
RM, Verbitski SM, Ireland CM (2001) Introduction to
the chemical ecology of marine natural products. In:
Marine Chemical Ecology, McClintock JB, Baker BJ eds.
(Boca Raton, FL: CRC Press) pp 3–69

Hay ME (1996) Marine chemical ecology: what_s known
and what_s next? J Exp Mar Biol Ecol 200, 103–134

Hiersemann M, Helmboldt H (2005) Recent progress in
the total synthesis of dolabellane and dolastane diter-
penes. Natural product synthesis I: Targets, methods,
concepts. Top Curr Chem 243, 73–136

Hildebrand M, Waggoner LE, Liu H, Sudek S, Allen S,
Anderson C, Sherman DH, Haygood M (2004) bryA An
unusual modular polyketide synthase gene from the
uncultivated bacterial symbiont of the marine bryozo-
an Bugula neritina. Chem Biol 11, 1543–1552

Hofmann GE, Burnaford JL, Fielman KT (2005) Genomics-
fueled approaches to current challenges in marine
ecology. Trends Ecol Evol 20, 305–311

Hong YK, Sohn CH, Lee KW, Kim HG (1997) Nucleic acid
extraction from seaweed tissues for polymerase chain
reaction. J Mar Biotechnol 5, 95–99

Hoover CA, Slattery M, Marsh AG (2006) Profiling tran-
scriptome complexity during secondary metabolite
synthesis in a benthic soft coral, Sinularia polydactyla.
Mar Biotechnol DOI 10.1007/s10126-006-6048-y

Karban R, Baldwin IT (1997) Induced Responses to
Herbivory. (Chicago: University of Chicago Press)

Keurentjes JJB, Fu J, Ric de Vos CH, Lommen A, Hall RD,
Bino RJ, van der Plas LHW, Jansen RC, Vreugdenhil D,
Koornneef M (2006) The genetics of plant metabolism.
Nat Genet 38, 842–849

Kibayashi C (2005) Development of new synthetic meth-
ods and its application to total synthesis of nitrogen-
containing bioactive natural products. Chem Pharm
Bull 53, 1375–1386

Klotz U (2006) Ziconotide-a novel neuron-specific calci-
um channel blocker for the intrathecal treatment of
severe chronic pain-a short review. Int J Clin Pharma-
col Ther 44, 478–483

König GM, Kehraus S, Seibert SF, Abdel-Lateff A, Muller
D (2006) Natural products from marine organisms and
their associated microbes. Chembiochem 7, 229–238

Lopez JV, Peterson CL, Willoughby R, Wright AE, Enright E,
Zoladz S, Reed JK, Pomponi SA (2002) Characterization
of genetic markers for in vitro cell line indentification of
the marine sponge Axinella corrugata. J Hered 93, 27–36

MarinLit (2006). University of Canterbury, Christchurch,
New Zealand

Marsh AG, Fielman KT (2005) Transcriptome profiling of
individual larvae of two different developmental modes

418 CINDI A. HOOVER ET AL.: A FUNCTIONAL APPROACH TO TRANSCRIPTOME PROFILING

http://dx.doi.org/10.1007/s10126-006-6048-y


in the poecilogonous polychaete Streblospio benedicti
(Spionidae). J Exp Zool 304B, 238–249

Marsh AG, Zeng Y, Garcia-Frias J (2006) The expansion of
information in ecological systems: Emergence as a
quantifiable state. Ecol Informat 1, 107–116

McClintock JB, Amsler MO, Amsler CD, Southworth KJ,
Petrie C, Baker BJ (2004) Biochemical composition,
energy content, and chemical antifeedant and antifou-
lant defenses of the colonial Antarctic ascidian Distaplia
cylindrica. Mar Biol 145, 885–894

Mercke P, Kappers IF, Verstappenm FWA, Vorst O, Dicke
M, Bouwmeester HJ (2004) Combined transcript and
metabolite analysis reveals genes involved in spider
mite induced volatile formation in cucumber plants.
Plant Physiol 135, 2012–2024

Moore BS (2006) Biosynthesis of marine natural products:
macroorganisms (Part B). Nat Product Rep 23, 615–629

Moore BS, Kalaitzis JA, Xiang L (2005) Exploiting marine
actinomycete biosynthetic pathways for drug discovery.
Antonie van Leeuwenhoek 87, 49–57

Nayak AR, Nair JS, Hedge MV, Ranjekar PK, Pant U
(1991) Genome analysis of 2 mosquito species. Insect
Biochem 21, 803–808

Pavia H, Cervin G, Lindgren A, Aberg P (1997) Effects of
UV-B radiation and simulated herbivory on phlorotan-
nins in the brown alga Ascophyllum nodosum. Mar
Ecol Prog Ser 157, 139–146

Peterson DG, Schulze SR, Sciara EB, Lee SA, Bowers JE,
Nagel A, Jiang N, Tibbitts DC, Wessler SR, Paterson
AH (2002a) Integration of Cot analysis, DNA cloning,
and high-throughput sequencing facilitates genome
characterization and gene discovery. Genome Res 12,
795–807

Peterson DG, Wessler SR, Paterson AH (2002b) Efficient
capture of unique sequences from eukaryotic genomes.
Trends Genet 18, 547–550

Piel J (2004) Metabolites from symbiotic bacteria. Nat
Product Rep 21, 519–538

Piel J, Hui D, Wen G, Butzke D, Platzer M, Fusetani N,
Matsunaga S (2004) Antitumor polyketide biosynthesis
by an uncultivated bacterial symbiont of the marine
sponge Theonella swinhoei. Proc Natl Acad Sci USA
101, 16222–16227

Pietra F (1985) Total synthesis of marine natural products-
a powerful contribution to the understanding and
development of marine organic chemistry. Gazzetta
Chim Ital 115, 443–485

Proteau PJ (2004) 1-Deoxy-d-xylulose 5-phosphate reduc-
toisomerase: an overview. Bioorg Chem 32, 483–493

Prus T, Prus M, Bijok P (1999) Diversity of invertebrate
fauna in littoral of shallow Myczkowce dam reservoir
in comparison with a deep Solina dam reservoir.
Hydrobiologia 409, 203–210

Reddy GVP, Guerrero A (2004) Interactions of insect
pheromones and plant semiochemicals. Trends Plant
Sci 9, 253–261

Ruan Y, Le Ber P, Ng HH, Liu ET (2004) Interrogating the
transcriptome. Trends Biotechnol 22, 23–30

Schultz JC, Baldwin IT (1982) Oak leaf quality declines in
response to defoliation by gypsy moth larvae. Science
217, 149–151

Shpak M, Churchill GA (2000) The information content
of a character under a Markov Model of evolution. Mol
Phylogenet Evol 17, 231–243

Slattery M, Starmer J, Paul VJ (2001) Temporal and spatial
variation in defensive metabolites of the tropical Pacific
soft corals Sinularia maxima and S. polydactyla. Mar
Biol 138, 1183–1193

Steinberg PD (1994) Lack of short-term induction of
phlorotannins in the Australasian brown algae Ecklonia
radiata and Sargassum vestitum. Mar Ecol Prog Ser 112,
129–133

Thomas MA, Klaper R (2004) Genomics for the ecological
toolbox. Trends Ecol Evol 19, 439–445

Thoms C, Ebel R, Proksch P (2006) Activated chemical
defense in Aplysina sponges revisited. J Chem Ecol 32,
97–123

Toth GB, Pavia H (2002) Lack of phlorotannin induction
in the kelp Laminaria hyperborea in response to
grazing by two gastropod herbivores. Mar Biol 140,
403–409

Turner DM (1996) Natural product source material use in
the pharmaceutical industry: the Glaxo experience. J
Ethnopharmacol 51, 39–43

Van Alstyne KL (1988) Herivore grazing increases poly-
phenolic defenses in the intertidal brown alga Fucus
distichus. Ecology 69, 655–663

van Dam NM, Raaijmakers CE, van der Putten WH (2005)
Root herbivory reduces growth and survival of the
shoot feeding specialist Pieris rapae on Brassica nigra.
Entomol Exp Appl 115, 161–170

Verneau O, Renaud F, Catzflis FM (1991) DNA reassoci-
ation kinetics and genome complexity of a fish (Psetta
maxima, Teleostei) and its gut parasite (Bothriocepha-
lus gregarius, Cestoda). Comp Biochem Phys B 99,
883–886

Wang G-Y-S, Graziani E, Waters B, Pan W, Li X, McDermott
J, Meurer G, Saxena G, Andersen RJ, Davies J (2000)
Novel natural products from soil DNA libraries in a
streptomycete host. Org Lett 2, 2401–2404

Zangerl AR (1990) Furanocoumarin induction in wild
parsnip: evidence for an induced defense against
herbivores. Ecology 71, 1926–1932

Zangerl AR, Rutledge CE (1996) The probability of attack
and patterns of constitutive and induced defense: a test
of optimal defense theory. Am Natur 147, 599–608

CINDI A. HOOVER ET AL.: A FUNCTIONAL APPROACH TO TRANSCRIPTOME PROFILING 419


	A Functional Approach to Transcriptome Profiling: Linking Gene Expression Patterns to Metabolites that Matter
	Introduction: Metabolites and Drug Discovery
	Feeding Deterrents Against Herbivory �and Predation
	Transciptome Profiling of Gene Expression Patterns
	Integrating Metabolite and Transcriptome Profiles
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


