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ABSTRACT: Genomics-enabled applications are becoming increasingly common in conjunction with
research in marine ecology. In this Theme Section, we review the success of cases where techniques
used to profile gene expression have been used to gain new insight into 3 areas of research: sym-
bioses in marine invertebrates, physiological responses to environmental conditions, and examining
the determinants of species-range boundaries in marine ecosystems. In addition, we briefly discuss
the challenges facing new practitioners of these techniques, including an overview of essential
equipment to conduct research in ecological genomics.
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INTRODUCTION

Numerous recent reviews have highlighted the in-
creased use of genomics-based techniques to address
central questions in ecology and evolution (Gibson
2002, Jackson et al. 2002, Feder & Mitchell-Olds 2003,
Klaper & Thomas 2004, Ranz & Machado 2006, van
Straalen & Roelofs 2006). Increasingly, these ap-
proaches are being applied in marine systems with
outstanding results (Hofmann et al. 2005, Wilson et al.
2005). The goal of the present study is to highlight the
costs and benefits of genomics-based approaches in
marine ecology, concentrating on the practical aspects
and the hurdles that are faced by a new practitioner of
these molecular tools. In addition, we have strategi-
cally chosen examples and particular techniques that
study the transcriptome (i.e. a collection of all mRNAs
in a cell) as a means to focus the article, illustrate the
power of this approach, and to highlight the advances
made using techniques that profile patterns of gene
expression (Schena et al. 1995, Gracey & Cossins 2003,
Allison et al. 2006). It should be noted that there are
numerous other examples within marine ecological
genomics (Venter et al. 2004), and other important
analytical tools (Marsh & Fielman 2005). Broadly
focused discussions of genomics specific to ecological
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interests can be found in van Straalen et al. (2006) and
recent reviews (Gibson 2002, Thomas & Klaper 2004).

IT'S WORTH THE EFFORT: INSIGHTS INTO BASIC
AND APPLIED PROCESSES

For those considering entry into the genomics fray, a
frequently asked question is: Are the costs of these
technologies really worth it in proportion to what is
being learned? In short, we believe the answer is an
emphatic 'Yes'. The best way to illustrate this is by ex-
ample. Thus, we have chosen studies of marine organ-
isms that have used various methods (e.g. quantitative
realtime PCR and cDNA [complementary DNA] macro-
and microarrays) to profile gene expression in an eco-
logical context (Appendix 1). Each of the examples
share 2 characteristics: they each use a non-model
marine organism, and they have each made leaps
ahead in their respective fields owing to the insight
generated by examining mRNA expression in their
respective experimental systems. These examples in-
clude: (1) studying the mechanisms involved in im-
portant species interactions; in this case, in cnidarian-
dinoflagellate symbiosis; (2) assessing the physiology
of individuals such as the stress response; and
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(3) examining expression across environmental gradi-
ents and linking physiological responses to large-scale
ecological processes such as the determinants of bio-
geographic ranges in marine organisms.

Species interactions: exploring the cnidarian-algal
symbioses

Some of the more compelling stories resulting from
the use of DNA microarrays in marine ecology are the
gene expression studies that identify genes involved in
the mutualistic relationship between cnidarians and
their intracellular algal symbionts. The outcome of this
research illustrates the power of the ‘discovery’ pro-
cess in genomics: results contribute to what is already
known, and can often provide novel insight into impor-
tant mechanisms. A recent study on the sea anemone
Anthopleura elegantissima is exemplary of the utility
of a genomics approach: Weis and colleagues demon-
strated that the mechanisms involved in the mainte-
nance and regulation of the relationship is perhaps
more complex than might be expected (Rodriguez-
Lanetty et al. 2006). In a comparison of symbiotic and
aposymbiotic anemones, investigators found that genes
from numerous metabolic processes displayed varia-
tion (Rodriguez-Lanetty et al. 2006). Using DNA micro-
array-based transcriptome analysis, 28 host genes
were shown to vary in the symbiotic state; of these 28,
functional-group analysis indicated that the results
were underscoring that symbiosis had a more global
effect on the host metabolism, rather than revealing a
suite of genes unique to the symbiotic state (Rodriguez-
Lanetty et al. 2006). In the supporting category, genes
involved in lipid metabolism changed in a predictive
fashion (i.e. some synthetic enzymes were down-
regulated, and degradative ones were up-regulated).
In the novel category, the study provided unprece-
dented insight into how apoptosis and cell-cycle genes
may be related to maintaining the symbiosis by con-
trolling the life of the host cell, something that investi-
gators had observed in other symbioses, but was very
new evidence in the cnidarian system.

Similarly powerful tools to assess the interaction of
the host invertebrate and the algal symbiont are being
built through ongoing efforts with coral genomics.
Given the recent observations regarding changes in
the strain of Symbiodinium that correlated with envi-
ronmental conditions (Baker 2003, Rowan 2004), there
is increasing evidence that the flexibility of the
host-symbiont combination may be subject to environ-
mental regulation. In order to characterize the nature
of the symbiosis, Medina and colleagues have been
constructing cDNA libraries for different stages of 2
important Caribbean coral species, Acropora palmata

and Monastraea faveolata, and eventually will use
these to assess gene expression that is linked to the
symbiosis in stages ranging from eggs to adults in
colonies (Schwarz et al. 2006). Similarly, a recent anno-
tated cDNA library for the squid-Vibrio symbioses will
facilitate research on this invertebrate—bacterial sys-
tem (Chun et al. 2006). These efforts will certainly pay
off enormously for investigators, providing new foun-
dational data that can be used to form hypotheses
about topics ranging from how the symbiosis is estab-
lished to what modulators may be regulating the pres-
ence of the intracellular symbionts.

Organismal-level studies: individual performance
and stress responses

Another emerging application for microarray-based
transcript profiling is being found in studies that
address organismal physiology. Here, suites of differ-
entially regulated genes provide ‘physiological finger-
prints’ of an organism's response to changes in abiotic
conditions, especially with respect to stress. Success-
fully demonstrated in model organisms such as yeast
(Gasch et al. 2000) and Arabidopsis (Seki et al. 2002,
Rizhsky et al. 2004), this approach has been applied to
marine organisms to assess response to short-duration
changes in temperature (Gracey et al. 2001, Podrabsky
& Somero 2004, Buckley et al. 2006), to disease (Dhar
et al. 2003), and in studies that use organisms as
biosensors in response to toxins (Klaper & Thomas
2004, Almeida et al. 2005, Dondero et al. 2006).
Although the cost of transcriptomics has been called
into question for the assessment of stress in some cases
(Feder & Walser 2005), these techniques are appropri-
ate for those seeking a deeper understanding of mech-
anisms because such studies can provide the founda-
tions for future hypothesis testing. Especially for
investigators interested in physiological or cellular
responses, gene-expression profiling can be very
informative and impart information about single gene
families (Jenny et al. 2004), or provide insight into pat-
terns of expression in specific biochemical pathways
(Gracey et al. 2004, Buckley et al. 2006).

In addition to stress responses, microarray applica-
tions are being applied to basic questions such as how
a particular genotype leads to the phenotype—i.e.
inter-individual variation in natural populations (Olek-
siak et al. 2002) —and, interestingly, how gene regula-
tion contributes to this process (Ranz & Machado
2006). For example, researchers working on Kkillifish
have shown distinct differences in gene expression in
individuals with varying performance abilities (Olek-
siak et al. 2005). These data are intriguing in that they
suggest that physiological performance is multifactor-
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Fig. 1. Differences in gene expression detected by macroarray
analysis of Strongylocentrotus purpuratus early, 4-arm echino-
plutei following a 15 to 25°C transition (K. T. Fielman & G. E.
Hofmann unpubl. results). Control (15°C) and treatment
(25°C) larvae were held at their exposure temperatures for
24 h prior to RNA extraction. Changes in 3072 gene tran-
scripts were evaluated using macroarrays and software pro-
vided by the Sea Urchin Genome Project. Fold change in
gene expression as a function of temperature increase is
shown on the y-axis for 10 genes: cytochrome oxidase 1
(CO1), mitochondrial ribosomal RNA (16S), cytosolic riboso-
mal RNA (28S), ribosomal proteins (L4, L5, L10E), translation
elongation factors (efla and ef2-like), betaine-homocysteine
methytransferase (bhmt), and a mitogen activated protein
kinase kinase (MAPKK). Bars indicate the magnitude of
change based on locally normalized data. This macroarray-
based transcriptional profiling illustrates the response among
larval gene groups important in aerobic respiration (CO1),
protein metabolism, and cell signaling (MAPKK)

ial, the sum of perhaps subtle changes in numerous
metabolic pathways. Furthermore, for the genomics
practitioner, such differences among individual speci-
mens must be considered in experimental designs.

Exploring environmental gradients: biogeographic
range patterns in marine populations

A central aim in ecology is to determine the pro-
cesses and mechanisms that set species biogeographic
range boundaries (Gaston 2003), and genomics-
enabled techniques are contributing to answers for
these types of questions. Increasingly, marine ecolo-
gists are interested in understanding the physiological
state of an organism across its range (Partensky et al.
1999, Somero 2005, Sorte & Hofmann 2005, Sagarin &
Somero 2006, Stillman et al. 2006, Osovitz & Hofmann
2007). Genomic approaches, particularly the use of
gene-expression profiling, have a great potential to
help guide this discussion by providing insight into or-
ganismal performance across a variety of spatial scales.

Thus, perhaps one of the greatest utilities of genomic
techniques is the illumination of the response to, and
thus role of, temperature in effecting organismal distri-
bution, an often complex response that is difficult to
comprehensively quantify. Here, genomics-enabled
techniques have been used successfully to examine 2
ecologically significant processes that contribute to
species distribution: thermotolerance and dispersal.
First, as a functional example, a study profiling gene
expression in larvae of the purple sea urchin Strongy-
locentrotus purpuratus found that the expression of
genes involved in protein metabolism and cell signal-
ing was strongly affected by high temperature stress
(Fig. 1). Results such as these contribute insight into
dispersal recruitment processes in marine inverte-
brates, especially the presumptive role of temperature
(Gaylord & Gaines 2000). Also in the dispersal cate-
gory is the routine application of genomics approaches
in microbial ecology (Zhou 2003). In the marine envi-
ronment, using quantitative real time PCR (qPCR),
oceanographers have identified variation in the distri-
bution of Prochlorococcus spp. ecotypes that strongly
correlated with temperature as a function of depth in
the Atlantic Ocean (Johnson et al. 2006). Importantly,
both of these examples highlight significant advances
made by the application of genomic-scale tools to the
assessment of overall patterns of gene expression.

LIMITATIONS AND CHALLENGES

Although divergent in focus, the examples of success
given above all share a similar subtext: each project
was faced with a series of challenges related to work-
ing on a non-model organism with emerging technol-
ogy in a discipline to which genomic technology was
largely foreign. These challenges are worth discussing
in detail because the bar is moving in terms of how
great these hurdles may be, and to what extent they
can be ameliorated within marine ecology.

There are several challenges for the marine ecologist
making the leap into functional genomics, each having
a unique timeframe for resolution. Obviously, funding
is a major hurdle. These techniques are expensive,
requiring access to costly equipment, and involve the
work of experienced researchers for whom salaries are
required. The real-world consequence of this situation
is that collaborations with colleagues that have exper-
tise and resources in molecular biology are essential.
One of the biggest initial decisions is how to partition
the work: how much can your own group do, and what
proportion of the work should be performed ‘out of
house'? In many cases, someone with minimal training
in molecular biology can handle the basics of prepar-
ing cDNA libraries and DNA sequencing; in contrast,
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printing and scanning arrays may require collabora-
tion with the neuroscientist down the hall, in another
department of even a separate academic or commer-
cial institution.

Another major hurdle, and perhaps one of the more
intractable ones, is access to equipment. Appendix 2
describes some of the basic equipment, reagents, and
personnel associated with the methods of transcrip-
tome analysis. No matter which method is employed,
any laboratory undertaking a functional genomics pro-
ject needs a fundamental set of equipment (e.g. ther-
mal cycler, electrophoresis equipment, spectrophoto-
meters) to perform basic molecular work in-house.
While much of the smaller equipment purchases
inevitably fall within an individual laboratory's budget,
many departments have been successful in securing
funds for core facilities that house and/or operate many
of the specialty equipment items listed in Appendix 2.
In addition, many processes that require the most
expensive tools (sequencing, array construction, DNA
library construction, etc.) can often be contracted out to
genomic facilities for less than it would cost in-house
when personnel, reagents, service contacts for major
equipment, and time to successful completion are tal-
lied. Ultimately, these techniques may prove too
expensive for widespread use, i.e. the development of
a comprehensive cDNA or EST library for all species of
interest, but alternative techniques such as qPCR
could still be applied (Osovitz & Hofmann 2005).
Although restricted to a specific set of a priori selected
genes, qPCR has a significant advantage over the
highly complex methods mentioned previously. Since
the construction of a comprehensive cDNA library for
the study organism is not a prerequisite, equipment
and reagent costs are comparable with routine molec-
ular applications. However, research on non-model
organisms remains significantly hindered by the lack
of readily available sequence information.

Perhaps one of the most daunting hurdles for new
investigators in the field of functional genomics is
related to bioinformatics: namely, how to mine the
voluminous raw data once it is in hand, and how to best
analyze large data sets. Fortunately, the expense of
this hurdle is not much more than the usual software
bundle, and programs are often freely distributed via
the Internet. Still, the learning curve associated with
present-day bioinformatics analysis software can be
steep, even with regard to the current trend of moving
from platform- and programming language-specific
command-line execution to platform-independent, user-
friendly interfaces. Hundreds of analysis programs
are available for array data alone, all of which will
allow some degree of normalization, clustering, and
hierarchical analysis of the raw data. For ecologists
familiar with modeling algorithms, this may prove to

be no hurdle at all because they may quickly adjust
to the new, yet familiar parameters and analysis
approaches.

IS THERE ANY GOOD NEWS?

In summary, and in our opinion, there is indeed good
news in this arena. As described herein, exciting sci-
ence is being conducted at the interface of genomics
and marine ecology. Owing to the redundancy of
the basic molecular biology techniques, many young
investigators versed in molecular ecology have the
tools with which to conduct these experiments. In ad-
dition, from a resource perspective, the printing of
microarrays is becoming more accessible as more cen-
tral facilities acquire the printers and microarray scan-
ners. Individual principal investigators are also finding
that prices for these major pieces of equipment are
reducing and are affordable for a single laboratory
group.

Cross-species hybridizations are increasingly com-
monplace and seem to be yielding reliable results (Ji et
al. 2004, Renn et al. 2004). Although initially received
with much skepticism, cross-species hybridizations
have begun to gain acceptance within the comparative
community. The feasibility of obtaining biologically
meaningful data has started to be systematically
assessed with favorable results. For example, using a
microarray derived from the cDNA library of a cichlid
fish, Renn et al. (2004) conducted heterologous hy-
bridizations with several divergent fish species, show-
ing that consistent expression profiles can be achieved
for species that diverged as long as 65 million years
ago. Combined with the efforts of genome projects
currently underway for species central to ecological
and evolutionary studies, these results show great
promise for the application of molecular-based ap-
proaches to the elucidation of complex phenotypes.

Overall, these findings indicate that continued coop-
eration among colleagues within these fields will facil-
itate the use of genomic approaches. Increased cooper-
ativity is already apparent within the marine and
aquatic biology communities. Consortia such as the
Marine Genomics group at the University of South
Carolina (McKillen et al. 2005) and the consortium for
Genomics Research on All Salmon (GRASP) exemplify
the teamwork, cooperativity, and resource sharing that
will ensure continued success in marine ecological and
environmental genomics. Also, groups interested in
genomics in specific biogeographic regions (Clark et
al. 2004, Schwarz et al. 2006) are moving towards
important shared resources for the marine community.
Finally, governmental support for marine genomics is
rapidly emerging. For example, in the USA, the Joint
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Genome Institute (JGI) has assisted with sequencing
large numbers of genes from non-model marine organ-
isms (e.g. coral, intertidal mussels, and crabs). Yet,
strong funding support for young, interdisciplinary
investigators who will train the next generation of
researchers in marine genomics is warranted.
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Appendix 1. Techniques used in analysis of the transcriptome

With the continuous refining of various methods used to
profile gene expression, these techniques are becoming
applied to non-model systems with ever greater numbers.
Below we describe the more commonly used methods for
analyzing the transcriptome

Quantitative real-time PCR (qPCR): a modification of the
PCR in which c¢cDNA is quantified after each round of
amplification (real-time) as opposed to the end-point
analysis of standard PCR reactions. Via reverse transcrip-
tion, qPCR is used to quantify low abundance messenger
RNA (mRNA), enabling a researcher to quantify relative
gene expression at a particular time, or in a particular cell
or tissue type. Two common methods of quantification
involve the use of fluorescent dyes, which intercalate with
double-stranded DNA, or modified DNA oligonucleotide
probes that fluoresce when hybridized with complemen-
tary DNA. The amount of fluorescence emitted by these
dyes is directly proportional to the number of amplicons
produced in the reaction, and is measured by an optical
module within a thermal cycler. Through the use of multi-
ple dye combinations, researchers can ‘multiplex’ (monitor
multiple genes in a single reaction); however, this tech-
nique requires a much greater understanding of the chem-
istry involved as well as more advanced real-time systems

Macroarray: a collection of DNA sequences, tens to thou-
sands of bp in length, spotted onto a reusable membrane

(generally nylon). With a spot size of 300 pm, these arrays
typically hold hundreds to thousands of features on a sin-
gle membrane. Hybridization of the array with samples
labeled with a fluorescent or radiolabeled reporter offers
the simultaneous analysis of relative sequence abundance
for thousands of genes in a sample. While offering the
advantage of being reusable several times, analysis of the
filters requires the use of a fluorescent scanner (e.g. Storm
Phosphorimager, Molecular Dynamics) or the use of rela-
beled probes. In addition, owing to the size of the features
spotted on the array, several membranes may be required
to analyze the entire genome of an organism, entailing
that the researcher generate more sample for each
analysis

Microarray: similar to macroarrays, microarrays are a col-
lection of single DNA sequences immobilized on a solid
surface, in this case glass. Utilizing features of <200 pm in
diameter, microarrays are printed in much greater densi-
ties, often containing tens to hundreds of thousands of
genes on a single chip. By hybridizing microarrays with 2
alternatively labeled samples, researchers can measure the
relative abundance of the entire transcriptome in a given
sample. While allowing the entire genome to be printed on
a single chip, these arrays are not reusable and require
costly equipment such as robotic arrayers for printing and
dual laser scanners for fluorescence capturing
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Appendix 2. Basic equipment used in genomics research

Thermal cycler: thermal cyclers are used for PCR amplifi-
cation of a specific DNA template. They use temperature-
controlled blocks to cycle between programmed periods of
DNA denaturation, primer annealing, and sequence elon-
gation. Each ‘cycle’ of amplification results in exponential
increases in the pool of the DNA sequence of interest. This
particular piece of equipment is of use to any molecular
application and is essential for the amplification of cDNA
in preparation for microarray/macroarray printing as well
as downstream sequencing applications

Real-time system: this system combines thermal cycling,
fluorescence detection, and application-specific software
to provide an integrated platform for the detection and
quantification of nucleic acid sequences. These systems
can become quite complicated with automated compo-
nents for high-throughput applications; however, a stan-
dard 96-well compatible system will suffice for the most
advanced ecological genomics laboratory. Reagents for
real-time PCR can be a significant cost, requiring the reg-
ular purchase of fluorescent dyes, reverse transcriptase
enzyme, Taq polymerase enzyme, and high purity oligo-
nucleotide primers. The thermal cycler contained within
these systems can often suffice for general thermal cycling
applications as well

UV-spectrophotometer: used for the quantification of
DNA/RNA concentration as well as the purity of a sample
based on 260:280 nm ratios. These instruments range in
price largely based on the number of samples (single sam-
ples up to 384 well plates) and the volume of sample used
(1 plup to 5 ml)

Horizontal gel electrophoresis: used for separation of
DNA/RNA sequences, via agarose gels, based on frag-
ment size for visualization, non-quantitative determination
of concentration, molecular integrity, and even purifica-
tion of fragments

cDNA library: a cDNA library refers to a complete, or
nearly complete, set of all mRNAs contained within a cell
or organism. Researchers use an enzyme called reverse
transcriptase, which produces a DNA copy (cDNA) of each
mRNA strand. These cDNAs are collectively known as the
‘library’. Production of the library is a lengthy and often
technically challenging endeavor. If not collaborating with
a laboratory familiar with this process, all is not lost.
Recently, several independent companies have begun to

create custom libraries, and a few even specialize in non-
model organisms. The price for the custom production of a
library has come down in recent years and one can expect
to pay between US $5000 and $10 000, depending on the
company and if you have the companies pick individual
clone sets and print the clones on membranes in addition
to producing the library

Dual laser microarray scanner: a confocal laser scanning
device used to detect and quantify hybridization signals
(532 and 635 nm), and specifically designed to scan DNA
microarrays fabricated on glass slides using Cy3 and Cy5
fluorescent labels

Microarrayer: an environmentally controlled robotic
printer capable of printing biological samples on standard-
sized glass slides. Printing is from microtiter plates with 96
or 384 wells. Features are printed as 100 to 200 pm spots,
size depending on tip type used; these robots can array
hundreds of thousands of features per slide

DNA sequencer: automated processor used for determin-
ing the exact order of the bases A, T, C and G in a piece of
DNA. The most commonly used method of sequencing
DNA—the dideoxy or chain termination method is
achieved by including in each reaction a nucleotide ana-
logue that cannot be extended and thus acts as a chain ter-
minator. In essence, DNA is used as a template to generate
a set of fragments that differ in length from each other by
a single base. Fragments are then separated by size, and
the bases at the end are identified, recreating the original
sequence of the DNA. The primers or nucleotides included
in the reactions contain different fluorescent labels, allow-
ing DNA strands terminating at each of the 4 bases to be
identified. Reaction products are separated by gel elec-
trophoresis. As the DNA strands passes a specific point,
the fluorescent signal is detected and the base identified.
Many outside sequencing facilities are available to
researchers, and are often more cost effective when high-
throughput (i.e library annotation) sequencing is not nec-
essary; however, time can be lost due to sample delivery to
these facilities

Bioinformatics: basic computing capabilities are neces-
sary for all the methods described in the present study.
Most data from these processes are produced in digital for-
mats and therefore require software packs compatible
with the output from each specific approach taken
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