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FEATURE

IMMUNOLOGY IN BIOLOGICAL
OCEANOGRAPHY AND MARINE ECOLOGY

By B.B. Ward

Abstract

Immunology provides powerful methods to approach diverse research questions in biological and environmental sciences.
Taking advantage of the endless variery of antibody molecules which the mammalian immune system can produce, immu-
noassays can be developed for almost any molecule. Antigen-antibody reactions can be visualized in many different ways,
offering uniquely sensitive and specific assays. Whether used to identify morphologically indistinct larval forms or to
quantify enzymes inside whole cells, immunological methods have wide applicability and versatility, currently unrealized

in biological oceanography and marine ecology.

S EVERAL MAJOR QUESTIONS have driven re-
search in biological oceanography for many years.
Among them are: What is the magnitude and vari-
ability in marine primary production? What is the
nature of biogeochemical cycling in the water col-
umn? What is the taxonomic diversity and relative
abundance of planktonic populations (phytoplank-
ton, bacteria and zooplankton)? While incremental
progress is made continually, new knowledge results
in the redefinition and reformulation of the ques-
tions. Thus the “answer” recedes as rapidly as we
approach it.

Our continued focus on the same basic questions
is indicative of the primitive state, for lack of a better
term, of biological oceanography. We do not lack
interesting and important questions, but we are
“methods-limited.” Our research material is dilute
and distant, subject to motion and variability in three
dimensions, and difficult and expensive to access. As
a result, biological oceanographers must spend an
extraordinary amount of effort developing new
methods appropriate for oceanographic materials. In
addition, oceanographers must be informed about
and able to adapt methods developed in other fields.

Immunological methods emerged as powerful
tools in clinical and basic medical research in the
middle of this century (e.g.. Coon er al., 1941:
Campbell et al., 1964; Axelson and Bock, 1972).
Several decades later, they are being integrated into
oceanographic “tool boxes.” Immunology, like
molecular biology, may do much more than refine
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the answers to currentresearch problems. They make
it possible to attack questions that were previously
unapproachable, and they will almost certainly open
up new avenues of investigation and generate new
questions as a result of the new kinds of information
generated by the tools themselves. Immunology and
molecular biology are fields outside of oceanogra-
phy that have much to offer in the way of methods
and new approaches. They are big tool boxes equipped
with the latest in gadgets. Immunological tools are
not applicable to every problem, just as not every
seawater variable of interest can be measured with a
CTD (conductivity, temperature and depth instru-
ment). But increasing the size of our tool box can
broaden the attack on familiar basic questions and
open the door to new questions.

Immunological methods are designed to take
advantage of some of the important features of the
mammalian immune system. Simply put. mammal-
ian immune systems recognize self and non-self
molecules. Non-self molecules (called antigens)
provoke an immune response, often in the form of
antibodies. Antibody molecules are encoded by a
family of genes which are transcribed and then spliced
in sections that make possible almost unlimited vari-
ability in antibody structure. Each molecule includes
both constant and variable regions. Antigen specific-
ity is encoded in the variable region and the number
of different antibody clones that the body can pro-
duce is effectively infinite. By recognizing and bind-
ing with its target antigen, each antibody acts as a
specific defender of the body. To the biological or
environmental researcher, the important thing is that
antibodies can be raised in response to almost any
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foreign molecule. These antibodies can then be used
as the basis of very specific and sensitive assays for
that foreign molecule wherever it is found.

This note is intended not as a review of immunol-
ogy or immunological applications but as an intro-
duction for the uninitiated, with a brief review of
examples of the approaches that are available. Meth-
ods and terminology concerned with several immu-
nological techniques will be introduced. Then a few
areas of oceanographic research for which immunol-
ogical approaches hold special promise will be de-
scribed. Several primers containing detailed proto-
colsare available (e.g., Johnstone and Thorpe, 1987).
Examples of application of immunology in aquatic
research are included in the symposium volume
edited by Yentsch et al. (1988).

Why Immunology Can Provide Special Tools

The attractiveness of immunological methods to
environmental scientists lies largely in these two
aspects. specificity and sensitivity. Specificity is
limited only by the diversity of antigen and antibody
molecules in nature. If two organisms or two cells or
two drops of ooze each possess at least one unique
antigenic determinant, then at least in theory, an
immunoassay can be developed to distinguish the
two. Sensitivity of immunoassays depends on the
methods used to visualize the antigen-antibody reac-
tion and can vary by orders of magnitude. In the most
sensitive methods. some sort of amplification of the
signal is employed, and detection limits on the order
of nanomolar or picogram quantities are obtainable.
Methods

Immunological detection methods can provide
both qualitative and quantitative data. We can an-
swer both “Is it there and how much?” The most
obvious applications of immunological assays have
to do with presence/absence of particular antigens or
antigen-bearing cells. The same basic methods used
to visualize the antigen-antibody reaction for prepara-
tive and qualitative assays can be used to develop
quantitative assays for antigens. and likewise for
antibodies.

Inimmunodiffusion and immunoelectrophoresis,
the antigen-antibody reaction is visualized by virtue
of the formation of an insoluble antigen-antibody
complex in agarose gels (Ouchterlony and Nilsson,
1978). Gallagher et al. (1988) presented detailed
descriptions of several agarose gel techniques ap-
plied to benthic ecology. These methods can be used
forinitial characterization of an antiserum as regards
sensitivity, complexity and cross reactivity. Of the
agarose gel methods, rocket immunoelectrophoresis
can be most easily quantified and used to quantify
dissolved antigen concentration (Feller and Ferguson,
1988; Korner and Zumft, 1989). Affinity chromatog-
raphy and immunoprecipitation using solid supports
have many useful applications: purification of serum
to remove Cross reactions or to increase homogeneity
of a polyclonal antiserum; concentration of soluble
antigens using immobilized antibody; fractionation
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Fig. 1: Flow cytometric analysis of Nitrosococcus
oceanus, a marine ammoniuni-oxidizing bacterium,
diluted into coastal seawater. Nitrosococcus cells
were derived from pure culture and stained with a
species-specific primary antibody (Ward and
Carlucci, 1985) and u second antibody tagged with
FITC.The X, Y and Z axes represent relative green
Sfluorescence (515-630 nm, 3 decade log scale), rela-
tive red fluorescence (660-700 nm. 3 decade log
scale), and number of particles, respectively. The
originisin the upper left corner. Four distinct popu-
lations of particles can be seen: Synechococcus
(Svn) cells with bright red fluorescence and some
green fluorescence; Nitrosococcus cells with bright
green fluorescence and less red fluorescence; larger
phytoplankton (Phyto) with bright red fluorescence
and no green fluorescence; 0.57 um beads (internal
standard). Measurements were made using a Coul-
ter EPICSV flow cytometer with 488 nm argon laser
excitation (E.R. Zettler and R.J. Olson. Woods Hole
Oceanographic Institution).

of immunoglobulin classes: separation of antigen
bearing cells using immobilized antibody (Heyman
et al., 1988). Separation of complex antigens using
polyacrylamide gels, followed by immunological
detection of the proteins on nitrocellulose of nylon
supports (western blot). allows immunologically
related proteins to be characterized by size (Towbin
and Gordon, 1984). Western blotting is a sensitive
method for detection of antigen in complex protein
mixtures.

For identification and quantification of antibody
in solution or in vivo, it is necessary to tag the
molecule with a “reporter” molecule. Commonly
used reporters involve linkage. either covalently or
through a second antibody, with a radiolabel (radi-
oimmunoassay: Chard, 1987). fluorochrome, colo-
rigenic enzyme (enzyme-linked-immunosorbent
assay; Voller et al., 1979), electron dense metal ions
(e.g., immunogold) and magnetic beads (Lea et al..
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Fig. 2: Photomicrograph of the marine heterotro-
phic bacterium, Vibrio natriegens. Cells were for-
malin-fixed, permeabilized with lysozyme, and incu-
bated with rabbit anti-nitrogenase antibodies, fol-
lowed by fluorescein isothiocyanate (FITC)-conju-
gated goat anti-rabbit antibodies. Presence of nitro-
genase containing cells is indicated by green fluores-
cence of FITC. The strain yields positive results both
by acetylene reduction and by reacting with the anti-
nitrogenase antibody. (C.A. Currin and HW. Paerl,
University of North Carolina, Institute of Marine
Sciences).

1986). Detection methods then involve gamma or
scintillation counting, epifluorescence microscopy,
spectrophotometry or fluorometry, and electron
microscopy. Sensitivities of the various detection
methods vary widely depending on the actual proto-
cols and mechanics of the assay. It is possible to mix
and match the various reporters for truly creative
assay methods; e.g., multiple fluorochromes at dif-
ferent wavelengths for epifluorescence microscopy
or flow cytometry; radiolabeling for an internal
enzyme and immunofluorescence for whole cells
containing the enzyme detected using combined
transmitted light and epifluorescence microscopy.
Use your immagination!

Perhaps more so than for some methods, proper
controls are essential for the application and interpre-
tation of immunological methods. At present, poly-

clonal sera (containing antibodies produced by many
different immune cell clones, each antibody specific
to the same antigen but perhaps recognizing different
parts of the molecule and differing in specificity and
affinity) are most commonly used in environmental
applications. Inhomogeneity in antigens from differ-
ent species (e.g., the same enzyme from different
algal species) will result in variable sensitivity and
reactivity by the polyclonal sera. This problem might
be attenuated by use of an internal standard, a known
antigen of known reactivity with the immunological
reagents. False positives due to nonspecific (non-
immunological) reactions between antigen and anti-
body molecules can be caused by various chemical
and physical conditions of the assay. Inclusion of
negative and positive controls are therefore neces-
sary.

Examples

It is one thing to understand the immune system,
and another to exploit it for environmental science.
One angle from which to assess the potential of
immunological methods in oceanography is to con-
sider the kinds of questions to which immunology
can make a unique contribution.

Micoorganism species diversity: Organisms too
small or too morphologically indistinct to be visually
(including microscopically) identified can be tagged
uniquely with specific antibodies and then identified
by light, epifluorescent or electron microscopy. One
of the first and still most common applications in
oceanography is the use of species-specific antisera
to enumerate picoplankton cells. Immunofluores-
cence is the method of choice because it allows
visualization of individual cells using epifluorescent
microscopy. Its recent uses in oceanography include
identification and enumeration of many kinds of
cells: nitrifying bacteria (Ward and Carlucci, 1985;
Ward et al., 1989), heterotrophic bacteria (Dahle and
Laake, 1982), picoplanktonic cyanobacteria and
eukaryotic phytoplankton (Campbell er al., 1983;
Shapiro and Campbell, 1988). Enumeration of
immunofluorescently labeled cells by microscopy
makes it possible to collect abundance data on a
species-specific basis, which for many microorgan-
isms was previously impossible. Due to the relative
brilliance and specificity of immunoflourescent tags,
it may be possible to combine immunofluorescence
with automated detection systems, such as image
processing and flow cytometry. The potential for
flow cytometric analysis of immunofluorescently
tagged bacteria in natural seawater is demonstrated
in Fig. 1 (p. 31).

At present, most marine bacteria cannot be distin-
guished from each other, and the relative composi-
tion of natural assemblages is unknown. Similarly
for planktonic stages of metazoans; while adult forms
may be morphologically distinct, larvae often are not
and their distribution and settling dynamics remain
obscure. Using species-specific antisera, presence/
absence, distribution along chemical, geological, or
physical gradients, community succession of indi-
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vidual microbial species can be studied. Species-
specific probes for adults (which are morphologi-
cally distinct) may be applied to mixed populations
of immature forms. One drawback to some of these
applications is the necessity to culture or to collect
unispecific biomass in order to produce antisera. It is
an advantage, however, that it is often not necessary
to know the function or physiological role of an
antigen in order for it to be of use as a specific probe.
Genetic probes offer comparable specificity and may
eventually offer comparable sensitivity for this kind
of question. The ability to identify and quantify the
contribution of individual cell types to mixed micro-

bial assemblages opens the door to investigations of
species composition and diversity, succession and

other ecological interactions in natural microbial
assemblages.

Inducible enzymes: Many biologically mediated
reactions are highly regulated in response to environ-
mental factors. Examples of relevance to oceano-
graphic problems, e.g., the marine nitrogen cycle,
include uptake of nitrate by phytoplankton, the well-
studied nitrogen fixation system and the enzymes
involved in bacterial denitrification. Balch er al.
(1988) proposed an immunofluorescent assay for
nitrate reductase to examine new production based
on nitrate uptake in the presence of undetectable
nitrate concentrations. Immunological probes for
nitrogenase or dissimilatory nitrite reductase would
allow us to determine which cells are expressing
these oxygen-regulated enzymes, and thereby to
study induction and environmental regulation of
enzyme activity. Currin et al. (1990) used im-
munofluorescence to detect nitrogenase in free-liv-
ing bacteria (Fig. 2), and were able to discriminate N-
fixing bacterial cells from non-fixing cells in mixed
cultures showing positive acetylene reduction activ-
ity. Gene probes for the genes encoding these en-
zymes could tell us the distribution of the genetic
potential for these processes. Immunodetection of
enzymes offers greater sensitivity than enzyme ac-
tivity assays and does not depend on preservation of
enzyme activity for detection. In situ enzyme activity
is often not correlated with abundance of the protein.
Thus immunological quantification of enzyme levels
in combination with activity assays offers insights
into enzyme regulation. In conjunction with gene
probes, immunodetection allows us to study regula-
tion of gene expression in natural systems. Gene
expression and enzyme regulation are important
factors in linking the presence of particular microor-
ganisms to the biogeochemical processes which
condition the chemical and biological environment
of the ocean.

Symbiosis and chemical communication: In addi-
tion to quantitating individual cells, quantitative
methods for subcellular antigens are also possible.
Individual molecules can be used as tracers of me-
tabolism or trophic interactions. Communications
between host and symbiont may be mediated by
chemical cues which may be immunologically iden-
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Fig. 3: Immunofluorescent microscope detection of
RuBPCase in Thalassiosira weissflogii. Anti-
RuBPCase antibodies were raised in rabbits against
enzyme isolated from Chaetoceros gracilis; the sec-
ondary antibody was goat anti-rabbit-FITC. The
amount of RuBPCase in photosynthetic phytoplank-
ton can be quantified by flow cytometry of im-
munofluorescently stained cells. (M.V. Orellana and
M.J. Perry, University of Washington, School of
Oceanography).

tified and localized. Environmental examples to date
have used immunodetection to identify the presence
of symbionts in host cells or tissue. Bergman (1988)
used immunogold electron microscopy to localize
nitrogenase in free-living and symbiotic cyano-
bacteria. Similarly, Cavanaugh ez al. (1988) used
protein A-gold to detect ribulose bisphosphate car-
boylase (RuBPCase) in bacterial symbionts of coastal
bivalves.

Community ecology: For example, the contribu-
tion of various prey species to the diet of predators
may be investigated if prey-specific antigens can be
quantified in the gut of predators. Feller ez al. (1979)
used these methods to characterize a suite of antisera
used for food web analysis in a soft bottom benthic
community. Feller and Gallagher (1982) used immu-
nological and electrophoretic techniques to detect
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Immunochemical
methods also offer
potential to speed up
some analysis and

guantitation steps.
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the presence of prey items in the gut of predators.
Theilacker et al. (1986) developed an immunologi-
cal assay for detection of anchovy egg protein in the
gut of euphausiid predators.

Processes, rates and regulation: Immunochemi-
cal methods can be used to localize enzymes within
cells (see above). If these enzymes are key in particu-
lar metabolic processes of geochemical significance,
it may also be possible to link expression of the
enzyme with the magnitude of the process or rate
reaction (Fig. 3, p. 33). Using an immunofluorescent
assay for RuBPCase. instead of simply localizing the
occurrence of the enzyme in marine phytoplankton,
Orellana er al. (1988) have correlated the level of
enzyme with the photosynthetic capacity of phyto-
plankton (Fig. 3). In combination with tflow cytom-
etry, this approach should make it possible to develop
a*'single-cell immuno-photosynthetic probe™ for field
applications. Much research effort is currently being
expended in the attempt to use ocean color data
obtained by satellite to infer the magnitude of pri-
mary productivity around the globe. If photosyn-
thetic capacity can be related to pigment content, the
relationship between enzyme content and photosyn-
thetic capacity is an important link in the interpreta-
tion of satellite data. Although not an immediate
solution, this approach demonstrates the potential
application of immunodetection to the big question
of global primary productivity.

It is not possible to relate quantity of enzyme
alone to the rate of the enzyme mediated reaction, but
possibilities like ratios of two enzymes or relation-
ships between enzymes and other chemical markers
(e.g., pigments, inducer, substrate, etc.) may enhance
the power of the approach. Immunodetection of
subpopulations can be combined with metabolic
measurements to yield species-specific rate informa-
tion. For example, the combination of autoradiogra-
phy with immunofluorescence to estimate autotro-
phic activity by nitrifying bacteria (Ward, 1984) or
the sorting of tagged cells using flow cytometry and
the measurement of nitrogen or carbon assimilation
in the sorted subpopulation.

Microenvironments and small-scale variability:
The suggestion that physical heterogeneity in the
marine pelagic environment may allow the occur-
rence of biological reactions not compatible with
bulk conditions is a popular notion. The dispropor-
tional importance of marine snow in terms of organic
matter, phytoplankton and bacterial biomass is an
outstanding example (Alldredge er al., 1986). That
snow particles provide refugia for anaerobic metabo-
lisms has been partially tested using microelectrodes
to show that oxygen is seriously depleted within
snow. Immunochemical probes for enzymes associ-
ated with particular metabolisms could be used to
investigate whether the conditions in the microhabi-
tat actually allow the survival of anaerobic microor-
ganisms. Microelectrodes have been used to show
localized oxygen depletion in cyanobacterial bundles
tmplying that nitrogenase may be localized in re-

sponse to oxygen tension within certain regions of
cyanobacterial bundles in oxygenated waters (Pearl
and Bebout, 1988). Antibodies specific for enzymes
or pigments associated with archebacterial methano-
gens might be one way to test whether conventional
methanogens are part of microenvironmental con-
sortia in the surface ocean.

Species-specific probes would not be appropriate
for these needs, because many of the organisms
suspected to be involved have never been identified
or cultured. However, because many important en-
zymes are highly conserved among evolutionarily
distantly related organisms, probes developed from
known species make powerful tools. The protein
may be even more highly conserved than the DNA
sequence encoding it due to functional constraints on
the enzyme and the degeneracy of the genetic code.

Automation and rapid data acquisition.: Rate of
data acquisition remains a limitation for biological
oceanography. While physical variables and many
chemical variables can be rapidly and remotely sensed,
distribution, abundance and identification of organ-
isms still requires time-consuming and often tedious
laboratory work, such as microscopy. Nothing can
replace microscopy in many of the techniques de-
scribed here. but immunochemical methods also
offer potential to speed up some analysis and quan-
titation steps. Just as the unique autofluorescence
signals of picoplankton have made possible auto-
mated analysis of picoplanktonic communities by
flow cytometry (Chisholm ef al., 1988), immunol-
ogical tags can do the same for cells in the same size
range which are not naturally fluorescent.

The Future

There are many more examples of potential and
realized applications of immunology in biological
oceanography and ecology (cf. Yentsch et al., 1988).
The methods are versatile and accessible, many not
requiring exotic equipment or reagents. They are
amenable to automated analysis and yield informa-
tion currently not obtainable by other means. The use
of immunological methods will undoubtedly expand
in the future, as the techniques become more routine,
simply another kind of tool in the tool box, and less
obscure novelty items.
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