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M
icrobial ecology and environmental biotechnology are blossoming fields 

that are taking advantage of profound advances in biology, materials, 

computing, and engineering. Although traditionally microbial ecol-

ogy and environmental biotechnology have been distinct disciplines, 

their futures are intimately linked. Together, they offer much promise for helping so-

ciety deal with some of its greatest challenges in environmental quality, sustainability, 

security, and human health.

ly, what are the interrelationships among the com-
munity’s members and between them and their 
environment? Interrelationships involve spatial or-
ganization (i.e., who is near whom) and materials 
that the microorganisms exchange. Understanding 
these interrelationships is the ultimate goal of mi-
crobial ecology (1).

Answers to these four questions usually change 
over time and especially in response to perturba-
tions to the environment. The ability of microbial 
communities to respond to environmental changes 
(natural or anthropogenic) is called community re-
silience and stability, and it influences each of the 
four questions.

The beginnings of microbial ecology can be 
traced back at least to the late 1940s and 1950s; great 
conceptual advancements were made in the 1960s 
and early 1970s (1, 2). However, microbial ecology 
struggled as a scientific discipline for decades be-
cause of a simple reality: Tools to address the four 
fundamental questions either did not exist at all or 
were unreliable. The small sizes and simple shapes 
of microorganisms made morphology a tedious and 
insufficient gauge of identity. Selective culturing on 
the basis of metabolic function was a giant step for-
ward, conceptually and in practice, but often failed 
or gave biased results (3). Thus, brilliant microbiolo-
gists labored to gain the faintest glimpse of the di-
versity and organization of microbial communities. 
They knew that so much more could be learned, if 
they only had the tools.

The use of molecular biology tools, beginning 
around 1985, started to change the prospects for 
microbial ecologists. Selective and reliable ampli-
fication of defined DNA with the polymerase chain 
reaction (PCR) and hybridization with DNA oligo-
nucleotides made it possible to interrogate directly 
the genetic information of individual microorgan-
isms and entire communities. The small-subunit ri-
bosomal RNA (SSU rRNA, also known as 16S rRNA 
for prokaryotes) was the first target for hybridization 

What are these exciting fields? How do they con-
nect to each other? And what is their common vista? 
How will microbial ecologists and environmental 
biotechnologists invest their resources so that the 
two fields, working as partners, create the greatest 
scientific advancements and benefits to society? 
That was the question for the symposium held last 
April at Arizona State University. The symposium’s 
10 speakers, who are also the authors of this arti-
cle, are all considered international leaders working 
at the interface of microbial ecology and environ-
mental biotechnology. These experts participated 
in focused discussion sessions aimed at arriving at 
a consensus view on the most important directions 
for the partnership of the two fields.

This Viewpoint describes the dramatic and 
promising vista that the symposium’s participants 
saw for the partnership of microbial ecology and 
environmental biotechnology.

Microbial ecology—The science
Microbial ecology is a long-standing scientific dis-
cipline that is undergoing remarkable, even revo-
lutionary, changes. The core of the field aims to 
understand microbial communities, which are self-
organizing and self-sustaining assemblages of dif-
ferent microorganisms, and how these communities 
interact with their environment.

The science of microbial ecology tries to an-
swer four fundamental questions. First, what mi-
croorganisms are present in the community? The 
phylogenetic makeup (identity and number) of the 
microorganisms present in a community is called 
a community structure. Next, what are the capabili-
ties of the microorganisms for carrying out reactions 
that transform the community’s environment? The 
catalog of catalytic capabilities is called the com-
munity’s phenotypic potential. Third, what reactions 
and transformations are the community members 
actually performing? The realization of phenotypic 
potential is called the community’s function. Final-
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and is still the most widely used. This rRNA gives 
information on the phylogenetic identity of the mi-
croorganisms (4), and this addresses the first fun-
damental question of microbial ecology.

Other targets within the genetic system of micro-
organisms answer different questions (5). For exam-
ple, amplifying and detecting specific genes in the 
genome of microorganisms in the community defines 
the phenotypic potential (6), and this addresses the 
second question about the capability of microorgan-
isms. Messenger RNA (mRNA) reveals which genes 
are being expressed and, therefore, which functional 
proteins likely are formed (7). This gives information 
on the expressed phenotypic potential, or the third 
question about the community’s function. Assessing 
RNA targets by using microscopic visualization, such 
as with fluorescence in situ hybridization (FISH) (8), 
(see top photo, p 1096) adds information on spatial 
organization. Recently, microbial ecologists have be-
gun to clone and sequence large genome fragments 
from various microbial communities (9); therefore, 
it is now possible, at least for low-diversity commu-
nities, to reconstruct entire genomes of uncultured 
community members (10). In addition, microauto-
radiography, coupled with FISH (i.e., MAR-FISH) (11) 
and stable-isotope probing (12), makes it possible to 
detect the function in the community, even when the 
researcher has no idea what genes or mRNA should 
be detected.

Environmental biotechnology—The service
Environmental biotechnology manages microbial 
communities that provide services to society. Promi-
nent and emerging services include removing con-
taminants from water, wastewater, sludge, sediment, 
or soil; capturing valuable products from renewable 
resources (e.g., biomass), particularly energy car-
riers but also nutrients, metals, and water; sensing 
contaminants or pathogens in the environment or, 
perhaps, in humans; and protecting the public from 
dangerous exposure to pathogens.

These services are essential if modern human 
society is to be safe, sustainable, and secure. Mi-
crobiological communities, properly managed, can 
provide these services reliably, continuously, eco-
nomically, and without creating other hazards.

Environmental biotechnology is almost a century 
old, although this name is relatively new. Past names 
include biological treatment, biological processes, 
bioprocess engineering, bioremediation, and bioen-
vironmental systems. The new name reflects that en-
vironmental biotechnology is adapting and benefiting 
from the modern tools of molecular biology, as well as 
from other advances in science and technology.

The scientific foundation of environmental bio-
technology is microbial ecology. Because environ-
mental biotechnology ultimately aims to manage 
microbial communities for the good of society, a deep 
understanding of microbial communities—that is, 
microbial ecology—is essential. Environmental bio-
technology addresses real-world goals by managing 
microbial communities, rather than finding or creat-
ing the solves-all-problems “superbug”.

The box at left lists criteria for a successful en-
vironmental biotechnology for removing contami-
nants or resource capture. These criteria demand a 
robust, self-organizing, and self-sustaining micro-
bial community; they do not cater to a highly spe-
cialized or pampered superbug. Thus, the goal is 
to understand microbial communities so that the 
system’s conditions lead to robust communities that 
provide the desired service.

Needs pull, science pushes
A field that has been around for a century usual-
ly does not show a burst of creativity, but environ-
mental biotechnology is doing just that today. The 
reason is the convergence of a strong “needs pull” 
with a strong “science push”. Today, environmental 
biotechnology gets a powerful pull from the needs 
of human society arising from increasing challenges 
to achieve sustainability, environmental quality, se-
curity, and human health.

The sustainability of modern human society 
depends on extracting essential materials from re-
newable resources and reducing reliance on non-
renewable resources. At the top of the list of at-risk 
resources are two that environmental biotechnology 
addresses directly: water and energy. Today, water 
providers are forced to tap sources of lower quality: 
polluted ground and river water, eutrophic lake and 
reservoir water, and wastewater. These poor-qual-
ity sources need substantial treatment to eliminate 
public-health risks, unpleasant taste and odor, and 
discoloration. Experts on the Middle East predict 
that water—not oil—will be the greatest future cause 
of strife in this region.

After water, energy is the most precious resource, 
and future sources must shift from fossil fuels to 
renewable ones. Environmental biotechnology is at 
the heart of upgrading poor water sources for human 
use and for converting renewable energy sources—
particularly biomass and sunlight—to useful forms, 
including natural gas, hydrogen, and electricity.

Organics, nutrients, and metals that are not cap-
tured but are instead discharged to the environment 
become pollutants, not resources. Environmental 
biotechnology has a long-standing role in treating 
wastewater and other contaminated water, air, and 
solids (13, 14). Increasing population, urbanization, 

Criteria for a successful environmen­
tal biotechnology for detoxification or 
resource capture
The technology must be practical at a large scale. Rel-
evant units normally are thousands of cubic meters per 
day for flow or tons for mass.

It must operate reliably and continuously around 
the clock. The concept of a “time-out” normally is not 
relevant. The technology must be relatively simple to 
operate and largely self-correcting without much hu-
man intervention.

It must be economical to build and operate. The 
services provided are so essential to society that they 
cannot be priced out of the reach of those on the low-
est rung of society’s economic ladder.
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and economic activity heighten the need to apply 
environmental biotechnology to preserve (or im-
prove) environmental quality, along with captur-
ing valuable resources. Innovative environmental 
biotechnology approaches appear to be well suited 
for improving environmental quality in developed 
and developing countries alike (15). The readiness 
of developing countries to use these technologies 
lies in their improved reliability and operability in 
a decentralized setting.

Security and human health also relate to envi-
ronmental biotechnology. Infectious diseases from 
pathogenic microorganisms remain the main cause 
of death worldwide, and terrorist threats to dissemi-
nate pathogens heighten the danger. Microbial sys-
tems can monitor for pathogens or chemical toxins 
in hospitals, water supplies, the air, and, perhaps, 
even humans. Microbial systems also contribute to 
cures or therapies by producing drugs or enzymes 
to fight diseases.

Environmental biotechnology can contribute 
in all these ways because microbial communities 
have seemingly infinite ways to live, even in envi-
ronments that appear to be bizarre or hostile. Their 
ability to organize and sustain themselves provides 
human society with a cornucopia of metabolic po-
tential to find services to benefit society. Microbial 
ecology, the core scientific discipline, allows us to 
understand microorganisms as part of their com-
munities: “to think like the microorganisms.” Armed 
with this deep insight, the environmental microbi-
ologist can create sustainable systems that “work for 
the microorganisms so that they work for us.”

On the science side, the great advances in mi-
crobial ecology, previously summarized, stand at 
the head of the science push and tend to garner the 
greatest credit. However, microbial ecology is not the 
only strong science push behind environmental bio-
technology at the beginning of the 21st century.

The products of modern materials science pro-
vide another hearty push, perhaps as important as 
from microbial ecology. The materials push began 
around 1970, when lightweight, high-strength plas-
tics made possible biological towers for wastewater 
treatment, which were the first biofilm processes 
with high surface areas and small footprints (14). 
From the 1980s through the 1990s, lightweight bio-
film carriers in the form of gravel-sized pellets made 
even more compact, high-rate processes possible 
(14). From the late 1990s to today, microfiltration 
membranes have been replacing gravity separators 
for activated sludge, improving effluent quality, re-
liability, and compactness (15). More recently, the 
membrane biofilm reactor makes it possible to use 
H2 to reduce NO 3

–, ClO 4
–, and a large range of oxidized 

contaminants in drinking water, groundwater, and 
wastewater (16). Recent advancements in nanoscale 
(1–100-nm) materials (17) and biomicroelectrome-
chanical systems (bioMEMS) technologies (18) sure-
ly will provide similar opportunities.

Another science push comes from mathematical 
modeling, the ultimate tool for integrating the large 
number of microbiological, chemical, and physical 
processes that occur in any microbial community 

of environmental significance. A model uses mass-
balance equations to represent the significant com-
ponents in the community (19). Creating a model 
demands that the modeler identify the important 
system components, for example, the critical types 
of microorganisms, the substrates they consume, 
and the products they produce. Likewise, the mod-
eler must represent the important reactions, such 
as the synthesis of new biomass, consumption of 

substrates, and generation of products, with math-
ematical expressions that capture what is known 
about the microorganisms and how they function. 
On the one hand, modeling is an exercise in integrat-
ing all that we know about microorganisms so that 
we can test and exploit our understanding of how 
the microbial communities work as a functioning 
ecosystem. On the other hand, modeling is the best 
way to find out what we do not understand about the 
microorganisms and their interrelationships with 
each other and their environment. When we can-
not model a system, we can identify what we do not 
understand, and this helps us direct fundamental 
research to the most important questions.

Whether the goal is gaining scientific under-
standing or applying that understanding to create 
high-value services or products, the most funda-
mental questions are at the interface of microbial 
ecology and environmental biotechnology. Perhaps 
the overarching question is, “How do microbial 
communities self-assemble to achieve and main-
tain a function?”

The environmental biotechnologist depends on 
self-assembly once the proper conditions are in 
place. Therefore, self-assembly needs to be based 
on identifiable principles that can be put into prac-
tice. The overarching question then leads to corol-
lary questions: What are the underlying principles 
of self-assembly? What community structure is 
optimal for a biotechnological application? What 
environmental conditions trigger assembly of the 
desired community with its desired function? Are 
the conditions and outcomes predictable, reproduc-
ible, and controllable?

Self-assembly also implies that microbial com-
munities behave as a kind of multicellular organism, 
one in which the whole is more than the sum of its 
parts. Corollary questions along this line of inquiry 
include: Does the community have a multicellular 

A field that has been 

around for a century 

usually does not show 

a burst of creativity, 

but environmental 

biotechnology is doing 

just that today.
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“life of its own”? How do the microorganisms com-
municate and coordinate to gain the advantages of 
a multicellular state? What are the advantages, if 
any, to the community and to humans?

A three-peak vista
The consensus vista for the partnership of microbi-
al ecology and environmental biotechnology shows 
three “peaks” in the distance, representing different 
themes: more powerful analytical tools, integrated 
“—omics” approaches, and research that is more 
theory- or process-driven.

More powerful analytical tools. The strongest 
science push in microbial ecology comes from the 
explosion of new molecular tools (see box above). 
These tools have propelled the field forward, which 
makes it possible to answer questions that we could 
not think to ask in the not-so-distant past. Nonethe-
less, existing tools are inadequate for studying the 
complexity of microbial ecosystems and supporting 
the design and operation of innovative environmen-

tal biotechnology approaches. Shortcomings include 
methods that produce results too slowly and with 
too much effort, have biases, are too expensive, offer 
insufficient quantification, and lack coverage over 
the ranges of structure and function that are impor-
tant in relevant microbial communities.

To overcome these shortcomings, developers of 
new molecular tools need to meet four criteria. First, 
the methods must be high-throughput, generating 
relevant data in minutes to a few hours. Second, the 
outputs must be quantitative enough to provide the 
information that sorts out the “lead actors” from the 
“bit players” for a given function and sufficiently 
sensitive to find the important microorganisms or 
reactions even when others dominate in numbers. 
Third, the outputs must provide the type of infor-
mation that reveals structure and function in paral-
lel, because they are intimately connected. Finally, 
methods must put more emphasis on the structure 
and function of eukaryotes and phages in order to 
yield a more complete picture of community struc-
ture and function. Ideally, more than one method 
should be applied to generate data (e.g., PCR-based 
and PCR-independent approaches).

Integrate the “—omics” approaches. Most mo-
lecular interrogation has been directed toward 
DNA, focused on selected genes (4, 7, 8), or (recent-
ly) aimed at high-throughput genomics (9, 10). Al-
though the potential for expanding capabilities in 
environmental genomics is enormous and must be 
pursued with vigor, resources also need to be in-
vested in developing and using tools on the basis 
of the other molecules within the cells, or the other 
—omics disciplines. The primary other —omics are 
transcriptomics, which is the study of mRNA as an 
indicator of gene expression; proteomics, which fo-
cuses on protein (enzyme) identification, character-
ization, and quantification as they relate to cellular 
function; lipomics, which targets the study of mem-
brane lipids; and metabolomics, which studies the 
metabolic intermediates of cellular functions.

Each of the several —omics approaches provides 
different but complementary information that re-
veals distinct information about communities. 
Information from genomic and proteomic stud-
ies forms a comprehensive picture of the cellular 
response to perturbations or other changes in the 
environment; however, metabolomics reveals the 
ultimate functional response and is most likely to 
predict community phenotype (20).

A great challenge is to borrow strategies that were 
developed for the analysis of single organisms and 
apply them to complex microbial communities con-
taining many and often unknown species (21). Ini-
tial success stories of monitoring gene expression 
(22) and protein formation (23) are encouraging and 
provide important guidance for future designs.

The hallmark of high-value —omics technology 
is the integration of the high-throughput data. An 
essential element is bioinformatics tools, which offer 
database support for data management and mining 
and biostatistics to maximize the benefit of these 
expensive and labor-intensive methods. Our current 
format for disseminating scientific results (e.g., ref-

Complete biodegradation of PCE
Tetrachloroethene (PCE) and trichloroethene (TCE) are all-too-com-
mon groundwater contaminants that threaten human health. Ba-
sic research over the past decade brought to light a novel group of 
microbes, the Dehalococcoides, that can detoxify the troublesome 
chloroethenes (28, 29 ). Dehalococcoides capture energy from reduc-
tive dechlorination reactions, thus making a living by reducing toxic 
groundwater contaminants. The reductive dechlorination pathway 
that leads to the complete detoxification of PCE and TCE to nonhaz-
ardous ethane (ETH) is shown below.

A critical aspect is removing all chlorine substituents from the 
ethene backbone, because the last chlorinated intermediate, vinyl 
chloride (VC), is more toxic than the parent compounds. Some Dehalo-
coccoides organisms, such as strain BAV1, efficiently detoxify dichlo-
roethene (DCE) and VC, thereby producing environmentally benign 
ETH and inorganic chloride (28 ).

Consortia containing Dehalococcoides organisms have been 
successfully applied at field sites where the intrinsic microbiol-
ogy was insufficient to sustain acceptable degradation rates (27 ). 
Knowing the key players (i.e., Dehalococcoides ) and understanding 
the microorganisms’ ecology were critical for successful technol-
ogy implementation. For example, nucleic-acid-based tools (e.g., 
quantitative real-time [qRTm] PCR) were designed to specifically 
detect and quantify Dehalococcoides 16S rRNA genes (29 ) and 
genes implicated in VC reductive dechlorination (30 ). These diag-
nostic and prognostic tools changed chloroethene bioremediation 
to a predictable science with obvious benefits to society.
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ereed journal papers) is not ideally suited to handle 
the massive data sets of —omics-based experiments. 
Long-term stewardship and maintenance of these 
data over time must be addressed.

Make the research more theory- or process-driv-
en. Molecular-based research in microbial ecology 
has developed an image of “stamp collecting”, or 
the gathering of a lot of data because it is possible 
with the available tools. This enthusiasm for data 
collection is natural in an emerging field and was 
necessary when so little information was available 
before. Having any information is a giant leap for-
ward, and no one knows a priori what will be the 
most interesting findings. Therefore, collecting mi-
crobiological stamps has been essential and will 
never disappear.

After 15 or so years of profitable stamp collect-
ing, microbial ecology and environmental biotech-
nology are poised to advance to a higher plane of 
molecular-based research. This next step will em-
phasize research driven by ecological theory, pro-
cess needs, or both.

The field of macroecology has developed elabo-
rate theories about ecosystem succession, diversity, 
invasion, and stability, such as the hypothesis that 
highly diverse ecosystems are more stable (24). Sta-
tistical and deterministic modeling tools have been 
developed to design experiments and interpret re-
sults (25). For the most part, these theories have not 
penetrated microbial ecology. Without a doubt, the 
application of ecological theory from macroecology 
will demand a major modification to take into ac-
count the fundamental differences between systems 
of macroecology and microbial ecology (14). For ex-
ample, microbial ecosystems deal with huge num-
bers of cells (e.g., more than trillions of bacteria per 
liter of water) that often cannot be differentiated as 
individuals; this contrasts with much smaller num-
bers of identifiable individuals in a macroecosystem. 
In addition, macroecosystems are based to a large de-
gree on specific prey–predator relationships, whereas 
microbial ecosystems more often target the parallel 
metabolism and exchange of materials, despite pre-
dation being important (albeit poorly understood). 
Thus, the simplistic application of macroecology 
theory to microbial ecosystems would likely back-
fire. Nonetheless, proper application of ecological 
concepts—such as diversity, stability, competition, 
redundancy, and allied tools—provides a powerful 
intellectual framework for designing research and 
understanding the meaning of the results (26).

The next plane of research also needs to be pro-
cess-driven rather than tools-driven. Now that a 
wide array of tools is available and continuing to ex-
pand, the researcher can ask critical questions about 

the process and then pick the right tools to find the 
answers. This approach allows researchers to take a 
more holistic approach toward understanding com-
munity structure and function. The researcher can 
form a hypothesis and bring in a range of molecu-
lar, modeling, and other tools to gain information 
that tests the hypothesis. A powerful research tool 
is to perturb the microbial community and then ob-
serve whether the organisms respond in the predict-

ed manner. In this hypothesis-driven approach, the 
questions lead to selection of the tools; this is a wel-
come reversal from the common situation in which 
tools dictate what questions can be addressed.

Theory- and process-driven research must rec-
ognize the role of scale—spatial and temporal. Mi-
croorganisms are generally on the order of a few 
micrometers in size, and microbial aggregates are 
only occasionally >1 mm. The technological pro-

Bioelectricity from the microbial fuel cell
More than 20 years ago, researchers noticed that a fuel cell con-
taining microorganisms could generate electricity (31), but how it 
occurred was a mystery. Several years later, researchers started dis-
covering that certain bacteria could transfer electrons to solid-phase 
acceptors, such as iron oxides (32 ). If they could reduce a solid-phase 
acceptor, could they also transfer electrons to a solid-phase electrode 
acting as an anode in a fuel cell? The answer was a resounding “yes” 
(33, 34 ). Thus, the revolutionary concept of a microbial fuel cell (MFC) 
was born.

As shown in the diagram, an MFC operates in the same man-
ner as does a conventional fuel cell, except that bacteria living as 
a biofilm on the anode catalyze the oxidation of the fuel. The MFC 
is still at an early research stage, but it can be a revolutionary 
breakthrough for capturing renewable energy sources. The bacte-
rial catalysis at the anode makes it possible, for the first time, to 
use renewable organic material (biomass) as a fuel for fuel cells. 
In contrast, conventional fuels cells use an expensive platinum 
catalyst on the anode and still can use only high-grade H2, which 
is obtained by reforming petroleum, a nonrenewable energy re-
source. By operating at ambient temperature and without com-
bustion, an MFC can more than double energy-capture efficiency 
while eliminating air pollution. Recent work shows that specialized 
bacteria are not necessary to generate electricity from organics in 
an MFC (35 ), but inspiration comes from the fundamental studies 
on physiology, ecology, and genomics of particular metal-reducing 
bacteria.
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cesses in which microbial communities are used are 
very much larger. Even a bench-scale bioreactor has 
dimensions in centimeters, and full-scale systems 
measure in meters, often in tens of meters. Research 
that focuses on the micrometer-to-millimeter scale 
relates to what happens at the scale of meters, but 
the application is not always simple.

In such a situation, modeling can be of special val-
ue, because it takes into account transport process-
es and heterogeneity. In parallel with spatial scales, 
the range of temporal scales is extreme. A classic mi-
crobiology experiment might last 1 day, and an ex-
periment on microbial ecology might last for a few 
months and have controlled operating conditions; 
however, a real-world process operates continuously 
for years and with unpredictable changes in temper-
ature, substrate loading, and other factors. It seems 
logical that increasing time horizons and variabil-
ity affect community structure and, perhaps, func-
tion. These effects need to be addressed directly in 
research design and how results are interpreted.

Where are the benefits and roadblocks?
Skeptics demanding proof that “molecular research 
is really improving environmental technology” have 
confronted all of the participants in the vista sympo-
sium. Skeptics want specific examples of cause and 
effect in which research led directly to a new or im-
proved process. Perhaps they seek a single “magic 
bullet”. Up to now, direct, incontrovertible proof has 
been scarce, but it is beginning to emerge (27).

The demand to see cause and effect is justifiable, 
and the partnership of microbial ecology and environ-
mental biotechnology needs to satisfy the demand. 
Achieving the three-peak vista will go a long way to-
ward satisfying critics and attracting new supporters 
of the partnership. The immediate and direct payout 
from the science research is thinking like the micro-
organisms. Then, good engineering and modern ma-
terials can translate the understanding into systems 
that manage the microbial communities to provide 
new and better services: working for the microorgan-
isms so that they work for us. It is a two-part process 
that grows and harvests the fruit of microbial ecol-
ogy and environmental biotechnology. Although the 
partnership of microbial ecology and environmental 
biotechnology may not have such dramatic results yet, 
the boxes on pages 1100–1102 give concrete examples 
that fruits are beginning to be harvested.

Despite these impressive achievements that are 
beginning to emerge and the high potential for the 
partnership, roadblocks are inevitable because of the 
inherent complexities of environmental microbial 
ecosystems. First, the numbers of different microbi-
al strains are enormous—de facto infinity. Further-
more, only a tiny fraction of the strains have been 
cultured and characterized. Second, microorganisms 
can evolve rapidly—we face a perennial “moving tar-
get”. Third, environmental microbial ecosystems are 
physically complex aggregates that change in time 
and space. Fourth, the environmental matrices of 
sludge, wastewater, sediment, and soil are “dirty”—a 
special problem for extracting cellular material and 
avoiding interferences. Fifth, a microbial ecosystem 
needs to be understood in terms of its structure, func-
tion, and interactions with other ecosystems in order 
to achieve society’s goals. In summary, the study of 
microbial ecology in the context of environmental 
biotechnology is substantially more difficult than its 
study in medical settings, where many of the tools 
originated. Thus, connecting microbial ecology to 
environmental biotechnology always will demand a 
lot of hard work, persistence, and creativity as road-
blocks are identified and overcome.

Modern-day microbial ecology and environmen-
tal biotechnology are young disciplines, still finding 
their identities separately and as partners. As with 
any emerging field, its researchers and the society 
that supports them must have a degree of faith that 

Detecting airborne infectious diseases
The recognition of emerging airborne infectious diseases, such as 
avian influenza and severe acute respiratory syndrome (SARS), 
as well as heightened concerns over bioterrorism, has put a spot-
light on the persistent public-health problem of airborne infectious 
disease. For decades, public-health professionals were poorly 
equipped to measure or identify pathogens in air. Now, the applica-
tion of microbial ecology principles and techniques to aerosols holds 
tremendous promise for explaining airborne disease epidemiology 
and designing systems that minimize our exposure to allergens, cold 
viruses, and other current and emerging infectious airborne agents.

For example, although >1.5 million people die from tuberculo-
sis each year and one-third of the world’s population has been 
exposed to Mycobacterium tuberculosis, viable bacteria have 
never been cultured from an ambient air sample. M. tuberculosis 
cells were recently detected in indoor air by a polymerase chain 

reaction (PCR) assay (36 ). 
PCR-based measurement of 
rhinoviruses in office-build-
ing air, in conjunction with 
human epidemiology stud-
ies and measurement of 
ventilation rates, has led to 
a rethinking of how humans 
catch colds (37 ).

The photograph shows 
a DNA microarray with the 
potential for describing 
>9000 taxonomic groups 
(38 ).

The study of microbial 

ecology in the context 

of environmental 

biotechnology is 

substantially more 

difficult than its study 

in medical settings.
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an investment of resources will yield a large benefit, 
because this is the way breakthrough advances in 
science and technology often have been made. Sci-
entists first construct a “cathedral of knowledge”, 
which inspires and enables creativity that leads to 
the great technological breakthroughs. Perhaps mi-
crobial ecology and environmental biotechnology are 
putting up the buttresses of the cathedral now.
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