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Fig. 2. Effect of community composition on
activity rate under optimal (top panel) and in
situ (bottom panel) conditions. Traditionally,
rates of soil processes (e.g., respiration,
ammonia oxidation, denitrification) are
measured under optimal conditions. The
processes being measured typically result
from the activities of many different microbial
taxa. Yet, under optimal conditions (top
panel), most of the activity is due to a small
subset of the total community. As a result,
we are not likely to find strong relationships
between microbial community composition
and maximum activity rates. On the other
hand, in-situ conditions (bottom panel) are
rarely optimal for activity rates and often
fluctuate through time and space. Under these
conditions, the great diversity of microbial
communities contributes to the maintenance
of activity, especially in the face of stress or
perturbation. When processes are measured
under a range of nonoptimal conditions, we are
much more likely to find relationships between
community composition and function.

Jeremy Rich (Brown University) and colleagues performed molecular and process measurements
in parallel to study the relative importance of denitrification and anaerobic ammonium oxidation
(anammox), and to identify organisms responsible for these processes in the Arabian Sea and the Peru
upwelling (Ward et al. 2009). While both processes utilize NO,” and produce N, as an end product,
denitrification is performed by heterotrophic bacteria utilizing organic carbon as their energy sources,
and anammox is performed by autotrophic bacteria performing NH," oxidation for energy production.
In order to identify bacterial groups responsible for N, production in each site, Rich and colleagues
performed quantitative PCR analyses of functional genes required for the two processes. Their parallel
analyses of N, production, performed by incubating seawater with "NO,~ and by measuring the ratio
of *'N to N, to N, indicated that denitrification was the dominant process in the Arabian Sea while
anammox occurred more predominantly in the Peruvian waters.

Jennifer W. Edmonds (University of Alabama) and colleagues explored microbial activity as
well as communities that are potentially responsible for utilization of methylphosponate (MPn). The
uptake of Mpn has previously been shown to be coupled with methane production, contributing to the
documented methane supersaturation in many aerobic ocean surface waters (the methane paradox).
Edmonds combined measurements of methane production in enrichment samples with molecular analysis
of bacterial communities to investigate heterotrophic bacterial utilization of MPn in the oligotrophic
North Pacific Subtropical Gyre. The comparison of the methane production rates by heterotrophic
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bacteria in their enrichments to those by autotrophic microbes reported in a previous study showed that
methane production rates were similar for heterotrophs and autotrophs when incubated with MPn. Their
phylogenetic studies indicated that heterotrophic bacterial groups, including Vibrio, Roseobacter,and
Alteromonas species can be responsible for MPn utilization in the surface ocean.

Joseph H. Vineis (State University of New York) and co-authors studied the diversity of
ectomycorrhizal fungi (EMF) along a foliar nitrogen (N) gradient in the Bartlett Experimental Forest,
New Hampshire. To do this they sequenced the internal transcribed spacer (ITS) of the nuclear
rDNA repeat. Based on previous observations demonstrating changes in EMF diversity in response
to experimental additions of nitrogen, they expected to see a similar pattern along a natural nitrogen
gradient in their field site. Interestingly, their study showed that the overall species richness did not
change along the N availability gradient, even though species assemblages shifted along the same
gradient. By following the dominant taxa in their data set, they identified some genera that respond
to the N availability gradient (changes in richness). They also showed that grouping the EMF into
broad physiological categories revealed an interesting pattern: fungi that produce lots of hydrophobic
hyphae dominated in the low-nitrogen sites, and belowground carbon allocation in these sites was
presumably also greater than in high-nitrogen sites. Their study illustrates difficulties associated with
field manipulations; microorganisms may respond to sudden N additions as a disturbance rather than to
elevated N levels per se.

Technical challenges, which are the most immediate concerns to microbial ecologists using
molecular approaches, were addressed by Jennifer Edmonds and Tom Horton (an author on the
Vineis presentation). For example, it is important to consider spatial and temporal scales appropriate
for questions. In addition, we need to be aware that disruption during sample collection and processing
can potentially introduce biases and alter the microbial community we measure. Horton specifically
discussed some of the challenges associated with DNA sequencing-based approaches. He pointed out
that conclusions about community composition should be drawn carefully, especially when the number
of DNA sequences analyzed is not large enough to reach the asymptote in the species accumulation
curves. Processes of reading DNA sequences and delineating what microbes are represented by the
sequences bring up different challenges. Along with the advancement of DNA sequencing technology,
the amount of microbial DNA sequence information deposited into databases has increased
dramatically. However, many of the deposited sequences have not been characterized or are misnamed,
and therefore comparisons of newly acquired sequences to those without description will continue to
be a challenge (Bidartondo 2008, Horton et al. 2009).

Emerging molecular approaches

One emerging approach to explore microbial function and activities in their native environment is
to screen genes and gene products linked to known microbial processes in a high-throughput manner.
Christopher W. Schadt (Oak Ridge National Laboratory) introduced functional gene microarrays
for studying the functional capabilities of microbial communities at the level of DNA and mRNA, and
discussed their relationship to environmental processes. The arrays described by Schadt allow us to
detect the presence and/or expression of genes required for a variety of functional processes, including
nitrogen, carbon, and sulfur cycling, as shown in Table 1 (He et al. 2007). Schadt discussed advantages and
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challenges associated with experiments using the functional microarray. For example, high-throughput
analyses of community dynamics are possible, as the technique potentially allows simultaneous analysis
of functional genes required for many different functions from the sample in a single hybridization.
Challenges associated with the technique include designing specific probes against intended target genes,
achieving high sensitivity, and developing effective means of visualizing and analyzing broad-spectrum
data. As an example of microarray technique applications, Schadt and his colleague, J. Reeve of Utah
State University, compared diversity and abundance of functional genes in strawberry crops under
organic and conventional agricultural practices, including repeated methyl bromide fumigation. Their
results showed that management regime can have a larger impact on functional microbial community
structure, diversity, and abundance than does the variety of original soil types. Furthermore, for many
functional genes, correlations can be made between the gene abundance levels and biogeochemical rate
and process measurements.

Table 1. Summary of “Geochip” FGA probes (He et al. 2007). Summary of numbers of unique and
group-specific functional gene probes contained in the array that are designed to detect functional genes
involved in different categories of biogeochemical and remediation processes. For example, the carbon
degradation category contains 2808 unique and group-specific probes to detect genes encoding such
enzymes as cellobiohydrolases, laccases, lignin peroxidases, pectinases, and others. Modified from He
et al. (2007).

Category Number of Probes
Gene Category Unique | Group | Total
Carbon Degradation 2532 276 2808
Carbon Fixation 584 215 799

Metal Resistance/Reduction | 4039 507 4546

Methane/Methanogenesis 437 333 770

Nitrogen Fixation 1225 0 1225
Nitrogen Metabolism 865 902 1767
Nitrogen Reduction 1805 501 2306
Organic Contaminant 6920 1087 | 8007
Perchlorate Remediation 21 0 21
Sulfur Reduction 1286 329 1615
Total 19,714 | 4150 | 23,864
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Molecular imaging techniques can also be a valuable tool for understanding microbial community
structure and analysis. In contrast to most molecular biology techniques as well as process-based
measurements, fluorescence in situ hybridization (FISH) allows analysis of specific microbial
cells in environmental samples. In a FISH experiment, fluorescently labeled oligonucleotide probes
are designed to hybridize to target-specific regions such as ribosomal RNA (rRNA) molecules, and
successful hybridization reactions indicate the presence of microbial groups of interest. In contrast to
DNA sequencing-based assays, FISH likely indicates whether cells are alive and/or active because active
cells tend to produce more rRNA molecules. Yuko Hasegawa (Marine Biological Laboratory/Brown
University) discussed the utility of FISH combined with spectral imaging to visualize environmental
bacterial cells. These cells have been previously identified in DNA sequencing-based studies. Examples
of the challenges associated with FISH image analysis include differentiation of probe-conferred
fluorescence from autofluorescence, as well as detection of target cells that are not abundant in given
communities. Analysis of specific probe-conferred spectra in each cell facilitates more accurate detection
of specific target cells labeled with fluorescent probes, even when the abundance of target cells is very
low in environmental samples.

Integrating microbial community and function into ecosystem models: does incorporation of microbes
improve our understanding of ecosystem functions?

Table 2. Guild decomposition model. Moorhead and Sinsabaugh (2006) modeled specific guilds of
decomposers with different metabolic and exoenzyme characteristics.

Guild Activity

1 Opportunists rapidly colonize newly available litter, consuming
solubles (C))

2 Decomposers degrade cellulose and ligno-cellulose that comprises
the bulk of plant litter (C))

3 Miners degrade recalcitrant organic matter with powerful oxidative
enzymes (C,)

Microbes and their enzymes have traditionally not been included in ecosystem models. Instead,
processes such as the degradation of organic compounds have been described using physical and
chemical parameters. Several studies presented in this session, however, indicated that incorporation of
microbial information can potentially improve the predictive power of mathematical models. Michael
N. Weintraub (University of Toledo) pointed out that traditional decomposition models have included
neither microbes nor their enzymes as explicit drivers of decomposition. The decomposition processes
in many biogeochemical models have been described as the change in the amount of carbon over time as
a function of a first-order rate constant, as well as the carbon pool size, moisture, and temperature under
the given field conditions. Weintraub, however, indicated alteration of the behavior of the models as well
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as the conclusions that can be drawn from them when microbial function and enzyme parameters were
incorporated. The first model introduced by the speaker was the Schimel and Weintraub Model (Table
2), containing enzymes as one of the agents of decomposition in soil (Schimel and Weintraub 2003).
Weintraub pointed out that the amount of energy that microbes spend to produce enzymes could affect the
growth of microbes as well as the fate of carbon and nitrogen in the system. Weintraub then introduced
the Guild Decomposition Model (GDM) from Moorhead and Sinsabaugh (2006), which included three
guilds of decomposers, each equipped with different set of enzymes specialized to different types of
carbon sources (Moorhead and Sinsabaugh 2006) . In the model, decay rates were optimized depending
on the decomposition stage as the proportion of recalcitrant carbon sources increased over the course
of decomposition. In the future, Weintraub and colleagues will be testing the hypothesized three-guild
structure of the GDM against field measurements.

Steven D. Allison (University of California, Irvine) introduced previously observed changes in soil
respiration in response to warming treatments (Melillo et al. 2002) and discussed the importance of carbon
use efficiency (CUE) in a model to recreate the original field observation. In the model simulations (Fig.
3), reducing CUE in response to warming in the model prevented the loss of carbon from the soil even
though model parameters were temperature sensitive. Incorporation of CUE acclimation most closely
represented the transient increase in CO, emission observed in the field. An experiment with constant
CUE in the model resulted in large losses of soil organic carbon over 30 years as a result of the warming
treatment. The study indicated that incorporating biological processes such as acclimation of CUE may
significantly improve the predictive power of ecosystem models. Allison also discussed how models
can distill the complexity of microbial communities into a manageable set of relevant parameters using
characteristics such as phylogeny, functional traits, biomass, and contribution of each group to specific
processes. Finally, the speaker pointed out that those microbial processes could be modeled at multiple
scales, ranging from the single-cell, population/community, or ecosystem level to global scales.

Joseph C. von Fischer (Colorado State University) identified four hurdles for determining
if biogeochemical transformations will be more predictable by considering microbial community
composition; he used methane uptake in dry grasslands as an example. The four hurdles are: (1) The
process must have strong biological control, and not be primarily controlled by physical factors; (2)
Researchers must document the ecophysiology, identifying factors that regulate rates of biological
activity; (3) Ecophysiological responses must differ with microbial community composition; (4) the
biogeography of microbes must be predictable. For the case of methane uptake in dry grasslands, von
Fisher showed that the process can be controlled by physical factors (diffusion of methane into the soil) or
by biological factors (activity of methanotrophic bacteria). From field measures of uptake and diffusivity,
interpreted with a reaction diffusion model, von Fischer showed that both physical and biological factors
are important for regulating methane uptake rates. These measures revealed that desiccation stress was
an important ecophysiological response for determining rates of methanotroph activity (von Fischer et
al. 2009).

Next, the speaker presented DNA sequencing analysis of genes required for methanotrophic activities
(Judd et al. 2009) to demonstrate that types of genes identified in methanotrophic communities varied
in grassland field sites with different physicochemical characteristics (e.g., soil moisture, pH, NH,"
concentration). Furthermore, analysis of methane uptake by enzymes from each field site in response
to changes in methane concentration suggested that enzyme kinetics could also vary among different

‘methanotrophic bacterial communities (Judd et al. 2009.
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Fig. 3. Soil carbon model based on Schimel and Weintraub (2003). Temperature-sensitive processes
are denoted in red text and include the Michaelis-Menten parameters for extracellular enzymes and
uptake enzymes, as well as microbial carbon use efficiency (CUE). The key feature of this model
structure is the direct role of extracellular enzymes as microbial catalysts of soil organic carbon (SOC)
conversion to dissolved organic carbon (DOC).

Suchresults indicated that the ecophysiological responses of methanotrophs (e.g., reduction in methane
uptake in response to the loss of soil moisture) vary among different communities, as each community
would produce enzymes with different kinetics. Finally, von Fischer concluded the presentation by stating
that biogeography of methanotrophic bacteria could eventually become predictable from environmental
properties that control microbial distributions. Together, these results suggest that methane uptake
might be better modeled in the future by explicitly considering the composition of the methanotroph
community.

Applying available microbial information to models is challenging. Yet, understanding microbial
community structure and functional capability can reveal potential activities that may dominate the
system in response to future changes in the environment. One of the major challenges in developing
models is that there are few standard approaches for identifying the processes and parameters that must
be represented. When selecting these processes, the extreme complexity of microbial communities
becomes an obstacle. Microbial communities in most environments are extremely diverse, and therefore
the communities can potentially respond to environmental changes in many different ways. For
example, the GDM (Moorhead and Sinsabaugh 2006) discussed by Weintraub includes three guilds
of decomposers, each with a different set of enzymes specializing on carbon sources with different
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recalcitrance (Table 2). Simulating different groups of microbes can make the model extremely complex
as each microbial group responds to environmental changes differently, and different processes carried
out by the microbes can occur simultaneously.

The challenges identified in molecular studies or process measurements can directly affect the models.
For example, not all field and laboratory measurements can properly capture patterns of microbial
processes in nature. For example, systems experiencing natural variability in chemical or physical
conditions may not respond in the same manner as those in experimental sites, as seen in the studies
presented by Vineis et al. Furthermore, as discussed by Edmonds and Horton (an author on the
Vineis presentation), spatial and temporal scales selected for data collections may not reveal important
patterns at other scales. Obtaining long-term data from field experiments can be extremely challenging
but such information is critical for predicting future changes in ecosystem processes.

Summary

In recent years, a variety of tools to explore microbial community structure, activity, and functional
capability have become available; many, including those discussed in this session, have already made
significant contributions to the field. Edmonds points out that many ecosystem ecologists have been
unable to open the “black box” of the microbial community structure/activity. Projects have often been
multidimensional, but not truly collaborative and integrated. In order to effectively employ traditional
and newly emerging techniques and to integrate acquired information to understand overall ecosystem
functions, we must be explicit about how and when the microbial community structure and activity
measurements will elevate understanding of an ecosystem. Understanding challenges associated with
approaches used in different fields would facilitate communication among scientists and could eventually
result in successful collaborations. We believe that this session provided a great opportunity for such
discussions. The session was also significant as speakers with different backgrounds and areas of e RI
02912xpertise contributed to share ideas.
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