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Relationships between soil microbial diversity and soil function are the subject of much debate.
Process-level analyses have shown that microbial function varies with soil type and responds to soil
management. However, such measurements cannot determine the role of community structure and
diversity in soil function. The goal of this study was to investigate the role of gene frequency and
diversity, measured by microarray analysis, on soil processes. The study was conducted in an agro-
ecosystem characterized by contrasting management practices and soil types. Eight pairs of
adjacent commercial organic and conventional strawberry fields were matched for soil type,
strawberry variety, and all other environmental conditions. Soil physical, chemical and biological
analyses were conducted including functional gene microarrays (FGA). Soil physical and chemical
characteristics were primarily determined by soil textural type (coarse vs fine-textured), but
biological and FGA measures were more influenced by management (organic vs conventional).
Organically managed soils consistently showed greater functional activity as well as FGA signal
intensity (SI) and diversity. Overall FGA SI and diversity were correlated to total soil microbial
biomass. Functional gene group SI and/or diversity were correlated to related soil chemical and
biological measures such as microbial biomass, cellulose, dehydrogenase, ammonium and sulfur.
Management was the dominant determinant of soil biology as measured by microbial gene
frequency and diversity, which paralleled measured microbial processes.
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Introduction

Relationships between soil microbial diversity and
soil function are the subject of much debate. Until
recently, unification of community and process level
information in the study of soil microbial ecology
has been severely hampered by the complexity of
soil systems and the inadequacy of available
techniques for describing microbial community
composition. Traditional approaches such as direct
culturing only provide a limited view of the
microbial community, as only a fraction of the
microbial population is culturable (Torsvik et al.,
1990). Subsequently, soil microbiologists have
focused on evidence of processes and activity such
as respiration and enzymatic transformation of

added substrates. While measurements of soil
processes give valuable insight into overall micro-
bial-mediated transformations in soils, they do not
provide satisfying information on mechanisms,
microbial functional composition and diversity that
underpin process level differences. Thus, relating
microbial diversity and function to ecological
processes remains a central question in the study
of soil microbial ecology (Kelly, 2003; Fitter et al.,
2005; Little et al., 2008).

Microarray technology has the potential to help
elucidate the relationships between structure and
diversity of microbial populations on soil function.
Microarrays provide a high throughput means of
quantifying information on thousands of gene
sequences of multiple functional types in a single
experiment (Rhee et al., 2004; Wu et al., 2006; He
et al., 2007). Although microarrays are routinely
used to monitor gene expression in pure cultures,
challenges in the application of microarray techni-
ques to environmental samples have until recently
limited their application to answering concrete
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ecological questions. This is because of the diffi-
culty in extracting DNA of sufficient purity from
soils and sediments, and poor or inconsistent
sensitivity and specificity for diverse orthologous
gene sets. Despite these challenges, exhaustive
testing in recent years has determined that func-
tional gene arrays (FGAs) are quantitative and can
effectively differentiate between sequences when
strict controls on homology and other probe
characteristics are implemented (Rhee et al., 2004;
Liebich et al., 2006; He et al., 2007; Wu et al.,
2008). In addition, random amplification of
extracted DNA has now made it possible to analyze
microbial communities using sub-nanogram quan-
tities of DNA extracted from extremely low biomass
waters, soils and sediments (Wu et al., 2006, 2008),
also alleviating many issues with inhibitors that
resulted from concentrating DNA samples.

In this study, we used soils collected from
agroecosystems characterized by contrasting man-
agement (organic vs conventional) and soil type
(coarse vs fine-textured) to explore relationships
between soil function and microbial populations
and diversity using an FGA termed GeoChip.
Studies using FGAs for the elucidation of specific
ecological questions are still rare. While several
studies have compared results from FGAs with other
molecular techniques with a small total number of
samples (Koizumi et al., 2002; Loy et al., 2002;
Bodrossy et al., 2003; Rhee et al., 2004), we know of
only one study comparing FGAs with soil processes
and enzyme activities on the landscape level
(Yergeau et al., 2007) and none employing a
randomized replicated statistical design to investi-
gate the impact of management and soil type on soil
function and microbial diversity. We sampled soils
in 2005 from eight adjacent pairs (replicates) of
commercial organic and conventional strawberry
fields. We hypothesized that soil processes, micro-
bial abundance and diversity would be greater
under organic management but that soil type would
have a greater overall effect on microbial popula-
tions than management. Second, we hypothesized
that soil microbial processes would be correlated
with functional gene abundance and diversity.

Materials and methods

Study area
Eight pairs of side-by-side commercial organic and
conventional strawberry farm fields were selected
in the Watsonville area, the dominant strawberry
growing region of California, USA. In turn,
California is the leading producer in the United
States, accounting for 87% of the nation’s strawberry
production, with nearly 5% of its total strawberry
acreage in organic production (California Straw-
berry Commission, 2009). The Watsonville area
annually grows strawberries on about 5000 hectares,
accounting for almost 40% of the strawberry acreage

in the state (California Strawberry Commission,
2009). This large strawberry growing region pro-
vided this study with two different farming systems
(organic and conventional) but also with two
different soil textural types, coarse-textured and
fine-textured. Details of the organically and con-
ventionally managed agroecosystems and the soil
types are in Supplementary Information. Strawberry
fields were selected across the Watsonville area on
the basis of grower interviews and on-farm field
examinations to ensure that all soil-forming factors,
except management, were the same for each field
pair, as described by Reganold et al. (1993). Each
field pair had the same soil profile, soil type, soil
classification and strawberry variety. Surface soil
texture of each field pair was loamy sand or sandy
loam (referred to as coarse-textured) or silty clay
loam (referred to as fine-textured). Strawberries
were grown on 30-cm high mounded rows covered
with plastic mulch.

Soil sampling
Soils were sampled in April 2005 from each of the
16 fields at 0–10 cm. Each sample consisted of 10–15
random subsamples, thoroughly homogenized. Each
soil sample was then partitioned into three sub-
samples and shipped overnight to a commercial
laboratory (Soiltest Farm Consultants, Moses Lake,
Washington), to our laboratory at Washington State
University, and to the Oak Ridge National Lab for
analyses. Soil tested at Washington State University
was stored at 4 1C and analyzed within 3 weeks and
soil for microarray analysis at Oak Ridge National
Lab was stored at �20 1C.

Soil analyses
Details of soil chemical and physical properties
are described in Supplementary Information.
Additional soil chemical and biological parameters
were analyzed as follows: total organic C and N were
measured by combustion at 500 1C using a LECO
CNS 2000; readily mineralizable carbon, basal
respiration and substrate-induced respiration
(microbial biomass) were measured following
Anderson and Domsch (1978); dehydrogenase and
phosphatase enzyme activity were measured after
Tabatabai (1994); cellulase enzyme activities were
measured after Alef and Nannipieri (1995a); chit-
inase activity was measured after Rössner (1995);
nitrification potential was measured after Schmidt
and Belser (1994); free living nitrogen fixation was
measured by acetylene reduction (Alef and Nanni-
pieri, 1995b); and denitrification was measured
using denitrifier enzyme activity (Tiedje, 1994). All
tests were performed on moist soil in triplicate.

Microarray analysis
We used a gene array termed GeoChip that con-
tained more than 24 000 oligonucleotide (50-mer)
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probes and targeted 10 000 genes involved in
nitrogen, carbon, sulfur and phosphorus transforma-
tions and cycling, metal reduction and resistance
and organic xenobiotic degradation (He et al., 2007).
Microarray genes in soil DNA samples were ana-
lyzed individually and within functional groups. A
functional group is a group of genes involved in a
certain function or process in the soil. In this study,
the following 11 functional groups were targeted:
nitrogen fixation, nitrification, denitrification,
sulfite reduction, pesticide degradation, other
organic xenobiotic degradation, metal reduction
and resistance, and genes for the enzyme classes
dehydrogenase, urease, cellulase, and chitinase.
Details of soil DNA analyses using GeoChip are in
Supplementary Information.

Data analysis
Slide images were converted to TIFF files and qua-
ntified using ImaGene software 6.0. (Biodiscovery
Inc., Los Angeles, CA, USA) (Rhee et al., 2004). The
signal to noise ratio of each probe on each slide was
calculated as follows: SNR¼ (signal intensity�
background)/s.d. of the background. Background
refers to the local background intensity, whereas
the s.d. of the background was calculated across the
whole slide. Data for any particular gene was
removed unless it appeared with SNR42 at least
twice across all replicates and treatments. When this
condition was met individual SNR values of o2
were retained to maintain a continuous data set for
statistical analysis. Where multiple probes were
used for any particular gene per slide, the probe
variant with the strongest signal was retained. After
screening SNR, signal intensity values (SI) were
then used as the data for sample comparison. Signal
intensity values were normalized by averaging
across technical replicates and imported into the
SAS system for Windows version 9.1 (SAS Institute,
Cary, NC, USA). Differences and similarities in gene
abundance between treatment and soil type were
tested using ANOVA and LSMeans in a split-plot
incomplete block design with soil type as the whole
plot factor and management as the subplot factor.
The block design was incomplete because five field
pairs were located on coarse-textured soil while
only three were located on fine-textured soil.
Uniquely detected genes and genera (means of
SNR42 and Po0.05) based on treatment and soil
type were quantified. A Z-test of two proportions
was used to compare numbers of unique genes and
genera detected according to management and soil
type. Gene diversity, overall and for each functional
group, was calculated using Simpson’s Reciprocal
Index as D¼ 1/(Sn(n�1)/N(N�1) (where n¼ the SI
of any single gene with an SNR42, and N¼ the sum
of all SIs with an SNR42 on any one slide), then
analyzed using ANOVA and LSmeans as above.
Pearson correlation coefficients were determined
between summed gene SI values or Simpson’s

diversity values for each functional group versus
the corresponding soil activity measurement using
the SAS system for Windows version 9.1 ANOVA
(SAS Institute, Cary, NC, USA). Microarray and
environmental data were also analyzed using
non-parametric multivariate statistics, canonical
correspondence analysis (CCA) and Mantel tests.

Results

Soil properties and process parameters
Soil process measures indicated significantly greater
soil quality and microbial activity in organically
managed soils than in conventionally managed
soils. Compared with conventionally managed soils,
organically managed soils contained significantly
more total C, total N, sulfur, and microbial biomass;
and supported greater dehydrogenase activity, acid
and alkaline phosphatase activities and cellulase
activity regardless of soil type. Denitrification
potential was also greater in organically managed
soils, but only within the fine-textured field pairs,
while there was no difference between manage-
ments on coarse-textured soils (Table 1 and Supple-
mentary Table S1). Organically managed soils also
had a lower coefficient of respiration to microbial
biomass (qCO2), indicating the microbial biomass
was more efficient or under less stress. Fine-
textured soils contained significantly greater total
C and N, greater Olsen phosphorus, potassium,
sulfur, boron, copper, calcium, magnesium, total
bases, clay, silt and denitrification potential than
coarse-textured soils (Table 1 and Supplementary
Table S1). Coarse-textured soils had significantly
greater electrical conductivity, proportion of sand,
cellulose activity and chitinase activity.

Microarray analyses
A total of 1711 genes with a SNR42.0. on a
minimum of two technical replicate slides across
all samples were detected. The SI of 553 of these
genes was significantly higher in organically man-
aged soils, while none were significantly higher in
conventionally managed soils (Figure 1a). A total of
505 genes differed significantly between soil types
(Figure 1b), with 435 genes having significantly
greater SI in coarse-textured soils and 70 having
greater SI in fine-textured soils. Significantly more
genes were endemic to organically farmed soils
(233) as opposed to conventionally farmed soils
(2, z¼ 14.5, Pp0.0001), whereas there were similar
numbers of endemic genes detected in coarse- (75)
as opposed to fine-textured soils (88, z¼ 0.9,
P¼ 0.812). Statistical tests for interaction between
soil type and management show that genes in these
soils were more affected by management on fine-
textured soils than on coarse-textured soils, with
172 genes showing significant soil type by manage-
ment interaction effects (Supplementary Figure S1).
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Signal intensity across all genes measured across
each slide was on average significantly higher in
organically managed soils (Supplementary Table
S2). Summed SIs within functional gene categories
for ureases, dehydrogenases, pesticide degradation,
nitrification, sulfite reduction, xenobiotic degrada-
tion, metal resistance and reduction, cellulases,
chitinases, dinitrogen fixation and denitrification
pathway genes were significantly higher in organi-
cally farmed soils (Supplementary Table S2).
Signal intensity summed across all genes or accord-
ing to functional group showed no significant
differences between coarse- and fine-textured soils
(Supplementary Table S2). Gene diversity, as
measured by Simpson’s Reciprocal Diversity Index,
was also significantly higher overall in organically
managed soils (Supplementary Table S3). Gene
diversity within functional groups was signi-
ficantly greater in organically farmed soils for all
measured functional groups with the exception of
dehydrogenase.

Soil microbial biomass was significantly corre-
lated with the sum of total SI and gene diversity, and
potential cellulase activity in the soil was correlated
with the sum of SI and diversity of cellulase genes
(Table 2). There were notable correlations (Po0.1)
between dehydrogenase SI and potential dehydro-
genase activity, urease SI and diversity with
soil ammonium, and sulfite reduction SI and soil
sulfur levels (Table 2). In addition, there were a
large number of significant correlations between
soil property and process data and various
other functional gene SIs and diversity indices
(Supplementary Table S4 and S5).

Non-parametric multivariate analysis produced
similar results to the parametric analysis and
correlations. Canonical correspondence analysis
indicated that strawberry field management exerted
a stronger influence (r¼ 0.313, P¼ 0.006) than soil
type (r¼ 0.283, P¼ 0.022) on microbial compo-
sition (Supplementary Figure S2). Individual soil

Table 1 Means (n¼8) of biological analyses of soil (0–10 cm depth)

Soil property (g�1 soil) Coarse-textured soil Fine-textured soil Organic soil Conventional soil

Total carbon mg 7177 14 768z 12 753* 9193
Total nitrogen mg 640 1248w 1010w 789
Dehydrogenase mg TPF 0.648 0.414 0.807w 0.254
Readily mineralizable carbon mg 15.3 15.0 17.8 12.5
Microbial respiration mg 0.760 0.979 1.01 0.729
Microbial biomass mg 138 137 204z 70.6
qCO2 (Mic. respiration Mic. biomass�1) 0.007 0.009 0.005* 0.011
Acid phosphatase mg p-nitrophenol 81.8 97.2 130z 49.0
Alkaline phosphatase mg p-nitrophenol 78.2 47.0 85.2* 40.0
Cellulase mg glucose equivalent 22.8w 3.86 19.2* 7.40
Chitinase mg N-acetyl glucosamine 6.66w 5.93 6.28 6.31
Nitrification mg NO3 44.6 72.5 64.9 48.2
Nitrogen fixation nmoles ethylene hr�1 0.228 0.316 0.223 0.318
Denitrification ng N2O-N h�1 in fine-textured soil 18.8y 1.05
Denitrification ng N2O-N h�1 in coarse-textured soil 3.13 0.679

Means designated * and w and z and y are significant at Po0.05, Po0.01, Po0.001 and Po0.0001 respectively. In the case of denitrification
potential a significant soil� treatment interaction was present with the data presented by soil type and treatment as a result.

Figure 1 Comparison of microarray signal means according to
management and soil type. (a) Comparison of microarray signal
means from organically and conventionally managed soils, 553 of
which were significantly (Po0.05) greater in organically managed
soils. (b) Comparison of signal means between coarse and fine-
textured soils, 505 of which were significantly (Po0.05) different
between soil types.
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properties of percent sand, EC, NH4
þ , Mn, B, and

sulfur were also significantly associated (P¼ 0.005)
with microbial community composition (Supple-
mentary Figure S3). The Mantel test produced
similar results (data not shown). Soil process data
also explained a large proportion of the variability in
microbial composition. The CCA model indicated
connections between N fixation, denitrification,
nitrification, chitinase, cellulase, readily mineraliz-
able carbon and microbial biomass (P¼ 0.038),
whereas the Mantel test indicated connections
between cellulase, denitrification and microbial
biomass, and detected microbial genes (rM¼ 0.352.
P¼ 0.002) (Supplementary Figure S4). Despite signi-
ficant correlations for individual parameters, plot-
ting matrices for soil process, soil property and
microarray data against each other showed overall
correlation was weak (Supplementary Figures S5
and S6).

Discussion

In agreement with our hypothesis, soil process
measures indicated significantly greater soil quality
and microbial activity in organically managed soils
than in conventionally managed soils (Table 1 and
Supplementary Table S1). Not only were soil
processes shown to differ according to management,
the FGA showed dramatic differences in microbial
functional gene abundance and diversity. Signal
intensity (SI) summed over all positive probes on
the array was significantly greater on arrays hybri-
dized with DNA from organically managed soils, as
were all measured functional groups and 32% of
individual genes that occurred in all treatments. In
DNA hybridizations, SI is correlated with gene copy
number and abundance of the organisms carrying
these genes (Rhee et al., 2004), suggesting that
detected functional genes and the organisms that
carry them were more abundant in organically
managed soils. As overall slide SI could also be
related to DNA-labeling efficiency (DNA with higher
incorporation of Cy5 dye would be more visible on
the array irrespective of hybridization amount), it is

important that labeling efficiencies are comparable.
Label incorporation was similar between treatments
(1.23 compared with 1.25 mmol Cy 5 ml�1 DNA solu-
tion respectively, P¼ 0.78). As the same quantity of
labeled DNA was applied to all slides, this shows
the detected differences in SI were not introduced
by differing labeling efficiencies.

Organically managed soils also contained more
endemic genes, or genes detected in only one
management type. Overall gene diversity was
significantly greater on arrays hybridized with
DNA from organically managed soils, indicating
different composition of microbial functional genes
between management types. When array genes were
divided into 11 functional groups (genes linked to N
fixation, nitrification, cellulose degradation, etc.),
gene diversity was significantly greater in all
measured functional groups from organically man-
aged soils with the exception of dehydrogenase
genes (Supplementary Table S3). This may simply
reflect the low number (12) of gene variants present
on the slide for dehydrogenase. Increased abun-
dance and diversity of functional groups for resis-
tance to metals and breakdown of xenobiotic
compounds in organically managed soils might
be taken to indicate increased levels of these
substances in organically managed soils. However,
there is no indication in field histories obtained
from field owners and managers that would suggest
increased soil contamination in organically mana-
ged fields. Moreover, the use of biosolids and most
synthetic agrichemicals are prohibited under the
USDA organic regulations. Rather, increased diver-
sity in these genes is likely a reflection of the overall
increased microbial abundance and genetic diver-
sity in organically managed soils.

Several studies have shown organic management
to increase microbial biomass and enzyme activity
(Mäder et al., 2002) presumably due to use of
organic fertilizers. However, studies linking these
process level changes with the structure and
diversity of the corresponding microbial biomass
are rare. Differences of the magnitude measured in
our study are also unusual. These large differences
may be due to the yearly fumigation with methyl

Table 2 Pearson Correlation Coefficients between microarray signal intensities and soil processes/chemistry

Soil process/chemistry Microarray signal intensity R value Microarray gene diversity R value

Cellulase activity Cellulase 0.589w Cellulase 0.450*
Microbial biomass Overall sum 0.581w Overall sum 0.567w

Readily mineralizable C Overall sum 0.447* Overall sum 0.387
Dehydrogenase activity Dehydrogenase 0.488* Dehydrogenase �0.174
Ammonium Urease �0.475* Urease �0.512*
Nitrification Nitrification 0.359 Nitrification 0.301
N2 fixation N2 fixation �0.352 N2 fixation �0.171
Denitrification Denitrification 0.162 Denitrification 0.299
Total Soil N Overall sum �0.115 Overall sum 0.121
Total Soil C Overall sum 0.062 Overall sum 0.067
Chitinase activity Chitinase �0.004 Chitinase �0.059

Means designated *, w, and z are significant at Po0.1, Po0.05, and Po0.01, respectively.
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bromide and chlorpicrin of the conventionally
managed fields in this study, although they also
received compost at half the rate of the organically
managed fields. It is often assumed that the soil
microbial community makes a relatively rapid
recovery from fumigation events especially if com-
post is added (Dungan et al., 2003). We propose that
the long-term repeated use of fumigants may have
more significant and lasting effects on soil microbial
populations than have been measured in single
fumigation event studies. Nevertheless it is impos-
sible to determine the extent that the biological
differences we measured resulted from fumigation,
fertilization, synthetic pesticide use, etc., in con-
ventionally managed fields or from organic amend-
ments or even the allowed organic pesticides
used in organically managed fields. Ibekwe (2004)
suggested clayey soils might protect microorganisms
somewhat from the effects of fumigation. Over
the long term under field conditions, this does not
appear to be the case. In fact, our data suggest that
some genes are more affected by management on
fine-textured soils (Supplementary Figure S1).

A key question in soil microbiology is whether
perturbations of microbial biomass such as the
repeated use of fumigation affect microbial diversity
and soil processes (Smith, 2002). The answer may
depend on the cause and severity of the perturba-
tion. Although a number of studies using PLFA,
DGGE and tRFLP methods have documented
changes in microbial diversity due to fumigants
and pesticides (Malcomes, 1995; Zelles et al., 1997;
Engelen et al., 1998; Macalady et al., 1998; Dickens
and Anderson, 1999; Ibekwe et al., 2001; Sigler and
Turco, 2002). The majority of changes were rela-
tively short lived with microbial populations tend-
ing to return to normal after a few weeks or months.
These studies, however, were most often conducted
in the laboratory with single fumigation events on
soils with no regard to past history of fumigation or
pesticide use. Also, showing a reduction or change
in microbial diversity does not in itself imply that
soil processes are affected. Research by Griffiths
et al. (2001) indicated no effect on soil processes
such as decomposition of grass clippings, nitrifica-
tion and community level physiological profiling,
despite decreases in microbial biomass by as much
as 60% induced by soil fumigation.

Field studies provide a more robust answer to the
question of whether perturbations lead to long-term
changes in microbial communities and soil pro-
cesses. Such studies are less common, and while
they have shown at least short-term effects on
soil processes, the results are inconsistent (Xiao
and Duniway, 1998; Klose and Ajwa, 2004 and
Stromberger et al., 2005). Each of these published
field studies (with annual fumigation events) were
conducted over 2–3 years and only on soils with no
immediate pre-history of fumigation. None of these
studies considered the cumulative effect of repeated
fumigation on microbial recovery or resilience.

Griffiths et al. (2000) showed that resilience of
microbial communities to further stress events was
reduced after chloroform fumigation. Our study was
conducted on fields with longer histories (at least 5
years) of both organic and conventional manage-
ment (with annual fumigation), likely contributing
to the detection of persistent effects on both soil
processes and microbial populations.

Previous farming system comparisons have
indicated soil type as opposed to management as a
greater determining factor on microbial activity and
diversity (Bossio et al., 1998; Girvan et al., 2003).
These studies did not include systems using
fumigants, and some managements were only in
place for 1–2 years. Soil type affected many
chemical soil properties in our study, but only
denitrification, cellulose and chitinase activity
differed by soil type among the measured biological
properties. Functional gene diversity and SI also
differed by soil type but the effect of management
was stronger.

Microbial biomass is often correlated with soil
organic carbon, with clayey soils typically higher in
microbial biomass than sandy soils (Kaiser et al.,
1992; Hassink, 1994; Franzluebbers et al., 1996).
However, microbial biomass may be more highly
correlated with active carbon than total C (Weil
et al., 2003). This is supported by our findings that
many of the biological processes and molecular data
are more strongly correlated with readily mineraliz-
able C than total C (Table 2, Supplementary Table S4
and S5). Fine-textured and organically managed
soils (Table 1) had greater total C than their coarse-
textured or conventionally managed counterparts,
but greater microbial resource use efficiency (lower
qCO2) and a trend towards greater readily miner-
alizable C was only observed in the organically
managed soils. This suggests much of the C in the
fine-textured soils was recalcitrant with greater
levels of active carbon in the organically managed
soils only. Similarly, both organically managed and
fine-textured soils had more total N than their
counterparts but only organically managed fine-
textured soils showed greater denitrification poten-
tial. This suggests that the conventionally managed
fields had less active C and N likely because they
received half the rate of compost as the organically
managed fields. These potential differences in active
C levels combined with the ongoing effects of
fumigation appear to have resulted in management
exerting a stronger influence on biological proper-
ties than soil type.

A positive correlation between overall slide SI
and microbial biomass as measured by substrate-
induced respiration seems to reinforce the validity
of the two techniques for detecting microbial abun-
dance in soils. A significant correlation between
cellulase gene SI and cellulase activity in the soil,
and the notable (Po0.1) correlations between
dehydrogenase gene SIs and activity, urease gene
SIs and soil ammonium, and sulfite reduction gene
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SIs and soil sulfur levels, also point to a relationship
between gene copy number and soil function. Yergeau
et al. (2007) also showed a significant correlation
between cellulase enzyme activity and the number of
cellulase gene variants detected using FGAs.

Multivariate analyses supported the findings
generated using ANOVA and Pearson correlations,
with cellulase and SIR significantly correlated with
microbial gene composition using both CCA and
Mantel tests (Supplementary Figure S4). These
results support our hypotheses that functional gene
analysis and traditional process measurements do
corroborate each other for individual parameters,
although overall correlations were weak (Supple-
mentary Figures S5 and S6). Multivariate tools are
commonly used in ecology and are beginning to gain
popularity in the microbial ecology literature (Zhou
et al., 2008). Although summary indices like
diversity can provide descriptions of the community
or portions thereof, multivariate statistics may make
inferences from the community as a whole and its
relationship with its environment.

A large component of the soil microbial popula-
tion may be inactive. Soil DNA hybridizations
cannot differentiate between active and inactive
microbial cells, and potential contributions to SI of
inactive (for example, spores or dead biomass) or
damaged copies of genes cannot be determined.
For this reason, caution should be used when
interpreting DNA FGAs (Gentry et al., 2006). To
overcome this criticism researchers are beginning to
use RNA for environmental microarray analysis
(Rhee et al., 2004; Gao et al., 2007). As most soil
process techniques measure potential activity under
ideal conditions (not actual field activities), we
would suggest the DNA- and RNA-based techniques
are complementary. Correlations between traditional
techniques and soil DNA might be stronger than
with soil mRNA because DNA may better represent
the potential functional capability of the microbial
biomass rather than its current and presumably
transient state represented by mRNA.

Although there is growing literature on the use of
microarray analysis of environmental samples, the
majority of studies have been proof of concept
papers that did not provide sufficient samples in a
robust statistical design to draw meaningful conclu-
sions (Gentry et al., 2006). For this reason few
ecologically relevant questions have as yet been
answered with the use of microarrays. One notable
exception is the study by Stralis-Pavese et al. (2004),
which detected differences in methanotroph popu-
lations in response to landfill biogas and vegetation
cover using a FGA targeting particulate methane
monooxygenase genes. More recently large-scale
relationships between genes and environmental
processes and community level spatial relationships
using FGAs have been shown (Yergeau et al., 2007;
Wu et al., 2008; Zhou et al., 2008).

To our knowledge, this study is the first to
investigate the use of a comprehensive FGA to

analyze the role of microbial functional gene
abundance and diversity on soil processes using a
randomized and replicated statistical design. Using
the FGA we were able to show that the reduced soil
processes in the conventionally farmed fields
were associated with decreased microbial gene
abundance and diversity. These differences were
detected nearly a year after the last fumigation
event, indicating that the potential and resilience of
the microbial community was affected by the long-
term and ongoing management systems including
fumigation of conventionally managed fields. The
role of active C in supporting diverse and abundant
microbial communities is likely. A trend towards
increased active C was found only in organically
managed soils despite the conventional fine-texture
soils also being high in total C. This suggests that
high levels of organic inputs can result in manage-
ment exerting a stronger influence than soil type on
microbial communities that are greatly affected by
active C. Significant correlations between functional
gene signal intensity and their corresponding soil
function provides further corroboration of the
validity of both traditional soil process measure-
ments and FGAs and shows the power of a robust
combined approach in investigating microbial
processes in soils.
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