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Abstract Microbes are key components of the soil envi-
ronment and are important contributors to the sustainability
of agricultural systems, which is especially significant for
biofuel crops growing on marginal lands. We studied
bacterial communities in the rhizosphere of five biofuel
crops cultivated in four locations in Michigan to determine
which factors were correlated to changes in the structure of
those communities. Three of these sites were marginal lands
in that two were not suitable for conventional agriculture and
one was regulated as a brownfield due to prior industrial
pollution. Bacterial community composition and structure
were assessed by 454 sequencing of the 16S rRNA gene. A
total of 387,111 sequences were used for multivariate
statistical analysis and to test for correlation between
community structure and environmental variables such as
plant species, soil attributes, and location. The most abundant

bacterial phyla found in the rhizosphere of all crops were
Acidobacteria, Proteobacteria, Actinobacteria, and Verruco-
microbia. Bacterial communities grouped by location rather
than by crop and their structures were correlated to soil
attributes, principally pH, organic matter, and nutrients. The
effect of plant species was low but significant, and inter-
actions between locations, plant species, and soil attributes
account for most of the explained variation in the structure of
bacterial communities, showing a complex relationship
between bacterial populations and their environment. Bacte-
rial diversity was higher in the agricultural sites compared to
adjacent forest sites, indicating that the cultivation of those
biofuel crops increased the rRNA diversity.
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Introduction

Biofuels have been presented as an alternative to
petroleum-based fuels and to reduce net greenhouse gas
emissions, but there are concerns regarding their economic
feasibility, net energy efficiency, their environmental impact
and their use on marginal lands [26]. Soil microorganisms
are a potentially important resource for enhancing biofuel
production at lower cost while maintaining ecosystem
services. Their benefits can include nitrogen fixation,
enhanced nutrient recycling and acquisition, production of
growth stimulants, improved soil structure and water
retention, and suppression of root diseases [30]. Any such
benefits for biofuel crops on marginal lands would be
especially important to sustainability. Hence, we sought to
determine the microbial communities of biofuel crops using
new high-capacity sequencing technology that provides
much more extensive information than was possible from
previous methods, such as clone libraries [25].

Cultivation is known to result in significant changes in
the taxonomic composition and activity of microbial
communities. Several variables are correlated to this effect
such as plant species, land management (e.g., application of
herbicides and fertilizers), changes in soil physical and
chemical attributes, etc. [1, 8, 10, 17, 18, 20]. Differences
in the composition of microbial communities are also
linked to factors independent of the agricultural activity,
such as soil type and geographic distance.

The objective of this study was to determine environ-
mental factors which correlated to changes in the structure
of bacterial communities in marginal lands cultivated with
corn, switchgrass, soybean, canola, and sunflower as
biofuel crops. Since we studied communities in the
rhizosphere soil, we tested the hypothesis that plant species
have a significant effect in determining the composition and
structure of bacterial communities. We sampled biofuel
crop rhizospheres from four different soil types and regions
of Michigan, to determine the effect of soil and geographic
region relative to the plant on the resulting microbial
community.

Material and Methods

Site Description and Soil Sampling

Soil samples were collected in four different locations in the
State of Michigan, USA in July and August 2008: Chatham
(UP), at the MSU Upper Peninsula Experiment Station,
Alger County; Lake City (LC), at the Lake City Experiment
Station, Missaukee County; at a regulatory brownfield at
Rose Township Dump Site (Rose) in Oakland County; and
East Lansing (MSU), at the Michigan State University Crop

and Soil Science Research Farm, Ingham County, which
served as an experimental control (nonmarginal land) for
crop yield and quality analyses (Table 1). Beginning in
2006 (UP, Rose, and MSU) and 2007 (LC), experiments
were carried out at each of the sites to test the performance
of soybean, canola, sunflower (not present at UP), corn, and
switchgrass as biofuel crops. Three of the sites were less
productive (UP and LC) or impaired (Rose—a regulatory
brownfield, i.e., use restricted due to industrial pollutants)
and are termed “marginal lands” [29]. All of the indicated
annual crops were planted at each location in each year of
the study and followed the rotational order of: canola–corn–
soybean–sunflower, with sunflower omitted from the
rotation at UP. The perennial crop, switchgrass, was planted
and maintained in the same plot location over the duration
of the experiment. The sampling occurred in late July or
August of 2008 when the plants were in active growth prior
to maturity. Soil samples were also taken at the same time
from adjacent forests to represent the native soil–plant
conditions at the respective sites.

The experimental design at each site was a randomized
block design, with six replicates per crop at UP, LC, and
Rose and four replicates at MSU. Composite samples were
taken from three replicates of each crop. Each composite
sample was formed by the rhizosphere soil of three
randomly chosen plants dug to a depth of 20 cm. Roots
and associated soil were transported to the laboratory on ice
and then processed to obtain the rhizosphere soil. The roots
were shaken to remove the loose soil, and the tightly
attached soil including small aggregates (<0.5 cm) was
used for DNA extraction. Three composite samples were
taken randomly in the adjacent forest as we did for the crop
sites, except that three soil cores instead of rhizosphere soil
composed those samples. Samples were homogenized and
stored at −20°C until processing. Soil chemical analysis
was carried out for each sample by the MSU Soil Testing
Laboratory (Department of Crop and Soil Sciences,
Michigan State University, East Lansing, MI, USA).

DNA Extraction and 16S rRNA Gene Amplification

Five hundred milligrams of each well-mixed soil sample
was used for DNA extraction with the Power Soil DNA
Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA,
USA), according to the manufacturer’s instructions. The
DNA was quantified with a Nanodrop ND-1000 spectro-
photometer (Nanodrop Technology) and stored at −20°C
until use. Primers targeting a fragment of 270–300 bp in the
V4 region [3, 31] of the 16S rRNA gene were used for the
polymerase chain reaction (PCR). The 454 primers consti-
tuted of an adapter sequence, added as recommended by
Roche; barcodes of 8 bp (added to forward primers only)
used to distinguish samples results from the same sequenc-
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ing; and the primer sequence itself, which was AYTGGGY
DTAAAGNG for the forward primer and TACCRGGGT
HTCTAATCC, TACCAGAGTATCTAATTC, CTACDSRG
GTMTCTAATC, and TACNVGGGTATCTAATCC for the
reverse primers (http://pyro.cme.msu.edu/). A mixture of
the four reverse primers was used. The PCR was performed
in triplicate for each sample, and the PCR products were
mixed [11]. The reactions contained 1× reaction buffer,
1.8 mM MgCl2, 0.2 mM of each dNTP, 1 µM of each
primer (Integrated DNA Technology, Coralville, IA, USA),
1.5× BSA, 1 ng µl−1 of template, and 1 U of FastStart
High-Fidelity PCR System enzyme blend (Roche Applied
Sciences, Indianapolis, IN, USA). The following conditions
were chosen for amplification after optimization: initial
denaturation for 3 min at 95°C; 30 cycles of 45 s at 95°C,
45 s at 57°C, and 1 min at 72°C; and final extension for
4 min at 72°C. After analyzing the PCR products on gels,
fragments with the expected size (270–300 bp) were
excised and extracted with the Qiagen gel extraction kit
(Qiagen, Valencia, CA, USA). PCR products were further
purified with the Qiagen PCR purification kit (Qiagen,
Valencia, CA, USA). Sequencing was performed with a GS
FLX sequencer (454 Life Sciences, Branford, CT, USA) at
the Michigan State University Research Technology Sup-
port Facility.

Data Analysis

All sequences that passed the quality controls of the GS
FLX software were uploaded on the Ribosome Database
Project (RDP) high-throughput pipeline [3] and analyzed
by using the RDP tools (release 10). Raw sequences were
sorted by barcode; the 16S rRNA gene primers were
trimmed and filtered to remove sequences of low quality.
Alignments were obtained with the software INFERNAL
[19] and used to calculate distance matrices and to generate
a matrix containing information about the operational
taxonomic units (OTUs) for use with EstimateS and R.
OTUs were defined at the level of 3% dissimilarity,
approximately species level.

Redundancy analysis was performed with Hellinger-
transformed data as advised elsewhere [15]. The contribu-
tion of soil attributes, location, and crop species, as well as
interactions between them, was estimated by variation
partition analysis, with Hellinger-transformed data [23].
Renyi diversity profiles were built to rank communities
according to diversity [13]. Taxonomic assignments were
performed by using the RDP classifier tool, set at the 50%
confidence threshold [31]. Relative abundance data of
phyla were regressed against the ordination scores in order
to determine significant correlations with the ordination
scores. All statistical analyses were made with the packages
Vegan [22] and BiodiversityR [13] in the program R [24].T
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Results

We obtained 387,111 sequences with an average of 6,049±
3,141 sequences per sample and an average read length of
207.3 bp. These samples were aligned and clustered by the
complete linkage method resulting in 19,430 clusters at the
distance of 3%. Among those clusters, 8,762 are formed by
singletons. Sample coverage varied between 72.4% and
92.7%, with an average coverage of 86.1±4.5%.

There was a significant correlation between community
structure and soil attributes (P<0.001) as shown by
redundancy analysis (RDA) and the first and second axes
of the RDA explain, respectively, 17.5% and 6.35% of the
total variation in the data. The graphic displays that
bacterial communities from the same sites formed separate
groups, with forest soil communities grouping separately
from biofuel crop communities along the second axis
(Fig. 1). Rose and UP biofuel communities were more
alike and related to higher pH, Ca, and salt concen-
trations, as shown by their close grouping and by the
vectors. On the other hand, East Lansing and LC biofuel
soil communities formed a separate group associated with
higher P and K concentrations and lower pH, Ca, and
salt concentrations. Forest communities were correlated to

higher NH4
+ concentration and organic matter content.

Among those communities, UP communities were associ-
ated with higher pH, Ca, and salt concentrations, and other
forest communities are related to lower values of those
variables.

Variation partitioning analysis was used to determine the
contribution of location and crop species, besides soil
attributes. The variation in bacterial community structure
was partitioned among soil attributes, crop, and location, as
well as interactions between them; 27% of the variation was
explained by those three factors, and small portions of the
explained variation were explained by each of those factors
alone (Fig. 2). Location, crops, and soil accounted for 3.5%
(P=0.01), 2.1% (P=0.01), and 0.7% (P=0.15), respective-
ly. The variation was mostly explained by interactions
between location and soil attributes and crops and soil
attributes, which accounted for 21.5% and 12.8%. The
interaction between crop and location accounted only for
2.9% of the variation.

Twenty-four phyla were identified when all samples
were considered. Among them, Acidobacteria had the
highest relative abundance in rhizospheres of plants from
all locations, followed by Proteobacteria, Verrucomicrobia,
and Actinobacteria (Fig. 3). We estimated that between 8%
and 36% of the sequences could not be assigned to any
phyla by the RDP classifier. Inasmuch as the main differ-
ences were associated with location rather than crops, we
determined the relative abundance of bacteria in each
location, regardless of crop species. Clear differences in
relative abundance among locations can be seen in Acid-
obacteria, Gemmatimonadetes, Chloroflexi, and WS3.
Acidobacteria was more abundant in Rose and UP biofuel
crop sites and in the UP forest. Gemmatimonadetes was
more abundant in MSU and in LC sites and followed by
Chloroflexi being more abundant in the UP and Rose sites.

Renyi diversity profiles were used to rank the sites
according to diversity (Fig. 4). When using these profiles,
two communities can be ranked only when their curves do
not intersect. Since location and soil attributes played a
greater role in defining community structure, we calculated
the Renyi profiles for each location, regardless of plant
species. In general, agricultural sites present higher rich-
ness, Shannon index, Simpson index, and evenness
(indicated, respectively, by the alpha values of 0, 1, 2, and
infinity). However, the MSU and LC sites cannot be ranked
as indicated by the crossing of curves or overlapping of
confidence intervals. Forest sites, however, in these two
locations show greater dominance within communities than
do the agricultural sites. There is no correlation between
richness and diversity, as measured by the Chao and
Shannon indices, respectively, and soil attributes, except
for a low but significant positive correlation between
diversity and pH.

Fig. 1 Redundancy analysis for soil bacterial communities in the
rhizosphere of biofuel crops in different locations in Michigan, USA.
The distance of 3% was used to define operational taxonomic units.
Each vector points to the direction of increase for a given variable, and
its length indicates the strength of the correlation between this variable
and the ordination scores

Bioenerg. Res. (2010) 3:20–27 23



Discussion

We studied bacterial communities in the rhizosphere of
biofuel crops in order to assess the factors that are
correlated with changes in the structure of these communi-
ties. Bacterial communities clearly differed between biofuel
and forest soils. We cannot exclude that the contrast
between bulk soil and rhizosphere soil is contributing to
the differences observed between the forest and agricultural
sites, but we still can affirm that the differentiation is due to
the conversion to nonforest uses.

The biofuel sites were grouped mainly according to their
location, rather than by crop species, and the correlations

with several soil attributes were significant, indicating that
soil type and land management were key factors in defining
community structure. Even though the crop species alone
was significant in determining the microbial community, its
contribution was smaller if compared with interactions
among locations, plant species, and the soil environment.
Those interactions accounted for most of the explained
variation in the studied communities, showing a complex
picture of the interaction between bacterial communities
and their environment. The variation that cannot be
explained by the variation partitioning analysis may be
accounted for by factors not measured, such as previous
land use history, preexisting microbial populations, and
noise.

The effect of the plant species in determining the
composition of bacterial communities in the rhizosphere is
documented by several authors, but there are also studies in
which a strong effect of the plant species on the structure of
rhizosphere communities was not observed. Our results can
be included in the second case since the soil environment
seems to be a more significant factor. Smalla et al. [28]
describe a significant effect of plant species, in which
communities in the rhizosphere of rapeseed, strawberry, and
potato could be differentiated, and Marschner et al. [17]
found that both plant species and soil were highly
significant. On the other hand, soil type rather than plant
species was the major determinant of community structure
in the rhizosphere of the grasses Lolium perenne, Anthox-
anthum odoratum, and Agrostis capillaries [27]. Nunan et
al. [21] observed that topography and other uncharacterized
factors were important in driving changes in the composi-
tion of bacterial communities in grassland soils. And
similar to what we found, Buyer et al. [1] observed a very
strong soil effect but little plant effect between corn and
soybean rhizosphere communities by fatty acid analysis,
indicating that the overall microbial community structure

Fig. 2 Partitioning analysis of the variation in bacterial community
structure into soil attributes (S), location (L), and crops (C)
components. Circles on the edges of the triangle show the percentage
of variation explained by each factor alone. The percentage of
variation explained by interactions between two or three of the factors
is shown as squares on the sides and as a circle in the center of the
triangle. The unexplained variation is depicted in the square on the
bottom. The size of circles and squares is proportional to the variance
explained
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was not affected by these particular rhizospheres. The
difference in these results is difficult to explain due to
differences in the experimental conditions, methodologies,
plant species, etc. However, they do indicate that the
influence of the different factors can vary with plant growth
stage, region of the roots sampled, soil type, and fertiliza-
tion among others [17, 18, 28]. Besides, while our results
are based in short sequences of a conserved gene, it could
be that the effect of plants might be more apparent if less
conserved genes were analyzed.

Acidobacteria, Proteobacteria, Verrucomicrobia, and
Actinobacteria were the most abundant phyla in the
rhizosphere of all plants. These phyla are frequently found
in soils and are among the most dominant bacterial phyla in
rhizospheres [5]. Proteobacteria and Actinobacteria have
several cultivated representatives isolated from the rhizo-
sphere, while no strains of Acidobacteria and Verrucomi-
crobia have yet been isolated from the rhizosphere of
plants, so all the information about their presence in this
environment comes from culture-independent studies [5].

Fig. 4 Renyi diversity profiles of soil bacterial communities in a East
Lansing, b Lake City, c Rose Township, and d Chatham (UP). The x-
and y-axis show, respectively, the alpha value of the Renyi’s formula
and their associated Renyi diversity profile values (Hα). Renyi profile

values at the scales of 0, 1, 2, and infinite are related to species
richness, Shannon diversity index, Simpson diversity index, and
Berger-Parker index, respectively

Bioenerg. Res. (2010) 3:20–27 25



Acidobacteria were the most abundant and metabolically
active bacteria in the rhizosphere of chestnut tree (Castanea
crenata), followed by Proteobacteria, suggesting that these
bacteria may play an important role in this environment
[14]. Singh et al. [27] also found that Acidobacteria was the
most abundant phylum in the rhizosphere of the grasses L.
perenne and A. odoratum, followed by Proteobacteria as the
second-most abundant phylum. However, Kielak et al. [12]
found that the percentage of Acidobacteria was higher in
the bulk soil than in the rhizosphere. These authors attribute
this finding to the assumption that Acidobacteria are
oligotrophic and that the rhizosphere environment would
favor fast growers due to greater C availability. Neverthe-
less, similar characteristics are broadly distributed among
rhizosphere bacteria [5]. Also, other studies found Proteo-
bacteria as the most abundant phyla in the rhizosphere of
maize [2] and grasslands [16], which are the type of the
plants we studied. One hypothesis to explain the similarity
between rhizosphere and bulk soil communities, a relation-
ship also noted by de Ridder-Duine et al. [7], is that the
latter provides a massive inoculum for the former, hence
causing domination of the rhizosphere community.

The differentiation between biofuel and forest sites was
found also when communities are ranked according to their
diversity, for which agricultural sites tend to have higher
bacterial diversity, even though their plant diversity is lower.
Recent results in the literature indicate that plant diversity
may not be directly related to diversity in soil bacterial
communities [4, 6, 9] and that soil variables may play a
more important role [4, 9]. Thus, a possible explanation for
the results that we observed may be that changes in the soil
environment, such as the increase in pH in the agricultural
sites, favor an increase in bacterial diversity.

We can conclude that interactions among soil type, soil
chemistry, and crops are correlated to the changes in the
structure of the studied communities and that the soil
environment is one of the main factors affecting those
communities. Agricultural sites have increased diversity
when compared to the paired forest sites.
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