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Abstract
Background and aims It has frequently been shown that
plants interact with soils to shape rhizosphere
microbiomes. However, previous work has not distin-
guished between effects of soil properties per se, and
effects attributable to the resident microbial communi-
ties of those soils. We aimed to test whether differences
in the structure of bulk soil microbial communities,
within a given soil type, would carry over to impact
the structure of the rhizosphere microbial community.
Methods We used repeated chemical amendments to
develop divergent bulk soil microbial community
starting points from which rhizosphere development
proceeded. Additionally, we contrasted rhizosphere

microbiomes associated with two different cultivars of
corn (Zea mays).
Results A wide range of bacterial and archaeal taxa
responded to chemical resource amendments, which
reduced bulk soil microbiome diversities. Corn geno-
types P9714XR and 35F40 had largely similar impacts
on rhizosphere microbiome development, although sig-
nificant differences were evident in select treatments.
Notably, in cases where resource amendments altered
bulk soil microbial community composition, legacy ef-
fects persisted into the rhizosphere.
Conclusions Our results suggest that rhizosphere mi-
crobial communities may develop into different states
depending on site history and prior selective events.
This work advances our understanding of soil
microbiome dynamics and responsiveness to change in
the form of simple resource amendments and the devel-
opment of the rhizosphere.

Keywords Soilmicrobiome .Rhizosphere .Community
dynamics . Zeamays . IlluminaMiSeq

Introduction

Soil microbial communities are increasingly understood
to interact extensively with plants and to have substan-
tial influence on plant health and productivity. For in-
stance, members of the soil microbiome may influence
plant health, productivity and community dynamics
through mechanisms ranging from production and mod-
ification of plant hormones (Sergeeva et al. 2007), to the
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imposition and suppression of disease (Klein et al.
2013), to impacts on nutrient availability (Vassilev
et al. 2006) and enhanced tolerance toward abiotic
stresses (Marquez et al. 2007).

Plants exert considerable influence over the rhizo-
sphere microbiome, largely through the provision of
exudates and other labile chemical resources [reviewed
in (Bakker et al. 2012)]. Growing plant roots change the
chemical identity, quantity and diversity of resources
available to soil microbial communities (Zolla et al.
2013), through processes of both addition and removal
of diverse chemical compounds from soil (Jones et al.
2004). In turn, this altered resource availability changes
the selective pressures experienced by soil microbes.
The outcome of these complex processes is the devel-
opment of a rhizosphere microbial community that dif-
fers markedly from the source communities in bulk soil
(Minz et al. 2013). In one example, plants engineered to
produce novel carbon compounds were shown to quick-
ly select for bacteria capable of metabolizing those
compounds, even though such capabilities were unde-
tectable among bacteria isolated before exposure to the
plant (Oger et al. 2004). This is an indication of the
strength and rapidity with which selection can act on soil
microbial communities during the development of the
rhizosphere. Several large-scale studies of host genotype
effects on rhizosphere, rhizoplane and root endosphere
microbiomes have recently been published, for
Arabidopsis (Bulgarelli et al. 2012; Lundberg et al.
2012), maize (Peiffer et al. 2013), and rice (Edwards
et al. 2015).

It is well known that the impact of host plants on soil
microbial communities can vary with soil type (Girvan
et al. 2003; Ulrich and Becker 2006). This suggests that
microbiome dynamics observed in one soil typemay not
be generalizable to other soil types, and that it is impor-
tant to consider microbiome dynamics across a range of
soil types. There are a variety of mechanisms that could
contribute to differences in microbiome assembly or
dynamics across soil types. For instance, root exudation
is impacted by soil characteristics such as nutrient avail-
ability or deficiency (Lu et al. 1999; Shen et al. 2001),
and is sensitive to the microbes that colonize the root
surface (De-la-Pena et al. 2008; Meharg and Killham
1995). Thus rhizosphere microbes may play a part in
shaping their own selective environment by modulating
plant root exudation. The adsorption of biologically
active compounds on charged clay particles (Brady
1999) or interactive effects of pH with root exudation

may also contribute to different microbiome dynamics
in the rhizosphere of a common host across soils.
Regardless of the mechanism, prior demonstrations of
rhizosphere microbiome variation across soil types,
even in the presence of a consistent host plant genotype,
require that rhizosphere effects be considered across a
range of soil types.

Because edaphic characteristics themselves also in-
fluence soil microbial communities (Carson et al. 2009;
Girvan et al. 2003), many studies of plant genotype
effects on the rhizosphere microbiome have confounded
the impacts of soil type with the limitations of available
rhizosphere colonizers. For instance, Schreiter et al.
(2014) contrasted various soil types for influence on
rhizosphere microbial community structure, demon-
strating that both edaphic characteristics and bulk soil
microbial community structures differed among the soil
types they considered. It would be valuable to distin-
guish between these different mechanisms leading to
variation among rhizosphere microbiomes within and
across soil types. The rhizosphere microbial community
that develops in response to selection by plant-driven
forces must necessarily reflect the identity of the mi-
crobes that are present in the bulk soil. Furthermore,
even if the same taxa are present between sites, but differ
in relative abundance, rhizosphere microbial communi-
ty development may proceed in different directions be-
cause initial root colonizers have better success than
latecomers who attempt to establish on an already col-
onized root surface (Rainey 1999), and the taxa that are
most abundant locally are probabilistically the most
likely to be the first colonizers. Thus, the composition
and structure of the initial microbial community colo-
nizing a given plant root is likely to impact subsequent
rhizosphere community structure and dynamics.

This is an important nuance because of the high
spatial variability of soil microbial communities
(Bakker et al. 2013; Nunan et al. 2002); across a single
field, a population of host plants may experience a
common soil type but divergent initial soil microbial
community composition and structure. Understanding
how this variation in initial microbial communities plays
out during plant-driven selection in the rhizosphere will
inform our understanding of plant-microbe interactions
in both managed and natural systems, and will offer
insights into the feasibility of ‘engineering’ the rhizo-
sphere for our own ends (Ryan et al. 2009).

Our objectives in this work were to: i) introduce
variation in microbial community structure within a
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given soil type; ii) to observe whether these induced
differences in bulk soil microbial community structure
persisted as observable differences in the rhizosphere;
iii) compare rhizosphere microbial community structure
for two different host plant genotypes; iv) to perform
these contrasts across a number of different soil types.
We used amendments of defined exogenous chemical
resources to induce changes in the structure of microbial
communities in four different soils. From these diver-
gent community starting points, we allowed for rhizo-
sphere development over several weeks by two different
genotypes of Z. mays. We assessed changes in root-
associated microbial (bacteria + archaea) community
structure by sequencing 16S rRNA gene fragments from
rhizosphere soil, allowing us to contrast the effects of
Z. mays genotypes and to observe how diverse microbial
starting points influence the development of the rhizo-
sphere microbiome.

Materials and methods

Soil collection

Four soils with differing textures and history of man-
agement and plant cover were collected (Table 1). Each
soil was sieved through a 2 mm mesh to remove plant
roots and large clods before being further homogenized
by hand. Soils were stored at 4 °C and were used for
experiments within 4 months.

Resource amendments to shift soil microbial
community structure

Soils were distributed into magenta box containers at a
consistent depth (110 g for Soil 1, 95 g Soil 2, 75 g Soil
3, 100 g Soil 4) and wetted to 50% of field capacity. Ten

replicate microcosms were established for each treat-
ment. Three different resource amendments were ap-
plied to each soil, at a rate of 1 mg carbon gram−1 dry
soil. The amendments consisted of either glucose, a mix
of seven sugars and sugar alcohols (inositol, galactose,
glucose, maltose, mannitol, sorbitol, sucrose; each com-
ponent contributing an equal amount of carbon), or
soluble starch. The goal in choosing these amendments
was to span a range of chemical diversity and complex-
ity, while still allowing for rapid metabolism such that a
minimum quantity of the exogenous chemicals would
remain after the introduction of a plant. Amendments
were added four times, at weekly intervals, and were
incorporated by gently mixing with a spatula. One week
after the final amendment, soil was collected from a
random subset of samples in each treatment for chemical
analysis and DNA extraction. Soil carbon content (%
C), nitrogen content (% N) and pH were assessed at the
Soil, Water and Plant Testing Laboratory at Colorado
State University, using standard procedures.

Rhizosphere microbial community structure

Ten days after the final resource amendment, one corn
seed was planted per container (five replicate micro-
cosms each of P9714XR or 35F40, seed provided by
Dupont Pioneer). These cultivars are derived from dif-
ferent hybrid families and have different rates of devel-
opmental progression (relative maturity: 97 d for
P9714XR, 105 d for 35F40). Corn seeds were surface-
disinfested to avoid the influence of seed-borne mi-
crobes on subsequent rhizosphere community composi-
tion, by shaking for 2 min in 70 % ethanol, 25 min in
0.5 % NaOCl with 0.01 % Tween 20, and rinsing four
times with sterile distilled water. After planting, boxes
were arranged in a randomized block design on a light
table. Plants were watered as needed, and were fertilized

Table 1 Characteristics of soils used in this work

Sand
(%)

Silt
(%)

Clay
(%)

Texture pH Carbon content
(%)

Nitrogen content
(%)

Plant cover

Soil 1 75 15 10 Sandy Loam 6.37 c 0.41 C 0.06 c Mixed shortgrass prairie

Soil 2 18 22 60 Clay 7.53 a 2.49 A 0.19 ab Roadside grasses

Soil 3 15 65 20 Silt Loam 7.33 ab 3.06 A 0.21 a Mixed shortgrass prairie

Soil 4 24 24 52 Clay 7.17 b 1.67 B 0.16 b Long-term corn monoculture

All soils were collected within a 100 km distance of Fort Collins, CO USA. Different letters indicate statistically significant differences
among soils (ANOVAwith Tukey’s HSD, p<0.05)
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twice with 25 mL of 1/5 strength Hoagland’s solution
(Phytotechnology Laboratories). After 4 weeks of
growth, rhizosphere soil was collected for microbial
community structure analyses. Plants were upturned
over a paper towel and bulk soil was worked free from
the roots with a spatula. Soil remaining attached to the
root system was considered to be rhizosphere soil.

Sequencing and sequence processing

Soil DNA extraction was performed with the PowerSoil
DNA Extraction Kit (MoBio; 96 well plate format),
according to the manufacturer’s instructions. Samples
were arranged in random order among wells in the DNA
extraction plates. The concentration of extracted DNA
was measured with a Nanodrop spectrophotometer and
samples were diluted with molecular biology grade
water to 10 ng μL−1. Amplification of 16S rRNA gene
fragments was performed with primers targeting posi-
tions 515–532 (5′- GTGYCAGCMGCCGCGGTAA
-3′) and 1052–1071 (5′- GAR CTG RCG RCR RCC
ATG CA -3′). These primers offer good coverage for
known taxa of both bacteria and archaea (Wang and
Qian 2009). Each PCR was performed in a 25 μL vol-
ume, consisting of 10μLHotMasterMix (5 Prime, Inc.),
1 μL primer mix (5 μM each), 1 μL DNA template, and
13 μL molecular biology grade water. The thermocycler
program consisted of 3 min at 94 °C, 35 cycles of (45 s
at 94 °C, 1 min at 50 °C, 1.5 min at 72 °C), and a final
extension step of 10 min at 72 °C. Three separate PCRs
were performed for each sample, and successful ampli-
fication of each reaction was verified by agarose gel
electrophoresis with ethidium bromide staining.
Replicate PCRs were pooled and amplicons were puri-
fied with the UltraClean PCR clean-up kit (MoBio),
according to the manufacturer ’s instructions.
Amplicons were prepared for sequencing with the
Nextera XT DNA sample preparation kit and associated
index kit (Illumina), according to the manufacturer’s
instructions. Samples were dual indexed, and were se-
quenced across two runs of a MiSeq sequencing ma-
chine (Illumina). Sequencing was performed at the
Genome Center at Yale University, using a MiSeq ver-
sion 2 300 cycle kit. The raw sequence data have been
deposited into the NCBI Sequence Read Archive as
accession SRP018039.

Sequence processing was performed with Mothur v.
1.28.0 (Schloss et al. 2009). Forward and reverse reads
were merged into contigs. Contigs were culled if they

were shorter than 100 nucleotides in length, contained
any ambiguous characters or homopolymeric runs lon-
ger than 15 nucleotides, or failed quality screening
(qwindowsize=50, qwindowaverage=35). Contigs
were classified against the combined SILVA bacterial
and archaeal databases (Pruesse et al. 2007), using the
naive Bayesian classifier (Wang et al. 2007) embedded
inMothur, with a confidence threshold of 75%. Contigs
that could not be confidently assigned to the phylum
level were dropped from the analysis. Samples with
fewer than 10,000 contigs remaining at this point were
dropped from the analysis and random subsampling was
performed to the depth of the smallest remaining sample
(11,140 contigs). Contigs were clustered into family-
level phylotypes based on the taxonomic classification
of each contig.

Patterns of similarity in microbial community struc-
ture were visualized via principal coordinates analysis
(PCoA), using function cmdscale in the stats package
for R (R Core Development Team 2011), with pairwise
Bray-Curtis distances as the input data. Differences in
community structure among treatments were tested
using analysis of molecular variance (AMOVA), as
implemented in Mothur. For phylotype diversity esti-
mates, the method of Leinster and Cobbold (Leinster
and Cobbold 2012) was used. This approach expresses
diversities as effective numbers, across a range of sen-
sitivities toward low abundance community members.
We used a similarity-informed version of the index,
assigning similarities of 1 for phylotypes in the same
family (the diagonal on the similarity matrix), 0.9 for
shared order, 0.8 for shared class, 0.7 for shared phylum,
0.6 for shared domain, and 0.5 for phylotypes from
different domains (i.e., bacteria vs. archaea). Although
assigning similarity to pairs of phylotypes is imprecise
given our dearth of knowledge about most microbial
taxa, even crude estimates of similarity among taxa
represent an improvement over the more common,
naïve approach to estimating diversity which assumes
that all pairs of taxa are completely dissimilar from each
other (Leinster and Cobbold 2012).

MANOVA was used to test the significance of soil
and of resource amendment on the relative abundance of
phyla. ANOVAwith Dunnett’s test identified significant
changes within each resource amendment class. In sum-
marizing the response of each phylum to resource
amendments, the glucose and sugar mix amendment
treatments were combined into ‘sugar’ (n=8 for sugar,
n=4 for starch). The number of significant increases or

118 Plant Soil (2015) 392:115–126



decreases was divided by the total number of tested
cases.

Root exudate collection and analysis

To test whether Z. mays cultivars P9714XR and
35F40 differed in root exudation, exudates were
collected in an axenic hydroponic system and ana-
lyzed by gas chromatography coupled with mass
spectrometry (see Electronic supplementary
material for details).

Results

Impacts of resource amendments on soil pH, C and N

Measured edaphic properties were rarely significant-
ly influenced by the resource amendments. Relative
to pre-amendment soils, pH increased slightly for
glucose and starch amendments in Soi l 2
(Supplementary Figure S1; p<0.01, ANOVA with
Dunnett’s test). Soil carbon content increased only
for the starch amendment in Soil 1, while soil nitro-
gen content was not significantly influenced by any
of the resource amendments in any of the soils
(Supplementary Figure S1).

Impacts of resource amendments on the bulk soil
microbiome

Our goal was to shift the structure of the bulk soil
microbiomes through resource amendments. This
approach was effective in most cases; in the sandy
loam (Soil 1), communities with a history of expo-
sure to either glucose, a mix of sugars, or starch were
all distinct from each other (AMOVA, p<0.05). In
the clay soils (Soil 2 and Soil 4), communities with a
history of exposure to either glucose or a mix of
sugars were distinct from those that had been
amended wi th s t a r ch (AMOVA, p < 0 .05 ) .
Communities in the silt loam (Soil 3) were the most
resistant to change, and did not differ significantly
regardless of resource amendment history (AMOVA,
p>0.05). Visual depictions of similarity among sam-
ples from each soil are shown via principal coordi-
nate analysis plots (Fig. 1).

Resource amendments shifted the relative abun-
dances of bacterial and archaeal phyla in soil

(Fig. 2). Across the initial and resource-amended
so i l s , t he dominan t phy lum ranged f rom
Actinobacteria (most samples), to Proteobacteria
(Soil 2 initial or with starch amendment, Soil 4
initial), to Firmicutes (Soil 1 with glucose or sugar
mix amendments). The relative abundances of bac-
terial and archaeal phyla were impacted by both soil
type and the identity of resource amendments
(p<0.01, MANOVA). Taxa significantly varying in
relative abundance with soil type included Proteobacteria,
Actinobacteria, Bacteroidetes, Firmicutes, Crenarchaeota,
Acidobacteria, Planctomycetes and Gemmatimonadetes
(p<0.01, 2-way ANOVA).

All common phyla (those represented by at least
1‰ of sequence reads) exhibited a significant
change in relative abundance compared to the cor-
responding pre-amendment soil in response to re-
source amendments in at least one case (Table 2).
Actinobacteria, Chloroflexi and Firmicutes increased
significantly in response to sugar amendments in
some cases, while no bacterial or archaeal phylum
showed a significant increase in relative abundance
in response to starch amendment (Table 2). Where
phyla responded to resource amendments, decreases
in relative abundance were more common than in-
creases in relative abundance. This may be a result
of our measuring relative, rather than absolute,
abundances. For instance, if a small subset of the
community responded to resource amendmentswith
a large increase in absolute abundance, the relative
abundances of all other taxa would automatically
decline.

The addition of simple chemical resource amend-
ments to soil tended to reduce bacterial phylotype
diversity; amendment with glucose, a mix of sugars,
or with starch uniformly reduced phylotype diversity
compared to the pre-amendment level across all four
soil types (Fig. 3). There was a particularly large
drop in bulk soil microbial diversity in the sandy
loam-glucose treatment (Fig. 3; Soil 1). In this treat-
ment, just five phylotypes comprised over 90 % of
the sequence reads, and all five of these phylotypes
belonged to the class Bacilli. This dominance of
Bacilli was so extreme that other taxa may have
been extirpated in this treatment. A similar, although
less extreme enrichment of Bacilli (phylum
Firmicutes) occurred in the sugar mix treatment in
this soil (Fig. 2). Also notable was the minor change
in bulk soil microbial diversity upon starch addition
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to Soil 2 (clay), compared to the much larger drop in
diversity when this soil was amended with sugars

(Fig. 3). In the silt loam soil, diversities were nearly
identical across amendment treatments (Fig. 3; Soil
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Fig. 1 Principal coordinates
analysis (Bray-Curtis distance
index) plots as a visualization of
differences in microbial
community structure between
samples. All samples were
included in a single principle
coordinates analysis, but samples
are plotted separately by soil in
order to improve clarity. The first
principal coordinate axis
explained 39.3 % and the second
axis explained 21.9 % of the
observed variation

Fig. 2 The relative abundance of
bacterial and archaeal phyla at the
onset of the experiment (‘Initial’),
following resource amendments,
and after rhizosphere
development. Phyla having a
mean relative abundance of at
least 1‰ are shown individually;
less abundant phyla are grouped
into BOther.^ Data from the two
Z. mays genotypes were
combined for this visual summary
because rhizosphere bacterial
community structures were very
similar. Mean values across
replicates are shown (3 ≤ n ≤ 10)

120 Plant Soil (2015) 392:115–126



3), which is consistent with the indication via anal-
ysis of molecular variance (see above) that
microbiome structure did not differ among amend-
ment treatments in this soil.

Soil microbial community structure in the rhizosphere

Similar dynamics were observed across most com-
munities as the rhizosphere developed from bulk soil
communities. For instance, Actinobacteria and
Firmicutes typically declined in relative abundance,
while Proteobacteria, Bacteroidetes, Verrucomicrobia
and Acidobacteria increased in relative abundance
(Fig. 2; shown are averages across corn cultivars).

There were few statistically significant differences
between the two Z. mays cultivars in impact on rhizo-
sphere microbiomes. Following the resource amend-
ments, the only pairwise contrast that showed a signif-
icant difference in rhizosphere microbiome structure
between the two cultivars was in the silt loam soil
(Soil 3) with glucose amendment (AMOVA, p=
0.034); in all other treatments, rhizosphere microbiome
structure was not significantly different between the two
cultivars (AMOVA, p>0.05; visual summary via prin-
cipal coordinates plot in Fig. 4).

The diversity of rhizosphere microbiomes differed
between the two Z. mays cultivars in certain cases.
Microbial diversity in the rhizosphere of cultivar
35F40 was higher than for cultivar P9714XR in the silt
loam soil following the sugar mix amendment (T-test,
p<0.05; Fig. 5). Following starch amendment, the rhi-
zosphere of 35F40 was more diverse than for P9714XR
in one clay soil (Soil 2), but the opposite pattern was
observed in the other clay soil (Soil 4; T-test, p<0.05;
Fig. 5). These contrasting results highlight the interac-
tive effects of soil factors and host plant genotype in
shaping rhizosphere microbiomes.

For each soil, rhizosphere microbiomes developing
after starch amendments were distinct from those develop-
ing after glucose or sugar mix amendments (AMOVA,
p<0.05 for all pairwise contrasts except for P9714XR
rhizosphere following sugar mix vs. starch amendments,
and 35F40 rhizosphere following glucose vs. starch in
the silt loam soil; see also Fig. 4). Rhizosphere
microbiome structures following glucose vs. sugar mix
amendments were generally not distinguishable within a
given soil (AMOVA, p>0.05).

Across all soil-amendment treatments, rhizo-
sphere microbiomes developing after glucose and
sugar mix amendment in the sandy loam soil (Soil
1) were clearly distinct from all other treatments
(Figs. 2 and 4). This suggests a legacy effect of
resource amendments that continued to influence
soil microbial community structure in the rhizo-
sphere. We have highlighted above how Bacilli
(phylum Firmicutes) were strongly selected within
the bulk soil microbiome in these treatments, per-
haps to the exclusion of other taxa. After rhizo-
sphere microbiome development following glucose
and sugar mix amendment in the sandy loam soil,
otherwise common phyla such as Chloroflexi,
Crenarchaeota and Planctomycetes remained nearly
absent (Fig. 2). Notably, the absence of these taxa
was not accommodated by a uniform increase in
relative abundance across the remaining taxa. For
instance, rhizosphere communities in these treat-
ments had much higher relative abundance of
Bacteroidetes, and lower abundance of Actinobacteria
than was observed across other treatments (Fig. 2).
Thus, rhizosphere microbiomes developed into different
states as a function of the microbial taxa available for
colonization.

Because we stopped chemical amendments when
seeds were planted, some portion of the observed changes

Table 2 Proportion of treatments in which each dominant bacte-
rial and archaeal phylum (those represented by at least 1‰ of
sequence reads) either increased or decreased significantly in
relative abundance, compared to the corresponding pre-amendment
soil (ANOVA, p<0.01)

Phylum Increase
with
sugar

Decrease
with
sugar

Increase
with
starch

Decrease
with
starch

Acidobacteria 0 0.5 0 0.25

Actinobacteria 0.25 0 0 0

Bacteroidetes 0 0.5 0 0.5

Chloroflexi 0.25 0.25 0 0

Crenarchaeota 0 0.25 0 0.25

Cyanobacteria 0 0.25 0 0.25

Firmicutes 0.625 0 0 0.25

Gemmatimonadetes 0 0.5 0 0.25

Planctomycetes 0 0.5 0 0.5

Proteobacteria 0 0.25 0 0

Verrucomicrobia 0 0.5 0 0.5

Other 0 0.125 0 0

The glucose and sugar mix treatments were combined into ‘sugar’
for this analysis (n=8 for sugar, n=4 for starch)
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Fig. 3 Phylotype diversities of bulk soil microbiomes either prior
to, or following repeated amendment with simple chemical
resources. Low abundance phylotypes contribute less to the

diversity statistic as the sensitivity parameter, q, increases.
Mean values are shown for each treatment (3 ≤ n ≤ 4)

Fig. 4 Principal coordinates
analysis (Bray-Curtis distance
index) plot as a visualization of
differences in rhizosphere
microbial community structure
between two Z. mays cultivars.
For clarity, the mean scores across
replicates for the first and second
principal coordinate axes are
plotted, and points corresponding
to the two cultivars in the same
soil-amendment treatment are
connected. Soil and prior resource
amendments are indicated in the
legend. * indicates treatments for
which rhizosphere microbiome
structure differed significantly
between the two host plant
genotypes (p<0.05, AMOVA)
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between bulk soil and rhizospheremicrobiomesmay have
been due to the cessation of new inputs of glucose, sugar
mix, or starch. However, the observed changes did not
represent a return to the initial community structure that
existed prior to resource amendments (particularly in
Soils 1 & 4; see Fig. 2), suggesting that changes were
not due primarily to the removal of exogenous temporary
resource amendments and accompanying selective forces.

Root exudate analysis

Profiling of root exudation in an axenic system did not
reveal substantial differences between Z. mays cultivars
P9714XR and 35F40. There was no clear clustering of
samples by cultivar when exudate profiles were plotted
with principal components analysis (data not shown). It
is possible that exudation profiles may have differed to a

greater extent if the plants had been grown in a solid
substrate or in interaction with soil organisms.

Discussion

Impacts of carbon source amendments on bulk soil
microbial community structure

Our results shed light on the responsiveness of soil
microbiomes to changes in resource availability, and
the consistency of resultingmicrobiome dynamics across
soils. We demonstrate that microbiome dynamics may
differ widely across soil types. For instance, microbial
communities in the sandy loam soil were much more
sensitive and responsive to changing resource availability
than were the microbial communities of the clay or silt
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Fig. 5 Phylotype diversities of rhizosphere microbiomes follow-
ing repeated amendment with simple chemical resources. Low
abundance phylotypes contribute less to the diversity statistic as
the sensitivity parameter, q, increases. Mean values are shown for

each treatment (3 ≤ n≤ 5). * indicates significant differences in
diversity between the two Z. mays cultivars (T-test, p<0.05 at any
given value of q)
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loam soils. The low carbon content of the sandy loam soil
likely offered the most scarce resource base to its bulk
soil microbiome. In contrast, endogenous resources in
Soils 2, 3 and 4 may have buffered microbial communi-
ties against change driven by new resource inputs.

Differences among amendment treatments can be
attributed to the chemical nature of the amendments.
However, not all differences from the initial community
state may be due to the amendments themselves; some
portion of the observed effects on bulk soil microbiomes
may have been due to microcosm incubation conditions
or to the prolonged maintenance of soil moisture at levels
suitable for microbial physiological activity. Nevertheless,
this does not impinge upon our primary objective, which
was to accentuate differences in microbiome structure
within given soil types prior to introducing a plant to
initialize rhizosphere development.

Several studies have now reported on the responsive-
ness of particular microbial taxa to artificial resource
inputs. Our results support previous observations that
amendment with simple resources decreases microbial
diversity (Zhou and Wu 2012). Fierer et al. (2007)
reported Acidobacteria declining and Bacteroidetes
and β-Proteobacteria increasing in relative abundance
in response to amendments of sugar compounds. We
show comparable responses for Acidobacteria, which
declined significantly in relative abundance in 50 % of
treatments receiving sugar amendments. However,
Bacteroidetes responded oppositely in our study com-
pared to the previous report, also declining significantly
in relative abundance in 50 % of treatments receiving
sugar amendments. The phylum Proteobacteria, or cer-
tain classes within this phylum, has been proposed as a
copiotrophic lineage (Fierer et al. 2007; Pascault et al.
2010), but we did not find any significant increases in
the relative abundance of this phylum in soils that had
been amended with sugars. Interestingly, Firmicutes
have been previously reported as non-responsive to
sugar amendments (Fierer et al. 2007), yet in our exper-
iment they were the most consistently responsive of all
phyla, increasing significantly in relative abundance in
62.5 % of treatments receiving sugar amendments.
Together, these contrasts suggest that the responses of
particular taxa to resource amendments may not be
consistent across soil types or in the context of distinct
soil microbiomes. Alternately, members of these broad-
ly defined taxa may simply include too wide a range of
ecological variation for such simple classification
schemes to hold merit.

Impacts of host plant genotype on rhizosphere microbial
community structure

The historical legacy created by resource amendments
sometimes persisted into the development of the rhizo-
sphere microbiome. This was most evident where con-
ditioning by resource amendments led to severe declines
in the abundance of particular taxa, as in the apparent
extirpation of Crenarchaeota and Planctomycetes fol-
lowing glucose amendment to the sandy loam soil.
These results provide empirical support for the logical
notion that the composition of the starting microbial
community available to a plant can fundamentally con-
strain the outcomes of selection in the rhizosphere.
Previous work has investigated changes in the develop-
ment of rhizosphere bacterial communities when
Z. mays roots are inoculated with particular bacterial
strains (Baudoin et al. 2009; Herschkovitz et al. 2005),
but the present work substantially extends our under-
standing of rhizosphere microbial community develop-
ment as a function of the composition and structure of
microbial communities available to plant roots.

We found only subtle differences among rhizosphere
microbiomes associated with two different genotypes of
Z. mays. For instance, rhizosphere microbial community
structure differed significantly between these genotypes
in only one out of 12 treatments (4 soils × 3 resource
amendments), while rhizosphere microbiome diversity
differed between genotypes in three treatments.

A number of recent studies have also used Z. mays to
explore the impacts of host plant genotype on rhizo-
sphere microbial communities. Aira et al. (2010) used
phospholipid fatty acid analysis to detect differences in
bacterial communities associated with corn genotypes
derived from the same hybrid cross. The particular
genotypes contrasted in this casewere chosen for known
genetic differences related to the storage of sugars vs.
starch, which have a strong probability of impacting
associated microbial communities. Thus this study rep-
resented a ‘best-case’ scenario for detecting microbial
community differences associated with fine-scale differ-
ences in host genotype. Other cases in which Z. mays
genotypes have been documented to differ in impact on
soil microorganisms have come from contrasting geno-
types with dramatic genetic differences, such as inbred
vs. hybrid varieties (Picard and Bosco 2005; Picard and
Bosco 2006) or inbred lines from widely different major
genetic groups within the species (Bouffaud et al. 2012).
Studies contrasting Z. mays lines with more subtle
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genetic variation have sometimes failed to detect differ-
ences in impact on associated soil bacterial communities
(Chiarini et al. 1998; Dohrmann et al. 2013; Fang et al.
2005; Philippot et al. 2006), although not always
(Castaldini et al. 2005). Recent work in Z. mays under
field conditions has indicated that the magnitude of
heritable effects on soil microbial communities is mod-
est, and is heavily influenced by interactions with the
environment (Peiffer et al. 2013). Rhizosphere microbi-
al communities associated with Z. mays also experience
on-going change as the host plant develops (Li et al.
2014). Thus our finding of similarity in impact of two
Z. mays cultivars from different hybrid families on rhi-
zosphere microbiome structure is consistent with prior
research.

More pronounced host genotype-specific effects may
require longer growth periods or repeated cultivation in
order for cumulative effects to become evident. Because
our experimental approach relied on environmental
DNA, it is possible that we detected inactive community
members. This may have dampened our ability to detect
fine differences in bulk soil microbial community struc-
ture due to resource amendments, or in rhizosphere
microbiome structure among host genotypes. It has been
shown that differences are evident when root-associated
microbiomes are profiled via RNA-based methods,
compared to DNA-based approaches (Ofek et al.
2014). Simultaneous consideration of soil fungal com-
munity dynamics may also have provided additional
insight into the observed bacterial and archaeal commu-
nity changes.

In conclusion, this work constitutes a step for-
ward in our understanding of soil microbiome as-
sembly and functioning, and sheds light on the re-
sponsiveness of soil microbial communities across a
range of soil types to resource amendments. We
demonstrate differences in microbiome response to
resource amendments across soil types, and show
that legacy effects of prior selection on microbiomes
may continue to influence rhizosphere microbial
community structure. We find that two Z. mays ge-
notypes differing in genetic background and maturi-
ty class foster rhizosphere microbiomes that could
rarely be distinguished from each other.
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