ORIGINAL ARTICLE

The ISME Journal (2014) 8, 331-343

© 2014 International Society for Microbial Ecology All rights reserved 1751-7362/14

@

www.nature.com/ismej

Linkage between bacterial and fungal rhizosphere
communities in hydrocarbon-contaminated soils
is related to plant phylogeny
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Phytoremediation is an attractive alternative to excavating and chemically treating contaminated
soils. Certain plants can directly bioremediate by sequestering and/or transforming pollutants, but
plants may also enhance bioremediation by promoting contaminant-degrading microorganisms in
soils. In this study, we used high-throughput sequencing of bacterial 16S rRNA genes and the fungal
internal transcribed spacer (ITS) region to compare the community composition of 66 soil samples
from the rhizosphere of planted willows (Salix spp.) and six unplanted control samples at the site of
a former petrochemical plant. The Bray—Curtis distance between bacterial communities across
willow cultivars was significantly correlated with the distance between fungal communities in
uncontaminated and moderately contaminated soils but not in highly contaminated (HC) soils
(>2000mgkg ' hydrocarbons). The mean dissimilarity between fungal, but not bacterial,
communities from the rhizosphere of different cultivars increased substantially in the HC blocks.
This divergence was partly related to high fungal sensitivity to hydrocarbon contaminants,
as demonstrated by reduced Shannon diversity, but also to a stronger influence of willows on fungal
communities. Abundance of the fungal class Pezizomycetes in HC soils was directly related to
willow phylogeny, with Pezizomycetes dominating the rhizosphere of a monophyletic cluster of
cultivars, while remaining in low relative abundance in other soils. This has implications for plant
selection in phytoremediation, as fungal associations may affect the health of introduced plants and
the success of co-inoculated microbial strains. An integrated understanding of the relationships
between fungi, bacteria and plants will enable the design of treatments that specifically promote

effective bioremediating communities.
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Introduction

Remediation of contaminated soils using in situ
phytoremediation is an attractive alternative to
soil excavation and ex sifu chemical treatment.
Phytoremediation is cost-effective, can be applied
to large areas of contaminated land, and introduced
plants may even act as pioneer species for the
regeneration of disturbed ecosystems. Several plant
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species are known to directly decontaminate pol-
luted soils by sequestering and/or breaking down
toxic compounds within their tissues (Peuke and
Rennenberg, 2005; Pilon-Smits, 2005; Doty et al.,
2007), but plants may also promote soil remediation
by stimulating rhizosphere-inhabiting microorgan-
isms that can degrade pollutants such as petroleum
hydrocarbons (Yergeau et al., In press). To date,
however, the introduction of pollutant-tolerant
plants has had mixed effects on the extent of
hydrocarbon biodegradation performed by soil
microbial populations (for example, Rentz et al.,
2004; Sipild et al., 2008; Phillips et al., 2009; Cébron
et al., 2011), and this is likely related in part to
which specific taxa are promoted. Plants may
encourage the growth of hydrocarbon-degrading
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microorganisms in the rhizosphere in order to
protect their roots from the toxic effects of petroleum
contaminants (Siciliano et al., 2001), but other
factors can also drive differences between rhizo-
sphere communities. In uncontaminated soils, rhi-
zosphere microbial community composition has
been shown to vary based on plant identity
(Haichar et al., 2008; Berg and Smalla, 2009), and
specific rhizosphere microorganisms may benefit
plant partners by increasing nutrient acquisition
(Richardson et al., 2009), facilitating adaptation to
environmental change (Lau and Lennon, 2012) and
protecting plants against pathogens (St-Arnaud and
Vujanovic, 2007; Sikes et al., 2009; Mendes et al.,
2011) or drought (Marasco et al., 2012).
Mycorrhizae, the close and generally mutualistic
relationships between plants and fungi, have now
been described as ‘tripartite associations’, as they
are influenced by the interactive activity of plants,
fungi and bacteria (Bonfante and Anca, 2009).
The symbiotic association between mycorrhizal
fungi and plants is well established, but bacteria
may occupy a broader range of niches (de Boer et al.,
2005), and their role in the rhizosphere is less clear.
Soil-inhabiting fungal and bacterial taxa are often
grouped together under the broad term ‘microbial
community’, but these groups may not respond
similarly to either hydrocarbon contaminants or
plant introduction because of differences in phy-
siology and ecology. Factors such as trace-metal
concentration and pH have had differing and some-
times opposing effects on the activity, growth and
diversity of fungal and bacterial populations
(Rajapaksha et al., 2004; Stefanowicz et al., 2008;
Rousk et al., 2009, 2010). Fungi and bacteria are also
frequently described as antagonists in the soil
environment (de Boer et al.,, 2005; Rousk et al.,
2008; Bonfante and Anca, 2009; Schrey et al., 2012),
and the competition between these groups has been
shown to reduce denitrification activity (Siciliano
et al.,, 2009) and fungal growth (Mille-Lindblom
et al.,, 2006; Meidute et al., 2008). Some bacteria
even inhabit hyphae (Hoffman and Arnold, 2010;
Ghignone et al., 2012), but it is unknown whether
these relationships are mutually beneficial, as the
role of these bacteria is yet to be demonstrated.
Despite substantial recent advances in our under-
standing of the environmental factors that shape soil
bacterial and fungal communities, the link between
these communities is not well characterized.
A previous study showed that the composition of
communities of fungi (specifically arbuscular
mycorrhizal fungi (AMF)) and bacteria was closely
correlated in the rhizosphere of grass species from
uncontaminated soils (Singh et al., 2008), but
community relationships may be affected by con-
taminant introduction, as increasing disturbance
has been shown to augment interspecies competi-
tion (Violle et al., 2010). In a greenhouse experi-
ment, the addition of AMF positively affected
plant growth in soils that were mildly or
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highly contaminated (HC) with zinc (Glassman and
Casper, 2012). The addition of non-AMF micro-
organisms further enhanced plant growth in the
mildly contaminated soils but reduced the positive
influence of AMF as well as plant zinc uptake at
high contaminant concentrations, suggesting
enhanced intermicrobial competition. It is also
unclear whether plant identity has a similar role in
shaping communities in uncontaminated and con-
taminated soils. Disturbance from pollutants will
reduce the number of active microbial taxa to only
those that are pollutant-tolerant; therefore, micro-
organisms that are generally associated with a
particular plant species may no longer be a relevant
component of the community at high contaminant
concentrations. This may lead to a reduction in the
specificity of plant-microbe interactions.

In this study, we planted 11 cultivars of willow
(Salix spp. L. Salicaceae) at the site of a former
petrochemical plant in both uncontaminated soils and
soils that were primarily contaminated with petro-
leum. We examined the rhizosphere-associated bacter-
ial and fungal communities after the first 2 months of
growth using high-throughput sequencing of partial
16S rRNA gene and internal transcribed spacer region
(ITS) amplicons, respectively. Our aims were to
determine whether fungal and bacterial communities
are influenced to a similar extent by contaminant
disturbance and the introduction of willow cultivars.
In addition, we examined whether willow identity
relates to microbial community composition and
whether this relationship is modified by contaminant
disturbance of the soil environment.

Materials and methods

Design of field experiment

Sampling occurred within a pilot project that is
aimed at determining the feasibility of willow
phytoremediation in Quebec soils. The project is
located at the site of a former petrochemical plant in
Varennes, Quebec, Canada (45°43 N, 73°22 W), and
the area allocated to the project is ~5000 m?. Initial
planting of fresh willow clippings occurred on 6-7
June 2011. Willow clippings produce clones of the
progenitor plant, and roots and shoots developed on
site. Soil sampling occurred on 6 August 2011 for
uncontaminated blocks and on 8 August 2011 for
contaminated blocks. Mean temperature at the site
during the growth period (6 June 2011-8 August
2011) was 21.9 °C, and there was a total of 196.9 mm
of precipitation (Environment Canada—Vercheres
Weather Station; http://www.climate.weatheroffice.
ec.gc.ca/index.html).

The site is separated into two areas—one that has
been contaminated with petroleum hydrocarbons
(Blocks C3, C4 and C5) and an adjacent uncontami-
nated area (Blocks N1, N3 and N5; an initial survey
in 2010 found that petroleum concentrations in this
area are below the detection limit). A randomized
complete block design with 3 x300m?* blocks
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was set up on each site. Within each block were 12—
5x5m plots: one for each of 11 Salix cultivars
(Table 1) and an unplanted control plot. Each
planted plot contained five rows with 15 plants
per row and 30 cm between each plant. Rows were
spaced evenly at 1-m intervals.

Within each plot, five rhizosphere soil samples
were collected from randomly selected trees that
were destructively harvested and pooled. Approxi-
mately 100 g of root-adhering soil was collected from
each tree, representing a depth of ~0-15 cm. Within
the unplanted control plots, five bulk soil samples
were collected from the top 15 cm of soil and pooled
in the same manner. Roughly 50g of each pooled
sample was flash-frozen on-site in dry ice and
ethanol, brought to the laboratory within 12h and
stored in 50-ml Falcon tubes at — 80 °C prior to DNA
extraction.

Soil samples from each contaminated block
(n=12) were sent to Maxxam Analytics (Montreal,
Quebec, Canada) on 9 August 2011, where soil was
analyzed for F1-F4 hydrocarbons (sum of all
aromatic and aliphatic hydrocarbon compounds
with chain lengths of C6-C50) according to the
protocol set forth by The Canadian Council
of Ministers of the Environment (http://www.
maxxam.ca/solutions/sol_env_CCME_Petr Hydroc_
0805.pdf). Average total petroleum concentrations
for each of the contaminated blocks were
709mgkg " (+339 s.e.) in block C3, 2143 mgkg '
(£551 s.e.) in block C4 and 3590mgkg " (+760
s.e.) in block C5. Other soil characteristics were
determined from a pooled sample for each block at
Agridirect Inc (Longueuil, Quebec, Canada) accord-
ing to their standard operating procedures, and the
values are displayed in Table 2.
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Soil DNA extraction, gene amplification and
high-throughput sequencing

Total soil DNA was extracted from all samples,
partial 16S rRNA gene (bacteria) and ITS (fungi)
amplicons were produced for each using barcoded
primers, and high-throughput sequencing was per-
formed using the 454 GS FLX Titanium platform
(Roche, Branford, CT, USA). Details on these
procedures are described in the Supplementary
Material.

Sequence processing

Quality processing of 16S rRNA gene sequences was
performed in Mothur (v.1.28.0) following mainly the
454 SOP that is outlined in Schloss et al. (2011). ITS
sequences were also processed using Mothur but
were clustered using CD-HIT (Li and Godzik, 2006).
Details on these procedures are described in the
Supplementary Material. The sequence data gener-
ated in this study were deposited in the NCBI
Sequence Read Archive and are available under the
project number SRP026572.

Determination of willow phylogeny

Willow phylogeny was determined using maximum
likelihood analyses based on the ITS region.
The CTAB method (Doyle and Doyle, 1987) was
used to extract genomic DNA, as modified in
Lauron-Moreau et al. (2013). PCR amplification,
sequencing, alignment and maximum likelihood
analyses were performed on 11 willow taxa (details
in Supplementary Material). We added a specimen
of Populus (P. deltoides) as the outgroup for
maximum likelihood analyses. The resulting
phylogeny is provided in Supplementary Figure 1.

Table 1 A list of the Salix cultivars planted and their associated characteristics

Cultivar Authority Genotype Characteristics Native area
name
Fish creek SUNY-ESF, NY, USA Salix purpurea High biomass production. Europe
Whole-genome sequencing
in progress
Introduced species
SX67 University of Toronto, ON, Canada Salix miyabeana High biomass production Asia
Cultivated species
SX61 University of Toronto, ON, Canada Salix sachalinensis High biomass production Asia
Cultivated species
S05 Unknown Salix nigra Indigenous species North America
S25 University of Toronto, ON, Canada Salix eriocephala Indigenous species North America
S365 University of Toronto, ON, Canada Salix caprea Introduced species Europe
SV1 University of Toronto, ON, Canada Salix dasyclados Cultivated species Eurasia
S54 Unknown Salix acutifolia High biomass production Eurasia
Cultivated species
S44 Unknown Salix alba High biomass production Eurasia
Introduced species
S33 Unknown Salix viminalis High biomass production Europe
Genetic maps available
Introduced species
Millbrook SUNY-ESF, NY, USA Salix purpurea X Salix High biomass production Hybrid

miyabeana
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Table 2 Soil characteristics for each block used in this study

Soil Contaminant level pH Organic CEC Ca P Al K Mg
matter (%) (meq per 100g) (kgha™") (kgha™") (ppm) (kgha ") (kgha ")
N1 No contamination 6.5 6.1 24.6 6637 182 850 734 1551
N3 No contamination 5.4 4.9 17.7 4171 199 904 378 569
N5 No contamination 5.6 7.2 22 5587 182 961 421 896
C3 Low contamination 6.7 9.2 27.9 8423 209 627 665 1230
C4 High contamination 7.4 5.5 37.5 14062 26 727 692 1434
C5 High contamination 7.4 2.2 25.8 7659 <10 925 580 2166

Statistical analysis

All statistical analyses were conducted in Mothur,
JMP 8.0 (SAS Institute, Cary, NC, USA) and
R v.2.15.2 (R Foundation for Statistical Computing;
available at http://www.R-project.org). We exam-
ined the effects of operational taxonomic unit (OTU)
nucleotide similarity cutoffs on metrics such as
diversity and community Bray—Curtis distance at 97,
95 and 90%; however, as the observed patterns were
very similar at each cutoff, we used only 97% OTUs
(most analyses) and 90% OTUs (correlation net-
work) for final analyses. Singleton sequences that
appeared only once in the data set were removed,
and each sample was subsampled with the Mothur
command ‘sub.sample’ to 1207 reads for 97% OTUs
and 1260 for 90% OTUs, which was the minimum
number of sequences remaining in a single sample.
The minimum number of reads per sample is higher
for 90% OTUs, as the number of singleton sequences
is reduced because of inclusion within larger OTUs.

To look at the effect of contaminants on commu-
nity composition, we used a detrended correspon-
dence analysis. The detrended correspondence
analysis transformation was performed in R using
the ‘decorana’ command in the ‘vegan’ package with
down-weighting of rare taxa. Significance of the
effect of contaminants on community structure was
confirmed with a PERMANOVA on community
Bray—Curtis values using the ‘adonis’ function in
‘vegan’. The number of OTUs that were shared
between contaminant levels were visualized using
the Mothur ‘venn’ command.

To determine whether fungal and bacterial
communities were similarly affected by the intro-
duction of different willow cultivars, we used
Mantel tests to compare fungal and bacterial
community Bray-Curtis dissimilarity matrices
from each block. This test determines whether
the distance between all measured samples is
significantly correlated for paired matrices (in our
case, bacterial and fungal intercommunity simi-
larity). In other words, for each block, we com-
pared whether the community distances for each
possible pairwise combination of samples (for
example, Fish-SX67, Fish-Unplanted control, and
so on) were related for fungal and bacterial
communities. We also compared the mean
Bray—Curtis dissimilarity value between all
bacterial or fungal communities within each block
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and tested for significant differences using a
one-way analysis of variance (ANOVA). Although
454 read abundance is not an exact reflection of
the actual taxonomic abundance in situ (Amend
et al., 2010), standardized processing allows the
detection of relative shifts between microbial
communities.

The mean fungal and bacterial diversities at each
contaminant level were compared using a one-way
ANOVA. The mean change in diversity across
willow cultivars relative to the unplanted block
controls was also compared between bacteria and
fungi at each contaminant level using two-tailed
Student’s t-tests. The composition of major fungal
and bacterial classes was compared between willow
cultivars at each contaminant level using UPGMA
clustering. Taxonomic abundance data were first
normalized using the ‘decostand’ and ‘vegdist’
commands in the ‘vegan’ package of R. The resulting
clustering trees were paired with a heatmap of
abundance data created with ‘heatmap.2’ from the
‘gplots’ package and were compared with the willow
phylogeny.

To calculate shifts in abundance correlations
between organisms, we used a 90% OTU cutoff to
simplify visualization and interpretation as in
Barbéran et al. (2012). The aim was to observe shifts
in abundance relationships between OTUs in
response to willow introductions. For each willow
cultivar, only those OTUs that were observed in at
least three blocks for both the unplanted control
plots and the cultivar were compared in order to
reduce noise from rare OTUs. Spearman’s rank
correlations were calculated for each species pair
in R using the ‘ade4’ package and were kept only if
the R* value was higher than 0.531 (P=0.05 for one-
tailed tests). From this data set, correlations were
selected if they switched signs between unplanted
plots and the willow cultivar (that is, positive to
negative correlation or negative to positive correla-
tion). The resulting correlation network was then
visualized using Cytoscape (Smoot et al., 2011).

Results

Effect of contaminants on community divergence

After sequence-quality filtering, we obtained a total
of 232021 usable 16S TRNA gene reads and 634 476
usable ITS reads. After standardizing the number of



sequences per sample at a 97% OTU cutoff,
detrended correspondence analyses of OTU
matrices showed that the concentration of hydro-
carbon contaminants in each block had a strong and
significant effect on both bacterial and fungal
community structures (Figure 1a; P<0.01 for both
bacteria and fungi using a PERMANOVA). Commu-
nities from the HC blocks (>2000 mgkg ~* soil) were
clearly distinct from all others, whereas commu-
nities from the low-contaminant (LC) block
(709mgkg~") were distinct but with slight overlap
with the non-contaminated (NC) communities.
The percent of OTUs shared between contaminant
types (for example, HC and LC) was similar
for fungal and bacterial communities (Figure 1b).
The percent of OTUs unique to each contaminant
type was also similar, with the exception of LC, in
which the percent of unique OTUs in fungal
communities was nearly double of that observed
for bacteria.

Interactive effects of contaminants and willow
rhizosphere

In the NC and LC blocks, Mantel correlation
coefficients showed that significant relationships
(P<0.05) existed between the fungal and bacterial
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Figure 1 Comparison of bacterial 16S rRNA and fungal ITS
communities by contaminant level. Community relatedness
shown using (a) detrended correspondence analyses, and (b)
Venn diagrams showing OTUs shared between contaminant levels
at 97% genetic similarity. Data derived from rhizosphere samples
of each of the 11 willow cultivars and unplanted controls from
each block (no contamination=blocks N1, N3, N5; low
contamination =block C3; high contamination =blocks C4, C5).
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communities, but there was no significant relation-
ship in the HC blocks (Figure 2a). The mean
Bray—Curtis dissimilarity within each block varied
significantly (one-way ANOVA, F =29.02, P<0.001)
both across blocks and between bacterial and fungal
communities (Figure 2b). The highest divergence of
fungal communities occurred in the HC blocks,
although the mean Bray-Curtis dissimilarity in
block C4 could not be significantly differentiated
from either bacterial or fungal communities in the
LC block (Tukey’s HSD test, P<0.05).

Relative to the NC and LC blocks, there was a
reduction in the HC blocks in the abundance of
Actinobacteria as well as several groups that are not
known to contain important hydrocarbon-bio-
degrading organisms (for example, Acidobacteria,
Verrucomicrobia), while the Beta- and Gamma-
proteobacteria generally increased, as well as the
Alphaproteobacteria in the unplanted control from
block C5 (Figure 3a). These classes of Proteobacteria
were represented by several taxa in which hydro-
carbon degradation is commonly known to occur,
including the Sphingomonadaceae, the Burkholder-
iales and the Xanthomonadaceae (Supplementary
Figure 2). Similar abundances of the major groups
were observed with and without the presence of

willows, although the mean effect of willow
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Figure 2 Comparison of bacterial 16S rRNA and fungal ITS
Bray—Curtis community dissimilarity matrices across willow
cultivars and unplanted control by block. Similarity in Bray-—
Curtis distance matrices for bacteria and fungi was (a) tested for
significance using Mantel correlation tests. Columns indicated by
the star and horizontal line represent significant Mantel coeffi-
cients (P<0.05). The mean Bray—Curtis dissimilarity was also
compared between bacteria and fungi by (b) averaging Bray—
Curtis distances between all plots within each block. Different
letters over columns indicate significantly different means
according to Tukey’s HSD test (P<0.05). Contaminant levels are
indicated by NC (not contaminated), LC (low contamination) and
HC (high contamination).
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introduction on the bacterial community structure
appears to be a reduction in the block-to-block
variation observed in the unplanted controls
(Figure 3a).

Larger shifts were observed in the affiliation
of classified fungal sequences (Figure 3b). Commu-
nities from the NC and LC blocks were represented
by a variety of fungal classes, with Sordariomycetes
appearing as the most abundant group; however,
HC-unplanted control plots were dominated by
Dothideomycetes (Figure 3b), primarily by Pleospor-
ales inc. sed. and Sporormiaceae (Supplementary
Figures 3 and 4). The addition of willows drastically
reduced the abundance of Dothideomycetes
and allowed several other groups to increase in
abundance, especially the Pezizomycetes group
(Figure 3b), which were represented almost
exclusively by the genus Sphaerosporella.

The qualitative shifts in community composition
were corroborated by differences in OTU Shannon
diversity. Diversity differed significantly between
fungal and bacterial populations (one-way ANOVA,
F=310.84, P<0.001) (Figure 4a), with lower overall
diversity in fungal populations across all contami-
nant levels and significant reductions in both fungal
and bacterial diversity in the HC blocks (n=24)
relative to the NC (n=36) and LC (n=12) blocks
(Tukey’s HSD test, P<0.05). While comparing shifts
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in diversity following willow introduction for fungal
and bacterial populations at each contaminant level,
fungal diversity increased significantly more than
did bacterial diversity in both NC (n=33) and HC
(n=22) blocks (Student’s t-test, P<0.05) (Figure 4b).

Cultivar-specific influences

The clustering of cultivar-specific bacterial commu-
nities at the class level did not reveal any close
associations between willow types at any contami-
nant level (data not shown); however, the same
analysis indicated close similarities of certain fungal
communities. Although the abundance of the domi-
nant Sordariomycetes was similar across cultivars in
the NC blocks (Figure 5a), fungal communities
occurring in the rhizosphere of the Fish creek,
S54, S05, S365 and S25 cultivars in the HC blocks
were tightly associated following the UPGMA
clustering, driven mainly by a high abundance of
Pezizomycetes (Figure 5b). This cluster was not
clearly associated with any of the early measure-
ments of plant growth (that is, tree height, diameter,
number of shoots and seedling survival) from the
site (data not shown), but was related to willow
phylogeny (phylogenetic tree of willow cultivars
provided as Supplementary Figure 1).
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Aside from changes in the abundance of specific
taxa, the biotic environment of many groups was
influenced by the introduction of willows across
contaminant levels and was variable between culti-
vars (Figure 6; Supplementary Table 1). We targeted
OTUs with at least four changed associations to
indicate ‘hubs’ of change within the biotic environ-
ment. Only the portion of the network connected to
hubs is depicted, although this represents the vast
majority of each network. The number of hubs
varied widely between cultivars, ranging from
2 (S25) to 12 (S54), and was generally not associated
with large changes in abundance in the OTU itself.
When OTUs were ranked by average change in
abundance by block in the presence of each cultivar,
only 12/70 of these hubs were among the top 10
OTUs in changed abundance, and only 14/70 were
among the top 20. Hubs represented both bacteria
(47 nodes) and fungi (27 nodes), showing that large
changes were not limited to the groups that were
most directly affected by willow introduction.

Discussion

Plants influence and are influenced by many aspects
of the soil environment, including soil structure,
nutrient availability and the biotic landscape (Van
Breemen and Finzi, 1998; Reynolds et al., 2003). In
this study, we examined how the introduction of the
11 Salix cultivars influenced the composition and
differentiation of soil bacterial and fungal commu-
nities, and whether this effect varied in the presence
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of hydrocarbon contaminants. Bacterial and fungal
intercommunity distance between rhizosphere sam-
ples (that is, Bray—Curtis dissimilarity between Fish-
SX67, Fish-Unplanted control, and so on) was
significantly correlated for bacterial and fungal
communities in soils that were uncontaminated or
contained low concentrations of hydrocarbons, but
diverged in soils that were highly hydrocarbon-
contaminated. This shows that there was a differ-
ential effect of willows on bacteria and fungi in HC
soils. In addition, both fungal and bacterial diversity
declined significantly in HC soils, but fungal
diversity was increased by willow introduction
significantly more than was bacterial diversity,
suggesting that phytoremediation may have a dis-
proportionate direct effect on fungi in highly
disturbed environments. Nevertheless, the shift in
the biotic environment of both bacteria and fungi
caused by willow introduction potentially affects
interactions between bacteria, fungi and plants,
which may lead to other indirect effects on commu-
nity functioning.

Hydrocarbon contamination had a large effect on
the structuring of both bacterial and fungal commu-
nities, as has been shown previously (Térneman
et al., 2008; Bell et al., 2011; Liang et al., 2011; Bell
et al., 2013a, b). The observed reduction in bacterial
diversity in the HC soils is in line with what was
observed by Bell et al. (2013b). The decline in
Actinobacteria and promotion of Proteobacteria
in these low organic-matter soils, however, are in
contrast with those results, in which Actinobacteria
were generally dominant in low organic-matter soils
following the addition of diesel and nutrient
amendments. This difference may be related to
the fact that willows can provide a steady source
of organic material through root exudation,
thus increasing the organic-matter supply to the
rhizosphere environment. Less is known about
hydrocarbon-tolerant fungal populations, although
most identified hydrocarbon-degrading fungi are
restricted to the Ascomycota and Basidiomycota
(Harms et al., 2011). Cultivable fungal diversity has
previously been shown to decrease at high hydro-
carbon concentrations, which is similar to what we
observed (Ferrari et al., 2011). Although the same
study showed that the abundance of cultured
Dothideomycetes increased at high hydrocarbon
concentrations (Ferrari et al., 2011), the complete
dominance of this group in the unplanted controls
was unexpected. Interestingly, several genera of
Dothideomycetes, including Phoma and Preussia,
which dominated the unplanted HC plots,
have been shown to harbor endohyphal bacteria
from groups that are capable of hydrocarbon
biodegradation, such as the Xanthomonadales,
Pseudomonadales, Burkholderiales and Sphingomo-
nadales (Hoffman and Arnold, 2010), which are
bacterial groups that were also abundant in our HC
plots (Supplementary Figures 2 and 4). Fungi have
also been suspected to facilitate hydrocarbon
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Figure 5 Heatmap showing differences in composition of major classified fungal classes by cultivar for communities from (a) non-
contaminated soils and (b) highly contaminated soils. Note the change in scale between panels. The tree to the left indicates similarity in
fungal community composition by cultivar based on the UPGMA clustering. Similarly colored tree branches (blue/red) indicate cultivars
that formed monophyletic clades according to ITS phylogeny mapping of the willows used in this study (see Supplementary Figure 1).

The unplanted control communities are indicated in black.

bioremediation in soils by translocating hydrocar-
bon-degrading bacteria through their hyphae,
thereby increasing bacterial access to hydrophobic
substrates (Wick et al., 2010). Phoma may be more
tolerant than other fungal groups to the conditions
in the HC blocks, as this genus is known to both
produce and degrade hydrocarbon compounds
(Oikawa et al., 2001; Cerniglia and Sutherland,
2010; Strobel et al., 2011), whereas Preussia pos-
sesses alkane monoxygenase genes (Shahsavari
et al., 2013). Differences between the HC and
uncontaminated blocks may also be partly related
to a notable pH shift, although an increase to a
neutral soil pH (7.4) should not be expected to lead
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to drastic reductions in microbial diversity (Fierer
and Jackson, 2006; Rousk et al., 2010).
Interestingly, the effect of willows on bacterial and
fungal communities changed depending on the
contaminant concentration. Although the similarity
of bacterial and fungal communities was signifi-
cantly correlated in the NC and LC blocks, this was
not the case in the HC blocks. This was partly
because of a large decline in the fungal OTU
diversity from the uncontaminated to HC soils
(~50%), whereas the positive influence of willow
introduction on diversity was significantly greater
in both NC and HC plots. This points to a closer
association between plants and fungi than between
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B22
Q

Figure 6 Graphical representation of correlations between taxa (P<0.05) that change sign (positive to negative or vice versa) between
unplanted controls and the rhizosphere of each willow cultivar. Nodes represent OTUs (90% nucleotide similarity), and nodes with four
or more changed correlations are enlarged. The consensus taxonomy for each major node is provided in the legend. Node shapes indicate
whether the OTU belongs to the Bacteria (circle) or Fungi (triangle). Node coloring indicates whether the OTU is more abundant in the
unplanted control plots (gray) or the rhizosphere of the specified cultivar (black). Connecting lines indicate whether the correlation has
switched to a positive correlation (solid blue) or a negative correlation (dashed red) in the presence of the cultivar. The legend for node

labels is provided as Supplementary Table 1.

plants and bacteria, and especially that phytoreme-
diation may have a more direct influence on the
fungal than the bacterial population in HC soils.
Bacteria are generally considered to be the primary
hydrocarbon degraders in contaminated soils (Song
et al., 1986; Harrison and Betts, 1996), and the
extent of hydrocarbon degradation in soils has been
correlated with the abundance of specific bacterial
groups (Bell et al., 2013b). As a result, one of the
main roles of effective plants in phytoremediation of
hydrocarbons may be in selecting fungi that are
synergistic with, or at least not antagonistic to, target
hydrocarbon-degrading bacteria. Reduced abun-
dance of specific microbial groups has previously

been shown to enhance bioremediation in soil
(Fournier and Fournier, 1993; Bell et al., 2013a),
and microbial competition also apparently affects
the success of plant growth and pollutant uptake
(Glassman and Casper, 2012).

De Deyn et al. (2011) showed that whereas
AMF abundance was related to plant identity, the
abundance of saprobic fungi and bacteria was
related to plant biomass. In our study, we found
no obvious effect of plant biomass measures on
bacterial or fungal community structure, and inter-
estingly, plant—fungi specificity was more
apparent in HC soils. Whether coevolution has an
important ongoing role in most plant-mycorrhizal
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relationships is unknown (Hoeksema, 2010); how-
ever, our data suggest that the importance of some
relationships may be cryptic and only evident in
disturbed environments when selection pressures
are enhanced. Although the history of many willow
cultivars is complex and incompletely cataloged,
willows that promoted high Pezizomycete abun-
dance were closely related phylogenetically, and
were primarily North American varieties, either
indigenous (S05, S25) or naturalized in the case of
Fish Creek and S365 (Argus, 2007; Lin et al., 2009).
The exception was S. acutifolia, a cultivar native to
Russia (Zapesochnaya et al., 2002), for which little
information is available. This suggests that these
varieties may have evolved natural relationships
with indigenous microbial species, whereas more
distantly related varieties formed nonspecific asso-
ciations with the fungi that were best able to
capitalize on the particular rhizosphere environ-
ment that was created. The benefits of this associa-
tion to willows remain to be shown, however, and it
may be that the promoted Pezizomycetes have
adapted to exploit plant species that are similar to
those that they have previously encountered.
The majority of Pezizomycete sequences were
identified as Sphaerosporella brunnea, which is an
ectomycorrhizal fungus with a rapid growth
rate (Danielson, 1984) that has been shown to
be a successful pioneer symbiont following fire
disturbance (Egger and Paden, 1986).

The implications of this finding on plant selection
for phytoremediation are two-fold. Firstly, the
health of locally adapted and foreign cultivars may
be differentially affected by the strength of their
associations with indigenous fungi. For instance,
fungi grown in their soil of origin with native plant
species have been shown to be more mutualistic
(more arbuscules) than combinations with foreign
plant species (Johnson et al., 2010). Sphaerosporella
was previously shown to have no significant effect
on willow growth in an uncontaminated soil
(Fernando and Currah, 1996) but may affect plant
health in other respects (for example, increased
pathogen protection or susceptibility, adaptation to
high levels of stress and so on). Modeling suggests
that a limited number of specific fungal symbionts
may actually benefit plants more than a diverse
community, as the number of defectors that do not
contribute to plant health is limited (Veresoglou and
Halley, 2012). Secondly, the interactions between
Sphaerosporella and other microorganisms may
affect bioremediation performance. Bioaugmenta-
tion, the addition of cultured microbial strains to
contaminated soils, has frequently been ineffective
with bacteria, as added strains tend to be out-
competed by the existing microbial population
(Thomassin-Lacroix et al., 2002; Thompson et al.,
2005). As the fungal community associated with
some willow cultivars is specific and predictable in
HC soils, interactions between putative bioaugmen-
tation strains and the existing community can be
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tested thoroughly in vitro to determine antagonistic
or synergistic relationships. Alternatively, the less
specific associations between fungi and foreign
willow cultivars may actually facilitate the intro-
duction and persistence of target species. Strain
selection for bioaugmentation must consider factors
that allow introduced strains to survive in the target
environment (Thompson et al., 2005), and this
necessarily includes interactions with the indigen-
ous community.

Phylogenetic markers such as the 16S and 18S
rRNA subunits and the fungal ITS region do not
carry explicit functional information. Nevertheless,
community assembly patterns will likely influence
the functioning of microbial communities, as many,
if not most, functional traits appear to be linked to
specific phylogenetic lineages among fungi
(Maherali and Klironomos, 2007) and even prokar-
yotes that engage in horizontal gene transfer
(Martiny et al., 2013). In the context of hydrocarbon
bioremediation, community composition has pre-
viously been correlated to function (Bell et al.,
2013b). We also show here that changes within the
rhizosphere community are not limited to the
microorganisms that are most directly affected by
plant introduction, as willows shift the potential
interaction network of many taxa. Extraction of total
soil DNA only allows us to examine microbial
communities at a coarse scale, and we cannot
determine whether taxa occupy similar microenvir-
onments and actually interact. Nevertheless, it is
interesting to consider the fact that plants may be
able to indirectly influence microorganisms that do
not directly associate with roots or root-produced
compounds. The distinct communities selected by
the 11 willow cultivars should vary in their
potential to biodegrade hydrocarbons, although
actual activity will also be influenced by environ-
mental factors and the abundance of alternative
carbon substrates.

Conclusions

Close interactions between plants, bacteria and
fungi occur within the rhizosphere; however, the
link between these groups is altered in soils that
have been disturbed by high concentrations of
hydrocarbon contaminants. Fungal communities
were disproportionately sensitive to hydrocarbons
relative to bacteria. The introduction of willows
promoted more diverse fungal communities on
average; however, fungal communities diverged
based on Salix identity, moreso than bacterial
communities. The promotion of a very specific
Pezizomycete-dominated community by phylogen-
etically similar willow cultivars suggests that the
evolutionary history of plants should be considered
when selecting varieties for phytoremediation.
This study highlights the need to closely examine
interactions between rhizosphere-inhabiting



organisms in the context of phytoremediation.
An integrated understanding of community
dynamics will further clarify why plant species
promote specific microorganisms, especially those
that are proficient in bioremediation.
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