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Abstract

We investigated bacterial community dynamics in response to used motor oil contamination and
perennial crop cultivation by 16S rRNA gene amplicon sequencing in a four-year field study.
Actinobacteria, Proteobacteria, Chloroflexi, Acidobacteria and Gemmatimonadetes were the major
bacterial phyla, and Rhodococcus the most abundant genus. Initially, oil contamination decreased

the overall bacterial diversity. Actinobacteria, Betaproteobacteria and Gammaproteobacteria were
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sensitive to oil contamination, exhibiting clear succession with time. However, bacterial
communities changed over time, regardless of oil contamination and crop cultivation. The
abundance difference of most OTUs between oil-contaminated and non-contaminated plots
remained the same in later sampling years after the initial abundance difference induced by oil
spike. The abundances of three oil-favored actinobacteria (Lysinimonas, Microbacteriaceae and
Marmoricola) and one betaproteobacterium (Aquabacterium) changed in different manner over
time in oil-contaminated and non-contaminated soil. We propose that these taxa are potential bio-
indicators for monitoring recovery from motor oil contamination in boreal soil. The effect of crop
cultivation on bacterial communities became significant only after the crops achieved stable growth,
likely associated with plant material decomposition by Bacteroidetes, Armatimonadetes and

Fibrobacteres.
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Introduction

Soil pollution by petroleum hydrocarbons (PHCs) originating from crude oil or
refined petroleum products poses a significant threat to the environment. In particular, used motor
oil that contains high concentrations of aliphatics, polycyclic aromatic hydrocarbons (PAHSs) and
heavy metals (e.g. lead, zinc, chromium, barium and arsenic) contributes to chronic hazards
including carcinogenicity (Dominguez-Rosado et al. 2004, Vazquez-Duhalt 1989). Microorganisms
can degrade PHCs and utilize them as carbon and energy sources in a natural attenuation process.
Nitrogen is frequently a limiting factor in oil-contaminated soils (Wenzel 2009). Thus, the nitrogen-
fixing legume-rhizobium symbiosis has potential to assist in the biodegradation of PHCs
(Dominguez-Rosado and Pichtel 2004). The cultivation of oil-tolerant perennial legumes holds
promise for accelerated oil degradation with additional bonus of biomass for bioenergy production.
Fodder galega (Galega orientalis Lam.), a perennial forage legume, and smooth brome (Bromus
inermis L.), a cool-season perennial sod-forming grass, are both persistent in boreal and nemoral
zones and grow well in crop mixtures without N-fertilizer supply (Jasinskas et al. 2008,
Kryzeviéiené et al. 2008). Fodder galega-Neorhizobium galegae symbiosis is both oil tolerant and
possesses bioremediation potential in oil-contaminated soils (Jussila et al. 2006, Lindstrom et al.
2003, Mikkonen et al. 2011a, Suominen et al. 2000).

Degradation of PHCs is relatively slow in the boreal zone. To assess the sustainability
of a perennial legume-cropping bioremediation system economically and environmentally, we
established a four-year bioremediation field experiment with monocrops (Bromus inermis, a grass
and Galega orientalis, a legume), their intercrops and bare fallow and used motor oil+/- treatments.
Our previous studies (Yan et al. 2015, Yan et al. 2016) showed that depending on crop type 8%-
27% of oil remained in the soil after 40 months. Furthermore, oil increased crop dry matter and
nitrogen yield, indicating that the perennial legume-cropping bioremediation system can provide

economic benefits as the biomass may be used for example to produce bioenergy (Yan et al. 2015).



The aims of this study were to monitor changes in bacterial communities in response
to oil and crop treatments, to identify the bacterial taxa that were responsible for the changes in
bacterial communities between oil-contaminated and control soil over time, and to assess the overall

bioremediation system by linking the changes of bacterial community with environmental variables.

Materials and methods
Experimental design and sampling of soil and crop data

The field was established at the Viikki Experimental Farm, University of Helsinki,
Finland (60°14'N, 25°01'E, 8 m AMSL). Monocultures of brome grass and fodder galega, their
mixture and bare fallow were the main plots in four replicated blocks of 2.5x1.5 m per plot. Used
motor oil treatments (oil+/-) were the sub-plot factors. Soil samples consisting of 16 subsamples
were taken from the top 20 cm layer in each plot in July 2009, May 2010, May 2011 and May 2012
and stored at -20°C until the analysis. The oil concentration in each oil-spiked plot was determined
as the difference of total solvent extractable material concentration between the plot and the average
of 4 to 5 randomly selected control plots at each sampling time. Field establishment (e.g. oil spike,
seed sowing and field management), sampling and measurements of oil and crop parameters are
described in details in Supporting Information.
Amplicon library construction and sequence analysis

Genomic DNA was extracted from 0.5 g of homogenized soil samples using FastDNA
SPIN kit for Soil (Qbiogene, USA) according to the manufacturer’s instructions. The amplification
of bacterial 16S rRNA gene (target region V1-V3) of soil DNA (1:50 diluted) was performed in two
PCR steps prior to sequencing (Table S1). The amplicons were sequenced at the Institute of
Biotechnology, University of Helsinki (Finland) using lllumina MiSeq (San Diego, CA, USA). The
resulting forward and reverse reads were combined and analyzed using MOTHUR v. 1.35.1(Schloss

et al. 2009), according to the standard operating procedure for MiSeq data (Kozich et al. 2013),



accessed on April 28, 2015. Sequences were clustered into operational taxonomic units (OTUs) at
97% similarity and classified with Bayesian classifier based on SILVA reference database v119 at
cutoff of 0.8. The non-rarefied OTU data was exported. Singleton OTUs were removed and a
subsample file was generated, so that all samples were compared at an equivalent sequencing depth
of 2977. The sequences of the partial 16S rRNA gene amplicons have been deposited in the NCBI
Short Read Archive under accession no. SRP072116.
Statistical analysis
Alpha diversity

Alpha diversity (Shannon-Wiener index) was calculated based on the OTU data of the
whole bacterial community and the major classes (relative abundance of each class > 2%) in
PRIMER V.7 (Clarke and Warwick 2001) and exported to SPSS version 22 (IBM Inc., Armonk,
NY, USA) for statistical analysis. The diversity values checked with Normal Q-Q plots were
roughly normally distributed. We used repeated measures analysis of variance (RM ANOVA) with
the sampling time as the repeated factor (within-subject factor) to test the overall between- and
within-subjects effects (sphericity assumed) on the diversity indices, based on a split-plot
experimental design. When the effects of interactions between sampling times and other treatment
factors were significant, the split-plot univariate analysis of variance (UV ANOVA) was applied to
further test the between-subjects effects (oil, crop and oil x crop) on bacterial diversity yearly.
Bonferroni multiple pairwise test was applied to compare the means. Differences were concluded
significant at p < 0.05.
Multivariate data analysis of bacterial community data

The bacterial OTU data were non-normally distributed and contained high numbers of
rare species that contributed lots of zeroes to the data set. Therefore, non-parametric multivariate
methods based on Bray-Curtis dissimilarity were used to test the significance of the treatment

effects on bacterial communities in PRIMER v.7 with the add-on package PERMANOVA+



(Anderson et al. 2008). Square root transformation of the rarefied OTU data was applied to ensure
that abundant species did not dominate the following non-parametric statistical analysis. Bacterial
OTUs were assigned into taxa based on the respective taxonomic affiliations from phylum to genus.
Variation in bacterial communities over a range of taxonomic levels was firstly visualized by non-
metric multidimensional scale ordination (nMDS). Repeated measures PERMANOVA was used to
test the between- and within- subjects effects on transformed OTU data based on the split-plot
experimental design (Anderson et al. 2008, Anderson 2001). When the interactions between time
and other factors were significant, PERMANOVA was performed to test the treatment effects
yearly. When the effect of each treatment factor was significant, pair-wise comparisons were
obtained by doing an additional separate run of the PERMANOVA routine. The homogeneity of
multivariate dispersions was tested using PERMDISP. PERMDISP was also performed to assure
that the correlation structure among samples through time was ignored under permutation in
multivariate data analysis. Canonical analysis of principal coordinates (CAP) (Anderson and Willis
2003) was used to characterize significant differences between a priori groups of bacterial overall
community and at the phylum and class levels in response to oil contamination. OTUs that
discriminated treatment groups were tested by SIMPER (similarity percentages) at different
taxonomic levels, using a two-way crossed design with block and oil as the two factors. In this way,
block effect was taken into account when determining the taxonomic groups that contributed to
discriminating between oil-contaminated and non-contaminated plots. OTUs contributing >0.02%
to the summed abundance over the four years were selected to visualize taxonomic contamination
association networks using Cytoscape 3.2.1 (Shannon et al. 2003). Beta binomial analysis was
performed to test the abundance difference of each OTU (untransformed data) between oil-
contaminated and non-contaminated plots at each sampling time with the ibb package Pham et al.
2010) in R version 3.1.3 (https://www.r-project.org/). The OTUs with consistent contributions

(Diss/SD ratio > 1 in SIMPER) and p < 0.05 in the beta binomial test were considered as



differentially abundant. The OTUs with statistically significant difference in abundance in at least
one time point were selected for differential abundance analysis to test changes in abundances over
time with DESeq2 (Love et al. 2014) using non-rarefied OTU data in R, as described at

http://www.bioconductor.org/help/workflows/rnasegGene/#time. A Draftsman plot was used to

check the inter-correlations and distribution of soil parameters (oil concentration, pH, electrical
conductivity EC, soil total C, soil total N and C:N ratio) and plant parameters (dry matter yield,
crop total C, crop total N, crop C:N ratio, chlorophyll, %Ndfa and biologically fixed nitrogen yield),
obtained from July 2009 and May 2012 sampling times. These environmental variables of different
ranges were normalized. Marginal distance-based linear models (DISTLM) (McArdle and
Anderson 2001) were first used to test the relationship between bacterial communities and each soil
chemical parameter alone. Non-significant and multi-collinear environmental variables were
removed based on sequential DISTLM tests, using R? criterion and plotted on a distance-based
redundancy analysis ordination (db-RDA) for visualization. All nonparametric analyses were
performed with 9999 permutations to determine the significance of the treatment effects. In all

statistical analysis, differences were concluded significant at p < 0.05.

Results

Bacterial taxonomic composition and diversity

When analyzing bacterial communities in a four year field bioremediation experiment,
altogether 20116 bacterial operational taxonomic units (OTUs) were detected. After subsampling to
equal sequencing depth further analyses were done using 19053 OTUs. The OTUs were assigned to
32,90, 198, 867 and 1815 taxa at phylum, class, order, family and genus levels, respectively.
Actinobacteria (average relative abundance: 38.4%), Proteobacteria (29.3%), Chloroflexi (8.6%),
Acidobacteria (8.3%) and Gemmatimonadetes (5.8%) were the most abundant phyla in the field soil
(Supporting Information Fig. S1). Among the phylum Actinobacteria, Actinobacteria class

accounted for 53.5%, Thermoleophilia for 32.1%, Acidimicrobiia for 5.4%, MB-A2-108 for 3.4%
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and unclassified for 5.6% of the total relative abundance. Among the phylum Proteobacteria,
Alphaproteobacteria accounted for 63.3%, Betaproteobacteria for 18.1%, Deltaproteobacteria for
10.1% and Gammaproteobacteria for 8.0%. The proportions of unclassified sequences were 1.4%
at the phylum level, 4.6% at the class, 14.4% at the order, 33.3% at the family and 57.8% at the
genus level.

The alpha diversity of the overall community and at the class level exhibited a strong
time-dependent pattern (RM ANOVA, p < 0.05). In the beginning of the experiment at 2009, when
the oil concentration was on average 3.98 g kg™ in bare fallow, 4.20 g kg in brome grass, 4.59 g
kgt in galega and 3.36 g kg* in mixture plots (Fig. S2), oil contamination decreased bacterial
overall diversity (Fig. 1a). However, the effect of oil on bacterial diversity was not detected in the
following years, even though the concentration of oil was approximately the same both in 2009 and
2010 (Fig. S2). The classes Actinobacteria and Acidobacteria were on average more diverse in the
absence of oil, whereas Gammaproteobacteria were more diverse in the presence of oil (Table S2).
Other classes showed divergent patterns in different years in response to oil contamination (Table
S2). In 2012 bacterial diversity was significantly higher in the crop treatments than in the bare

fallow (Fig. 1b).

Response of bacteria to treatments over time
Community level response

The bacterial communities changed over time, regardless of oil contamination (Fig.
S3, Table S3), and the differences over time were statistically more significant than the differences
between oil-contaminated and non-contaminated plots (Table 1). According to the canonical
analysis of principle coordinates (CAP), bacterial communities were different based on time, oil, the
combined factor of oil and time (OilTime) and crop, whereas the effect of crops was not revealed by

PERMANOVA (Fig. 2, Table S3). CAP discriminated the bacterial communities between bare



fallow and the vegetated plots only in 2012 (Fig. S4). The relative abundances of the phyla
Bacteroidetes, Armatimonadetes, and Fibrobacteres were positively associated with crop
cultivation (Fig. S4).

PERMDISP revealed unequal within-group dispersions of bacterial communities
based on time, oil and the combined factors OilTime and block and time (Fig. S5). The average
dissimilarity of bacterial community between oil-contaminated and non-contaminated plots were
8.0% at the phylum level, 11.7% at the class, 15.3% at the order, 24.9% at the family and 32.6% at
the genus level over years.

The classes Actinobacteria, Betaproteobacteria and Gammaproteobacteria showed
clear a priori group separation (total correct allocation rates > 60%) in response to time and oil
contamination (Fig. 3). The separation between oil-contaminated and non-contaminated
communities was particularly clear in 2009 (correct allocation rates > 80%).

At the phylum level, Actinobacteria contributed to an average proportion of 9.3%,
Acidobacteria of 9.2%, Proteobacteria of 7.9%, Bacteroidetes of 7.7%, Gemmatimonadetes of
6.2% and Chloroflexi of 5.6% to the dissimilarity between oil-contaminated and non-contaminated
plots over years (Fig. S1c). In the taxonomic contamination association networks (Fig. S6), taxa
that were more abundant in oil-contaminated than in non-contaminated plots were assigned mostly
to the phyla Actinobacteria and Proteobacteria. Changes in the other phyla were smaller (Fig. S7).
OTU level response

The abundances of 283 OTUs were different between oil-contaminated and non-
contaminated soils in at least one time point (Fig. S6). Among Actinobacteria, for example OTUs
of the genera Nocardioides, Nocardia, Rhodococcus, Williamsia and Streptomyces were more
abundant in oil-contaminated than in non-contaminated soil in 2009. In addition to the these OTUs,
OTUs affiliated to the genera Phycicoccus, Mycobacterium and Candidatus Microthrix and the

family Microbacteriaceae were more abundant in oil-contaminated soil in 2010 and 2011. In 2012,



members of the genera Lysinimonas and TM146 became more abundant in oil-contaminated soil.
Particularly, Rhodococcus OTUS8 was the most abundant OTU in oil-contaminated soil one month
after oil spike; over time its relative abundance in oil-contaminated soil decreased sharply. The
relative abundances of the members of classes Thermoleophilia and MB-A2-108 were consistently
lower in the presence of oil.

Among Proteobacteria, for example OTUs assigned to the genera Phenylobacterium,
Aquabacterium, Arenimonas and Lysobacter and the family KCM-B-112 were more abundant in
oil-contaminated than in non-contaminated soil in 2009 (Fig. S6). In 2010, a higher number of taxa
assigned to the classes Alphaproteobacteria (e.g. genera Roseomonas and members of the family
Bradyrhizobiaceae) and Gammaproteobacteria (e.g. family Alteromonadaceae and the order
PYR10d3) were detected in oil-contaminated than in non-contaminated soil. Those OTUs remained
more abundant in oil-contaminated soil until the late phase of bioremediation, except for an
inconsistency in 2011. Oil addition consistently decreased the relative abundance of the genus
Pseudolabrys and the order SC-1-84. The other major phyla showed mostly higher or equal average
relative abundances in non-contaminated soil than in oil-contaminated soil.

To compare relative abundances of the OTUs in oil-contaminated and non-
contaminated soil over time, we applied a differential abundance analysis. The temporal abundance
changes of 52 OTUs were different between the treatments (p < 0.05). After Bonferroni correction,
only three Actinobacteria OTUs (Lysinimonas OTU132, Microbacteriaceae OTU29 and
Marmoricola OTU541) and one Betaproteobacteria OTU (Aquabacterium OTU188) showed
significantly different temporal abundance changes between treatments (p < 0.05) (Fig. 4). The
relative abundance of these OTUs remained rather stable and low in the absence of oil over time. In
the oil-contaminated plots, Marmoricola OTU541 and Aquabacterium OTU188 were more
abundant immediately following oil spike in 2009; the relative abundance of Microbacteriaceae

0OTU29 was highest in 2010 and Lysinimonas OTU132 showed an increasing abundance in the
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presence of oil over time. For the other OTUs, for example Pseudolabrys OTUZ2, the temporal
abundance changes were similar in both treatments after the initial abundance difference detected in
the beginning of the experiment.
Linking bacterial community to environmental variables

According to DISTLM sequential tests, oil concentration explained 3.07% of the total
variation in bacterial communities, while pH explained 2.49%, electrical conductivity 1.79% and
the crop dry matter yield 2.25% (p < 0.05) (Fig. S8). In addition, the other environmental variables,
except for soil total N, explained lower but significant (p < 0.05) proportions of variation (Table

S4).

Discussion

We studied the effects of oil and vegetation on bacterial communities in a four-year
field experiment using amplicon sequencing targeting the bacterial 16S rRNA gene. The
composition and diversity of the soil bacterial communities changed over time, regardless of oil
contamination or vegetation. Initially, oil contamination decreased diversity, showing the
immediate community-level disturbance by hydrocarbons. Multivariate analysis revealed distinct
differences in the composition of bacterial communities, particularly Actinobacteria,
Betaproteobacteria and Gammaproteobacteria, between oil-contaminated and non-contaminated
soil over time, revealing significant ecological impact of oil contamination.
The insurance hypothesis states that biodiversity buffers against disturbances in ecosystem
functioning; a high number of species guarantees that at least some species will function after
disturbance (Yachi and Loreau 1999). Thus, diversity may be considered as a measure of
sustainability. Short term bioremediation is known to decrease microbial diversity (Liang et al.
2011, Ros et al. 2014), whereas the decrease in hydrocarbon concentration has been found

positively related to bacterial biodiversity (Dell’Anno et al. 2012). The sharp decrease in oil
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concentration during the summer of 2010 (Yan et al. 2015) was plausibly associated with the
observed high bacterial diversity and in particular with a higher number and relative abundance of
possible oil-degrading groups such as Rhodococcus. In 2011, most major bacterial classes showed
lowest diversity and the differences between oil-contaminated and non-contaminated plots were not
significant. Low precipitation and low temperature in May 2011 (Yan et al. 2015), both of which
affect bacterial growth, may have masked the impact of oil contamination. Similarly, the high
precipitation in May 2012 (Yan et al. 2015) might have contributed to the detected high variations
in bacterial communities. The effect of oil on bacterial alpha diversity was not detected after 2009,
and in 2012 the diversity was higher in the vegetated plots, emphasizing the ecological
sustainability of the perennial legume-cropping bioremediation system. As indicated by separation
of a priori groups based on year and contamination, the community in oil-contaminated soil could
not be expected to return to the original state, and thus monitoring the changes as a community
without a clean soil control is not applicable to assess recovery.

In our study, the observed oil-favored OTUs belonged mostly to Actinobacteria and
Proteobacteria, especially at the early-middle phase of bioremediation, as they were among the
most abundant and diverse phyla in oil-contaminated soil. Among Actinobacteria, oil favored OTUs
belonging to Nocardiaceae (including genera Nocardia, Rhodococcus and Williamsia),
Nocardioides and Streptomyces, that are known to carry genes linked to the aerobic degradation of
alkanes and a wide range of aromatic compounds, have been found in oil-contaminated
environments (Akbari and Ghoshal 2015, Balachandran et al. 2012, Ferradji et al. 2014, Liao et al.
2015, Nie et al. 2014, Saito et al. 2000, Schippers et al. 2005, Song et al. 2011, Tsuboi et al. 2015).
Gammaproteobacteria and Betaproteobacteria displayed clear successional changes during
bioremediation and exhibited higher diversity in the early-middle stage of bioremediation. Among
Gammaproteobacteria, Arenimonas, Lysobacter, Alteromonadaceae and PYR10d3 were early-

phase oil-favored taxa. Arenimonas and Lysobacter are closely related to Pseudomonas,
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Xanthomonas and Thermomonas that include aerobic hydrocarbon degraders (Akbari and Ghoshal
2015, Young et al. 2007). Alteromonadaceae have PAH-, n-alkane- and toluene-degradation
potential (Lamendella et al. 2014), and PYR10d3 contains a group of uncultivated bacteria that were
postulated capable of degrading pyrene or pyrene metabolites (Jones et al. 2008, Singleton et al.
2006). Among Betaproteobacteria, the order Burkholderiales were consistently more abundant in
oil-contaminated than in non-contaminated soil. At least 60% of the Burkholderiales genomes
comprise nearly all of the central ring-cleavage pathways involved in the degradation of aromatic
compounds (Pérez-Pantoja et al. 2012). Thus, the competitiveness of these OTUs in oil-
contaminated soil might be associated with hydrocarbon degradation by these bacteria. Similarly,
the other middle-late-phase oil-responding actinobacterial taxa detected in our study included
potential hydrocarbon degraders. For example, Phycicoccus was previously noticed to carry the
nidA gene and suggested to be involved in pyrene biodegradation (Chen et al. 2015), and
Candidatus Microthrix was found specialized for alkane degradation (Yakimov et al. 2003).

In our experiment Alphaproteobacteria were more abundant in non-contaminated soil
than in oil-contaminated soil, in accordance with the comparative phylogenetic study (Labbe et al.
2007), whereas other studies observed the dominance of Alphaproteobacteria in the presence of oil
during biodegradation (Mills et al. 2003, Vinas et al. 2005). The varied soil condition, pollutant
characteristics and original composition of Alphaproteobacteria communities among these studies
are plausible explanations for the contradictory findings. In our study, Phenylobacterium, an
alkane- and PAH-degrader found in cold environments (Giebler et al. 2013, Yang et al. 2014), was
the only Alphaproteobacteria OTU that was consistently more abundant in the oil-contaminated
soil than in non-contaminated soil. Alphaproteobacteria include strains with efficient PAH-
degrading potential (Dunlevy et al. 2013, Giebler et al. 2013, Jones et al. 2011, Lafortune et al.
2009, Vinas et al. 2005, Yang et al. 2014, Zhang and Margesin 2014). The high oil degradation rate

that occurred in summer 2010 (Yan et al. 2015) might be associated with the significant increase in
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relative abundance of alphaproteobacterial Sphingomonadaceae, Roseomonas and
Bradyrhizobiaceae in oil-contaminated soil in that summer.

The contamination association networks showed a large number of OTUs that
displayed consistently higher or lower abundance in oil-contaminated plots than in the non-
contaminated ones throughout the experiment. However, if the initial effect of oil spike on these
OTUs was strong enough, it could have resulted in the observed consistently positive (or negative)
responses of these OTUs till the end of the experiment. The differential abundance analysis was
therefore performed to reveal the OTUs with time-dependent abundance differences between oil-
contaminated and non-contaminated soil. Interestingly, the four OTUs affiliated to Lysinimonas,
Microbacteriaceae, Marmoricola and Aquabacterium, with differential oil-specific abundance over
time, were all favored by oil, revealing the high sensitivity of these bacterial taxa in response to the
changing hydrocarbon composition at different phases of bioremediation. Out of the four OTUs, the
relative abundance of Aquabacterium OTU188 was significantly different only in the first year.
Interestingly, the Aquabacterium genus harbors alkB genes (Aburto-Medina et al. 2012, Giebler et
al. 2013, Masuda et al. 2014), and a highly abundant Aquabacterium OTU positively correlated
with hydrocarbon degradation rate in boreal soil contaminated by fuel oil (Mikkonen et al. 2011b).
Microbacteriaceae OTU29 and OTU132 were more abundant in oil-contaminated soil only in the
second and following years, possibly due to their increased importance in degradation of
recalcitrant compounds with poor bioavailability in soil. Hence, sequences with high identity to
these OTUs may be suitable indicators to monitor the ecological impact of oil contamination and
the following recovery process. However, whether these indicators have general applicability must

be confirmed in future studies.

Bioremediation includes complex interactions between biotic and abiotic factors.
Assessment of the relationship between environmental factors and the response of the bacterial

community is important to optimize remediation strategies for oil-contaminated soil. In assessing
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the bioremediation we must keep in mind that not all changes are due to the contamination. The
diversity and composition of bacterial community in our field soil could be interwoven with
environmental factors that differ between years. In addition to oil concentration, EC, pH and dry
matter yield explained low but significant proportions of variations in bacterial communities. Both
EC and pH are known to shape soil bacterial communities (Johnson et al. 2003, Kuramae et al.
2010, Lauber et al. 2009). Our earlier report found them sensitive soil parameters that significantly
decreased over years in our field, independent of oil addition (Yan et al. 2015).

Distinct differences in the composition and diversity of bacterial communities
between vegetated plots and bare fallow were evident only after the perennial crops had established
their stable growth in 2012, showing the significant impact of multi-year agricultural cultivation and
soil management on soil bacterial communities. Changes in microbial community in the presence of
vegetation were suggested attributable to an input of nutrients from the decomposition of vegetation
cover (Hobbie 2015). We observed a strong positive correlation between Bacteroidetes and crop
cultivation, agreeing with the previous studies (Acosta-Martinez et al. 2008, da C Jesus et al. 2009,
Kuramae et al. 2010). Bacteria in the phyla Armatimonadetes and Fibrobacteres are capable of
decomposing plant materials, polysaccharide-based substances, and photosynthetic biomass (Lee et
al. 2014, Ransom-Jones et al. 2012), possibly explaining why these phyla were more abundant in
vegetated plots than in the bare fallow. Since biological nitrogen fixation yield that correlated
positively with crop dry matter yield was associated with the changes in bacterial community, the
differences in bacterial community composition between legume and non-legume cropping systems
would have most likely become significant during a longer period of crop cultivation. Since the
unmeasured environmental factors most probably played important roles in affecting bacterial
community dynamics as well as bioremediation efficiency, most of the variation in soil bacterial

communities in the field remained unexplained.
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In conclusion, bacterial communities changed over time, regardless of oil
contamination or vegetation. After the initial abundance difference, the abundances of all but four
OTUs changed in a similar manner in both oil-contaminated and non-contaminated plots. In the
future whole metagenomic profiling can be incorporated to address the functional significance of

the observed community differences ies.
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Table 1. Average Bray-Curtis similarity of bacterial OTU-based community profiles between and

within groups in oil-contaminated (Oil+) and control (Oil-) plots at different sampling times (Time).

Comparison between/within groups ~ Average Bray-Curtis similarity (%)

Time July 2009 May 2010 May 2011 May 2012

Oil- July 2009 46.1
May 2010 45.5
May 2011 43.9%**
May 2012 43.5%%*

Oil+ July 2009 45.1
May 2010 42.8%%**
May 2011 41.6%**
May 2012 41.4%**

Between Oil+ and Oil- 44.3*

45.6
44 5**
44.2

44.0
42.9%**
42 .8***
43.2*

45.6
43.5%*

45.0
42.9%**
44.5a

43.3

43.7
42 .4*

¥ P <0.05, “**” p<0.01, “***” p<0.001 and “a” p = 0.053, produced from PERMANOVA

pair-wise test with 9999 permutations, based on a split-plot design. Similarity values of within-

group comparisons are in italics.
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Figure captions

Fig. 1 Effects of a) oil and b) perennial crops on soil bacterial diversity (Shannon-Wiener index)
over time. Abbreviations: “Oil+” oil-contaminated plots, “Oil-*“ control plots, “P(Time)” p-value of
sampling times, produced from repeated measures ANOVA based on a split-plot design, “P(Qil
treatment)” p-value of oil treatment and “P(Crop treatment)” p-value of crop treatment, produced
from univariate ANOVA based on a split-plot design.

Fig. 2 Canonical ordination for the Bray-Curtis distance-based discriminant analysis of square root
transformed bacterial community data based on a priori groups of a) sampling time; b) oil
treatment; c) the combined factor group of oil treatment and sampling times; and d) crop treatment.
The proportion of samples that were corrected allocated to their own group is indicated next to the

¢ 9

corresponding group. Abbreviations: “+”oil-contaminated plots, “-” control plots, “m” the number
of eigenvectors (PCO axes) chosen in the subset matrix for the canonical analysis, “prop.G” the
proportion of variation in the data cloud that is described by the resemblance matrix explained by
the first m PCO axes, “P” p-value, tested based on 9999 permutations, “%correct” the total
percentage of samples that were correctly allocated to their own groups using the first m PCO axes
for the model, “4i2” and “ & eigenvalues (squared canonical correlation) of the first and second
canonical axes, respectively.

Fig. 3 Bray-Curtis distance-based canonical ordination of bacterial sub-communities with total
correct allocation over 60% based on a priori groups of the combined factor of oil treatment and
sampling times (OilTime). The relative abundance of each class is shown in brackets. Observations
with over 60% of correct allocation to their own group are circled with the proportions indicated
close to the circles. Abbreviations: “+”oil-contaminated plots, “-” control plots, “P” p-value, tested

based on 9999 permutations, “Total correct allocation” the percentage of samples that were

correctly allocated to their own group using the first m PCO axes for the model, “4%” and
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“d? eigenvalues (squared canonical correlation) of the first and second canonical axes,
respectively.

Fig. 4 Temporal abundance changes of representative OTUSs. a-c) The three types of significantly
different temporal abundance changes between treatments (p < 0.05). a) OTU188, 100% identity to
the genus Aquabacterium, b) OTU29, 100% identity to family Microbacteriaceae, and c) OTU132,
100% identity to the genus Lysinimonas. d) OTUZ2, 100% identity to genus Pseudolabrys, as an
example of similar temporal abundance changes in both treatments after the initial abundance
difference. Symbols show the average relative abundances in oil-contaminated and non-

contaminated soil and error bars denote the standard error.
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