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Considering their key role for ecosystem processes, it is important to understand the
response of microbial communities in unpolluted soils to pollution with polycyclic aro-
matic hydrocarbons (PAH). Phenanthrene, a model compound for PAH, was spiked to a
Cambisol and a Luvisol soil. Total community DNA from phenanthrene-spiked and con-
trol soils collected on days 0, 21, and 63 were analyzed based on PCR-amplified 16S
rRNA gene fragments. Denaturing gradient gel electrophoresis (DGGE) fingerprints of
bacterial coommunities increasingly deviated with time between spiked and control soils.
In taxon specific DGGE, significant responses of Alphaproteobacteria and Actinobacte-
ria became only detectable after 63 days, while significant effects on Betaproteobacteria
were detectable in both soils after 21 days. Comparison of the taxonomic distribution of
bacteria in spiked and control soils on day 63 as revealed by pyrosequencing indicated soil
type specific negative effects of phenanthrene on several taxa, many of them belonging
to the Gamma-, Beta-, or Deltaproteobacteria. Bacterial richness and evenness decreased
in spiked soils. Despite the significant differences in the bacterial community structure
between both soils on day 0, similar genera increased in relative abundance after PAH
spiking, especially Sphingomonas and Polaromonas. However, this did not result in an

increased overall similarity of the bacterial communities in both soils.
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INTRODUCTION
Anthropogenic activities such as combustion of wood, coal, and
petroleum or mining accidents frequently result in the pol-
lution of soils with polycyclic aromatic hydrocarbons (PAH)
which have several potential adverse effects on environments and
human health due to their toxicity, persistence, and carcinogenic-
ity (Johnsen et al., 2005; Pumphrey and Madsen, 2007; Schafer
et al., 2009). Microbes play an important role in the bioremedia-
tion of PAH-polluted sites. Microbial populations in polluted soils
or sediments are very well studied (Gomes et al., 2005, 2007; Leys
et al., 2005; Singleton et al., 2005; Ni Chadhain et al., 2006; Zhou
et al., 2006; Flocco et al., 2009; Liang et al., 2009). Degradative
populations were frequently affiliated to the genera Sphingomonas,
Polaromonas, Burkholderia, Pseudomonas, Mycobacterium, Nocar-
dia, and Rhodococcus. The type of PAH substrates (Singleton et al.,
2005; Ni Chadhain et al., 2006; Gray et al., 2011) together with
several biotic and abiotic factors, e.g., plant exudates (Sipila et al.,
2008; Cebron et al., 2011) or particle sizes of soil minerals (Uyt-
tebroek et al., 2006), were shown to influence the composition
and abundance of total or degradative bacterial populations in
polluted soils. However, the dynamics of microbial communities
in unpolluted soils which are under the threat of PAH pollutions
were only rarely explored.

Polycyclic aromatic hydrocarbons or their metabolites may
have toxic effects on microbes (Eom et al., 2007). Previously

unpolluted soils which were reported to have a low abundance
of PAH-degrading populations (Johnsen et al., 2007; Flocco et al.,
2009; Dingetal.,2010) and thus detoxification of PAH are assumed
to be retarded. As a consequence, PAH pollution of non-adapted
soils might reduce soil microbial diversity and cause more severe
effects on soil microbial function as a high microbial diversity
is assumed to be important for the proper functioning of soil
ecosystems (Giovannoni, 2004; Bell et al., 2005). Toxic effects
of PAH on plants (Li et al., 2011) and animals (Brown et al,,
2004) were reported, but so far microbial ecology studies mainly
focused on microbes which are able to degrade the pollutants
or their metabolites. In a study by Sipila et al. (2008) the rela-
tive abundance of Acidobacteria subgroup GP1 was lower in the
PAH-polluted bulk soil and rhizosphere than in the non-polluted
soil.

In a previously described experiment, a Cambisol and a Luvisol
soil contrasting in their texture were either spiked with phenan-
threne or not and incubated in soil microcosms for 63 days (Ding
et al., 2010). The diversity and abundance of enriched popu-
lations carrying PAH-hydroxylating dioxygenase (PAH-RHDa)
genes depended on the soil type (Ding et al., 2010). Here we inves-
tigated for the same experiment how the bacterial communities
change after spiking of the Cambisol and Luvisol with phenan-
threne, in comparison to the unpolluted controls, by analyzing
16S rRNA gene fragments amplified from total community (TC)
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DNA by denaturing gradient gel electrophoresis (DGGE). An inte-
grated data processing pipeline was developed for the analysis of
data from pyrosequencing of 16S rRNA gene amplicons from the
spiked soils and unpolluted controls after 63 days of incubation,
in order to systematically identify taxa with increased or decreased
abundance, to compare community structure and diversity of total
and important groups between different samples.

MATERIALS AND METHODS

EXPERIMENTAL DESIGN

Details of the experimental setup were described previously (Ding
etal.,2010). Briefly, Cambisol and Luvisol soil samples taken from
the long-term observation sites in Ultuna (Sweden) and Scheyern
(Germany), respectively, were contaminated with phenanthrene
to reach a final concentration of 2mgg ™! soil. Four replicates of
each soil, phenanthrene-spiked or not, were incubated at room
temperature (23°C) in the dark. Samples were taken on days 0,
21, and 63 after phenanthrene spiking and kept at —20°C before
DNA extraction with Bio-101 DNA spin kit for soil (QBiogene,
Heidelberg, Germany).

DGGE ANALYSIS OF 16S rRNA GENE FRAGMENTS

Bacterial 16S rRNA gene fragments from the soil samples were
amplified with the primers F984-GC and R1378 as described by
Heuer et al. (1997). A semi-nested or nested PCR approach was
applied for amplification of 16S rRNA genes of Actinobacteria,
Alphaproteobacteria, Betaproteobacteria, or Pseudomonas as previ-
ously described (Heuer et al., 1997; Gomes et al., 2001; Costa et al.,
2007). All primers used in this study are provided in Table Al
in Appendix. DGGE of the 16S rRNA gene amplicons was per-
formed according to Gomes et al. (2005), using a double gradient
gel composed of 46.5-65% denaturants (100% denaturant was
defined as 7M urea and 40% formamide and 6.2-9% of mixture
of bis-acrylamide and acrylamide (1:37.5). The following elec-
trophoresis was performed at a constant voltage of 140V for 17h
at 58°C in 1 x Tris-acetate-EDTA buffer with a PhorU?2 apparatus
(Ingeny, Goes, Netherlands). The DGGE gels were silver stained
according to Heuer et al. (2001). GelCompar II 4.5 was used for
pairwise comparisons of microbial DGGE profiles. Dendrograms
were constructed based on pairwise Pearson correlation indices by
means of unweighted pair group method using arithmetic averages
(UPGMA). The pairwise Pearson correlation indices were used to
test for significant treatment effects by application of the previ-
ously described PERMTEST software (Kropf et al., 2004). Cloning
and sequencing of the selected bands from DGGE gels were done
as previously described (Gomes et al., 2008). The partial 16S rRNA
gene sequences excluding the primers were classified by the Naive
Bayesian rRNA Classifier of the Ribosomal Database Project! and
BLASTN in the GenBank database.’

PYROSEQUENCING
Three replicate samples per treatment and control from day 63
were studied more in depth by barcoded pyrosequencing. PCR

Uhttp://rdp.cme.msu.edu/
Zhttp://blast.ncbi.nlm.nih.gov

amplification and sequencing were done at Biotechnology Inno-
vation Center (BIOCANT, Cantanhede, Portugal). Briefly, the
hypervariable V3-V4 regions of 16S rRNA genes were ampli-
fied with bacterial primers 338F and 802R (RDP’s Pyrosequenc-
ing Pipeline®) which were fused to the 454 A and B adaptors,
respectively. Standard PCR reaction conditions were employed for
reactions with Fast Start polymerase (Roche, Pensberg, Germany),
3 mM MgCl,, 6% DMSO, 200 nM each primer and 200 mM dNTP.
The PCR conditions were 94°C for 3 min, followed by 35 cycles of
94°C for 305, 44°C for 455, and 72°C for 60s, and a final elon-
gation step at 72°C for 2 min. Sequencing was performed on a
454 Genome Sequencer FLX platform according to standard 454
protocols (Roche — 454 Life Sciences, Branford, CT, USA).

SEQUENCE AND STATISTICAL ANALYSES

A semi-automatic pipeline for analyzing 16S rRNA gene sequences
was integrated by Perl* (5.12). The pipeline consists of two major
parts: an operational taxonomic unit (OTU) report generator and
an OTU report analyzer (supplement).

Denoizing, multiple alignments, OTU assignment, classifica-
tion, and generation of OTU reports were linked according to
the following steps and criteria: the unpaired region for each
sequence was truncated based on standalone BLASTN analysis
against a SILVA 16S rRNA gene database (Pruesse et al., 2007).
Only sequences of more than 200 bp were analyzed. The software
package Mothur (v1.14.0; Schloss et al., 2009; Schloss, 2010) was
used for multiple alignments and OTU assignment. Classification
of sequences was done by using the Naive Bayesian classifier at
>80% confidence (Wang et al., 2007). Aligned sequences, their
corresponding taxonomy, as well as OTU assignment were stored
in a local MYSQL database. A Perl script including the package
database interface (DBI) was used to constructan OTU level report
with each row representing one OTU containing taxonomic posi-
tion (domain, phylum, class, order, family, and genus) and number
of sequences for each sample.

Analyses based on the OTU (>97%) report were done with
R’ (2.12). To compare the community structure between samples,
cluster analyses were performed, including all taxonomic groups
with more than 50 OTUs, based on the pairwise Pearson correla-
tion which is suitable to compare samples with a different number
of sequence reads. The reliability of clusters was tested by 500
times bootstrap analyses. The difference in community structure
between treatments was measured using the average of Pearson
correlation within treatment minus average of Pearson correlation
between treatments. Rarefaction analysis for different treatments
and different taxonomic groups was also performed with R to com-
pare the detected diversity between treatments. Diversity indices
such as Chaol, Pielous’s evenness, and Shannon were also analyzed
in a similar manner as the rarefaction analysis to alleviate the bias
caused by the different numbers of sequence reads per sample.

Discriminative taxa between treatments or soil types were iden-
tified by Tukey’s honest significance tests under a generalized linear
model via a logistic function for binomial data with the package

3http://pyro.cme.msu.edu/pyro/help.jsp
*http://www.perl.org/
Shttp://www.r-project.org/
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multcomp (Hothorn et al., 2008). The analyses were performed
systematically from phylum to species level (OTU > 97% simi-
larity). Representative sequences for those discriminative OTUs
(>97% sequences similarity) as well as their closest related 16S
rRNA gene sequences were aligned with Mothur. A neighbor-
joining phylogenetic tree was constructed and tested using soft-
ware package SeaView4 (Gouy et al., 2010). Compression of the
branches was performed to reduce the complexity of the phyloge-
netic tree generated. Nodes in the phylogenetic tree were marked
for compression at defined distances using a local Perl package
(gardener) including TreelO (Bioperl) and DBI. Phylogenetic trees
were edited with software Archaeopteryx (Han and Zmasek, 2009).

RESULTS
RESPONSES OF SOIL BACTERIAL COMMUNITIES TO PHENANTHRENE
DEPENDING ON SOIL TYPE, EXPOSURE TIME, AND TAXONOMIC GROUP
AS REVEALED BY PCR-DGGE
Community fingerprints of Bacteria, Pseudomonas, Actinobacte-
ria, Beta-, and Alphaproteobacteria were clustered by UPGMA
based on Pearson correlation indices. Phenanthrene significantly
affected the bacterial community structure in both soils (Table 1).
The bacterial taxonomic groups analyzed responded dif-
ferently to phenanthrene spiking (Table 1). Despite the rel-
atively high variability of the Pseudomonas-specific gacA fin-
gerprints some differentiating bands were detected in the pat-
terns of phenanthrene-polluted Luvisol and Cambisol on day
21 (Figures AlA,B in Appendix). A pronounced difference
(d=23%) of the Pseudomonas community structure between
phenanthrene-spiked Cambisol and the control was observed
(Table 1). But on day 63, no differentiating bands were iden-
tified in response to the phenanthrene contamination in the
Pseudomonas fingerprints (Figures A1C,D in Appendix), and
the dissimilarity of Pseudomonas microbial DGGE fingerprints
between phenanthrene-polluted soil and the corresponding con-
trol was small (Table 1). In contrast to Pseudomonas communities,
a difference of the actinobacterial communities of phenanthrene-
polluted and control soils was observed only on day 63 but not on
day 21 (Table 1). Responses of betaproteobacterial communities
to phenanthrene spiking were observed for both soils on days 21
and 63. The populations (accession numbers: JF810414-JF810419)
behind the bands with strongly increased intensity (most domi-
nant responder) in both soils shared the highest sequence similar-
ity with Polaromonas sp. (AM492164; Figures A2A-C in Appen-
dix). The alphaproteobacterial community patterns for soil sam-
ples taken on day 21 displayed a high variability among replicates.

But some differentiating bands were identified when comparing
polluted and unpolluted Luvisol (data not shown). On day 63,
significant differences were observed between polluted and non-
polluted treatments for both soils (Table 1 and Figures A3A,B in
Appendix). As for the total bacterial community, differences of
the alphaproteobacterial, betaproteobacterial, and actinobacterial
community between the polluted soils and the corresponding con-
trols strongly increased with time in both soils, while the commu-
nity of Pseudomonas became more similar between phenanthrene-
treated and non-treated soils (Table 1). Changes in the bacterial
community structure of the untreated control soils during the
experiment were minor for Cambisol and not detectable for Luvi-
sol, indicating that microbial community changes were directly
or indirectly induced by the phenanthrene spiking (Figure A4 in
Appendix). Based on the d-values (Table 1), differences in the bac-
terial community structure after phenanthrene spiking were more
pronounced in Luvisol than in Cambisol at both samplings.

SOIL TYPE AND TAXONOMIC GROUP DEPENDENT EFFECTS OF
PHENANTHRENE SPIKING ON BACTERIAL COMMUNITY STRUCTURE
AND DIVERSITY AS REVEALED BY 16S rRNA GENE AMPLICON
SEQUENCING

Three replicate samples per treatment from day 63 were analyzed
by barcoded pyrosequencing of 16S rRNA genes. Altogether 34,054
sequences for all 12 samples were examined, of which 31,201
sequences could be classified to 21 phyla. The remaining 2,853
sequences were only classified as Bacteria. More than 40% could
not be reliably classified at genus level indicating novel diversity
not yet described (Table A2 in Appendix). The most abundant
phyla in both soils belonged to the Proteobacteria, Actinobacteria,
Acidobacteria, Firmicutes, and Gemmatimonadetes (Figure A5 in
Appendix).

A taxonomic report containing 8,889 OTUs at species level
(>97% sequences similarity) was obtained for comparing com-
munity structures. Phenanthrene spiking strongly influenced the
total bacterial community structure in both soils. The differences
between polluted soils and their corresponding control were com-
parable for both soils (37% for Cambisol and 30% for Luvisol;
Figure 1A). Bootstrap analysis confirmed the high reliability of
the formed clusters for each treatment (bootstrap value > 90),
suggesting that the total bacterial community differed between
treated and control soils. The difference (d =30%) between two
polluted soils was similar to the difference (d =34%) between
the control soils (Figure 1A), indicating that bacterial commu-
nities in both soils did not converge or diverge after pollution.

Table 1 | Percent dissimilarity between microbial DGGE fingerprints of different taxa from phenanthrene-spiked and control soils.

Days after spiking Soil type Bacteria Alphaproteobacteria Betaproteobacteria Actinobacteria Pseudomonas Fungi
21 Luvisol 46* 25 25* 5 4 0
Cambisol 17% 8 12* 2 23* 2
63 Luvisol 63* 38* 60* 41* 7*
Cambisol 36* 56* 46* 30* 8 1m*

*Significant (p < 0.05) difference between phenanthrene-spiked and control soils. Percent dissimilarity = average within-group pairwise Pearson’s correlation — average

between-group pairwise Pearson’s correlation.

www.frontiersin.org

August 2012 | Volume 3 | Article 290 | 3


http://www.frontiersin.org
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive

Ding et al.

Soil bacteria responding to phenanthrene

A 146 T63CP_b (4068)
o T63CP_a (819)

28| T63CP_c (197)
100 T63CA_b (3558)
% T63CA_a (3719)
T63CA_c (2539)
87 T63LP_c (1178)
o—H T63LP_b (4098)

o5 T63LP_a (617)
71 T63LA_b (4035)

100 ] T63LA_a (4161)

T63LA_c (5065)

30 40 50 60 70 80 90 100

bt
28 T63CP_a (50)
35 T63CP_c (25)

84 T63LP_b (491)
L T63LP_a (106)
T63LP_c (124)
T63CA_c (258)
T63CA_a (310)
15 T63CA_b (285)
. 45— T63LA_c (513)

T63LA_b (396)

T63LA_a (410)

[ I I I I I I I I I

0 10 20 30 40 50 60 70 80 90 100
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sequences obtained for the sample. Numbers on node: Bootstrapping
value for each node means the percent frequency of all samples under the
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Alphaproteobacteria; (C) Betaproteobacteria; (D) Actinobacteria. T63,
63 days after phenanthrene spiking; CA: Cambisol control, CP:
phenanthrene-spiked Cambisol, LA: Luvisol control, LP:
phenanthrene-spiked Luvisol.

To compare DGGE and pyrosequencing in analyzing the commu-
nity structure of bacterial taxonomic groups, Alphaproteobacteria,
Betaproteobacteria, and Actinobacteria were also analyzed using
OTUs belonging to these taxa, respectively. Like DGGE, clear soil
type and treatment clusters were formed for alphaproteobacterial
communities (Figure 1B). In contrast to the DGGE results the
differences between polluted soils and the corresponding controls
were comparable for both soil types (Figure 1B). Pyrosequenc-
ing analysis additionally showed that the topology of the UPGMA
clusters for Alphaproteobacteria was highly similar to that observed
for the total bacterial community, suggesting that the dominant
members of the bacterial communities and responders belonged
to Alphaproteobacteria. Both DGGE and pyrosequencing analyses
suggested that differences between betaproteobacterial communi-
ties of polluted and unpolluted Luvisol (d = 66%) were stronger
than for Cambisol (d =43%; Table 2 and Figure 1C). The pol-
luted soils shared more similarity to each other than to their
corresponding control soil. Additionally, pyrosequencing analy-
sis showed that replicates were more similar for the polluted

Luvisol (>74%) than the control (55-59%), indicating conver-
gence of the betaproteobacterial communities in the Luvisol after
phenanthrene pollution. DGGE analysis revealed a significant
effect of the phenanthrene spiking on actinobacterial commu-
nities in both soils. The similarities shared by replicates within
each type of polluted soil were high. Pyrosequencing analysis
confirmed the significant difference between polluted soils and
the corresponding control except for one replicate of the control
Cambisol (Figure 1D). Unlike the DGGE analysis, the similar-
ity among replicates of dominant actinobacterial communities
in both polluted soils was low, probably due to the high diver-
sity of Actinobacteria and the rather limited amount of sequences
acquired for some of the phenanthrene-spiked soils.

To compare the diversity of detected sequences from different
treatments, rarefaction analyses were performed based on OTUs
defined at four similarity levels (97% and 90% = Figure 2A, 80%
and 70% = Figure A6 in Appendix). The bacterial diversity was
lower in the polluted soils than in the unpolluted control at all
similarity levels (Figure 2A and Table A3 in Appendix). The lowest
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diversity was found for the polluted Cambisol (Figure 2A). A
lower bacterial diversity (richness and evenness) in the polluted
soils was also confirmed by Chaol (Figure A7A in Appendix),
Pielous’s evenness (Figure A7B in Appendix), and Shannon index
(Figure A7C in Appendix). For Alphaproteobacteria (Figure 2B),
Betaproteobacteria (Figure 2C), and Actinobacteria (Figure 2D),
the detected diversities were also lower for polluted soils than for
the controls. The average of observed OTUs for 400 sequences was
used to compare the diversity in phenanthrene-spiked and control
soils (Alphaproteobacteria, Betaproteobacteria, and Actinobacteria
could be analyzed with this amount of sequences). The percentage
of reduction in diversity after pollution depended on the tax-
onomic group and the soil type. For the polluted Luvisol, the
highest decrease in diversity was observed for Betaproteobacteria
(27%), followed by Bacteria (15%), Alphaproteobacteria (13%),
and Actinobacteria (9%). For the polluted Cambisol, the decrease
in betaproteobacterial diversity was only 9%, while a similar
decrease in diversity was found for Bacteria, Alphaproteobacteria,
and Actinobacteria in both polluted soils.

NUMEROUS COMMON AND SOIL TYPE SPECIFIC TAXA ENRICHED IN
PHENANTHRENE-POLLUTED SOILS

To identify those taxa which were enriched in the polluted soils,
multiple Tukey’s tests were applied (unadjusted p < 0.05). Phenan-
threne spiking selectively enriched diverse bacterial taxonomic
groups (Table 2). About 10% of the genera detected were sig-
nificantly enriched in one or both polluted soils. Most genera
belonged to Proteobacteria (23 genera), and few to Actinobacteria

(2 genera) or Bacteroidetes (1 genus; Table 2). Many genera
were never reported being involved in PAH degradation, e.g.,
Sphingosinicella, Afipia, Duganella, Herbaspirillum, Rhodanobacter,
Dokdonella, Dyella, Aquicella, Peredibacter, Legionella, Nannocystis,
Byssovorax, Dactylosporangium, and Mucilaginibacter. The relative
abundance of most enriched genera was still low (<0.4%) in both
polluted soils. Sphingomonas, Polaromonas, Novosphingobium,
Phenylobacterium, Burkholderia, Mycobacterium, and Mucilagini-
bacter were enriched in both polluted soils. Among them, Sphin-
gomonas (>18%) and Polaromonas (>4%) became the most dom-
inant genera in both soils. In contrast to these genera commonly
enriched in both polluted soils, Herbaspirillum, Dokdonella, Dyella,
Legionella, and Dactylosporangium were enriched in the polluted
Luvisol, while Pseudoxanthomonas showed an increased abun-
dance only in the polluted Cambisol. Interestingly, the genus Dok-
donella had a similar relative abundance (0.6%) in both control
soils, but an increased abundance of this genus was only observed
in the polluted Luvisol (Table 2). Further analysis at the species
level confirmed that the most abundant Dokdonella OTUs were
present in both control soils but a significantly increased abun-
dance was observed only in the polluted Luvisol. Other examples
of soil type specific responses were observed for Novosphingobium,
Sphingomonas, and Polaromonas (Table 2).

To pinpoint those species which significantly differed between
phenanthrene-polluted and non-polluted soils, all OTUs at the
species level were subjected to Tukey’s tests. A total of 88 OTUs
were identified as significantly enriched in the polluted soils,
and the majority of them were affiliated to Proteobacteria and
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Actinobacteria. The diversity of enriched OTUs was higher in the
polluted Luvisol (69 OTUs belonging to Proteobacteria or Acti-
nobacteria) than in the polluted Cambisol (49 OTUs belonging
to Proteobacteria, Actinobacteria, Acidobacteria, or Bacteroidetes)
at species level. Interestingly, 30 out of 88 OTUs (Table A4 in
Appendix) were commonly enriched in both polluted soils. Some
enriched OTUs (Sphingomonadaceae) were also abundant in the
control soils. Eight out of the 10 most abundant and significantly
enriched OTUs were more frequently detected than average in the
control soils. Three of them even ranked among the most detected
seven OTU in the control Luvisol. In contrast, the most dom-
inant OTUs detected for both polluted soils were not detected
from their corresponding control at all. Their relative abundance
was extremely high, reaching 3.9% in the polluted Cambisol
and 2.5% in the polluted Luvisol. Interestingly, they were affil-
iated to Sphingomonas (Sphingomonadaceae) and Polaromonas
(Burkholderiales), respectively, corresponding to the results in the
previous study on PAH-RHDa genes.

DIVERSE SOIL TYPE SPECIFIC TAXA WITH DECREASED ABUNDANCE IN
THE POLLUTED SOILS

To identify those taxa numerically reduced (termed in the follow-
ing as diminished OTUs) in the polluted soils, stringent criteria
were applied. Only those OTUs were regarded as diminished OTUs
which were five times more often detected than average in the
control soil but were never detected in the corresponding polluted
soils, or which were at least four times more often detected than
average and significantly higher (p < 0.05) in relative abundance
in control soil than in the corresponding polluted soil.

A total of 30 OTUs were identified, belonging to five phyla
(Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria, and
Gemmatimonadetes). Compared to those enriched OTUs, the
OTUs with decreased abundance seemed more soil type specific.
Only one OTU affiliated to Massilia sp. (D84590) was found
to be reduced in both polluted soils. Most diminished OTUs
belonged to the Proteobacteria, but no one was affiliated with
Alphaproteobacteria to which most enriched OTUs belonged. The
diminished OTUs belonging to the Proteobacteria were affiliated
to Gammaproteobacteria (eight OTUs), Deltaproteobacteria (four
OTUs), or Betaproteobacteria (four OTUs). To compare the dimin-
ished OTUs and enriched OTUs phylogenetically, representative
sequences for each OTU as well as their closest related reference
sequences were retrieved from the SILVA 16S rRNA gene data-
base (Pruesse et al., 2007) and subjected to phylogenetic analysis
(Figure 3). Interestingly, the diminished OTUs and those enriched
OTUs belong to different phylogenetic branches (Figure 3). For
example, diminished OTUs belonging to Actinobacteria were affil-
iated with Conexibacter, Solirubrobacter, and Streptomyces while
sequences of enriched OTUs were affiliated to Mycobacterium and
Dactylosporangium (Figure 3). Other examples were also observed
for Acidobacteria and Bacteroidetes (Figure 3).

DISCUSSION

The response to phenanthrene spiking of bacterial communities
in two previously unpolluted soils was explored by DGGE and
pyrosequencing analysis of 16S rRNA gene fragments amplified
from TC DNA. A novel semi-automatic pipeline for analyzing

16S rRNA gene sequences consisting of an OTU report generator
and OTU report analyzer allowed us to determine the community
structure but also to reveal taxonomic affiliation of the responders
to phenanthrene spiking. The deviation of the bacterial commu-
nities between the spiked and non-spiked control increased over
time, suggesting that specific bacteria grew on the added substrate
or its metabolites. The concentration of phenanthrene in both
soils continually decreased after spiking (Ding et al., 2010). Many
enriched ribotypes belonged to genera that were never reported as
responders to PAH pollution. However, the bacterial populations
which showed the strongest enrichment in both soils belonged
to genera such as Sphingomonas, Polaromonas, which were previ-
ously found to be involved in PAH degradation in polluted soils
or sediments (Jeon et al., 2003; Singleton et al., 2006; Sun et al.,
20105 Jones et al., 2011). Several bacterial isolates affiliated to the
two genera were shown to grow on media with one of PAH sub-
strates as sole carbon source (Jeon et al., 2006; Kobayashi et al,,
2009; Schuler et al., 2009), suggesting they could be the dominant
populations utilizing added PAH substrates. However, microor-
ganisms were reported degrading organic pollutants cooperatively
(Sorensen et al., 2002; Dejonghe et al., 2003; Guo et al., 2010) and
the populations controlling the flux of metabolic intermediates
were assumed to be important for accelerating bioremediation of
polluted environments (Head et al., 2006).

In the present study, only a small proportion of enriched Sphin-
gomonas populations seemed to carry RHDa-like genes (Ding
et al.,, 2010) that are essential for the first step of the aerobic
phenanthrene degradation, and that the majority was benefiting
from the initial degraders by syntrophic interactions. This find-
ing is supported by the GeoChip analysis (Ding et al., 2012) as
most enriched organic pollutant remediation genes were linked
with the degradation of one-ring aromatic hydrocarbons and
chloro-hydrocarbons. Some of the enriched OTUs belonging to
Sphingomonas were also highly abundant in the control soils from
which no PAH-RHDu gene amplicons were previously detected
(Ding et al., 2010), suggesting that dominant Sphingomonas prob-
ably had a better chance to utilize metabolic intermediates of
phenanthrene.

Bacterial consortia consisting of functional complementary
groups might facilitate synergistic degradation of organic pol-
lutant by decreasing the possible inhibition effects of metabolic
intermediates (Keck et al., 1989). A fast degradation of PAH sub-
strates by co-culture of Sphingomonas and Mycobacterium was
indeed observed by Guo et al. (2010).

Enrichment of Polaromonas (Burkholderiales) in both
phenanthrene-spiked soils was evident by both DGGE and pyrose-
quencing analysis. Polaromonas is an important genus responsi-
ble for aromatic hydrocarbon degradation in soil or sediments
(Jeon et al,, 2003; Sun et al., 2010). NagA genes encode the
key enzyme for naphthalene (PAH) degradation in Polaromonas
naphthalenivorans CJ2 (Jeon et al., 2006). However, the enriched
Polaromonas populations probably differed between polluted soils
in this experiment, as phnAc was the dominant degradative gene
in phenanthrene-spiked Luvisol but was not detected in the pol-
luted Cambisol and both control soils (Ding et al., 2010). The gene
phnAc was reported in strains of the genus Burkholderia (Laurie
and Lloyd-Jones, 1999; Vacca et al., 2005), Acidovorax (Singleton
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et al.

,2009), and Delftia (Hickey et al., 2012). All host bacteria of

Luvisol was also affiliated to Polaromonas, while this OTU was not
detected for both control soils and was less abundant (0.3%) in

the phnAc gene reported so far belong to the order Burkholderiales
(Betaproteobacteria). Based on the complete genome analysis of P.
naphthalenivorans CJ2, Yagi et al. (2009) suggested that extensive
horizontal gene transfer contributed to the evolution and meta-
bolic versatility of this strain. Pyrosequencing analysis revealed
that the most dominant OTU (2.5%) for phenanthrene-spiked

polluted Cambisol. The relative abundance of this OTU (0.3%)
was much lower than all OTUs affiliated to Polaromonas in the
polluted Cambisol (4.1%). These results support that the major-
ity of enriched Polaromonas populations in the polluted Cambisol
likely also benefit from the initial degraders. The study of Yagi
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et al. (2009) also predicted that P. naphthalenivorans CJ2 can uti-
lize aromatic hydrocarbons such as benzoate and biphenyl which
share metabolic pathways with intermediates in the degradation
of phenanthrene or other PAH.

In the present study, pyrosequencing data revealed that the rel-
ative abundance of Pseudomonas was significantly higher in the
polluted Cambisol than in the corresponding control (Table 2),
suggesting that some Pseudomonas bacteria grew in the polluted
Cambisol. Pseudomonas was reported to be enriched in PAH-
polluted sites (Edlund and Jansson, 2008; Jones et al., 2011). Unlike
the pyrosequencing data, the DGGE analysis did not indicate an
effect of phenanthrene on Pseudomonas which may be explained
by the inefficient amplification of some Pseudomonas popula-
tions by the gacA primers (Costa et al., 2007). The role of the
enriched Pseudomonas in the polluted Cambisol remains to be elu-
cidated as no nahAc-like genes were found in the previous study on
PAH-RHDa genes (Ding et al., 2010). NahAc-like genes are often
located on IncP-9 plasmids (Dennis and Zylstra, 2004; Sota et al.,
2006; Heinaru et al., 2009). The host range of IncP-9 plasmids
is confined mainly to Pseudomonas. In our experiment, oriV-rep
regions of IncP-9 plasmids were detected for most soil samples
but no enhanced abundance of IncP-9 plasmids was found for the
polluted soils (data not shown).

Pyrosequencing analysis revealed that the bacterial diversity
[richness (Chaol, rarefaction analysis) and evenness (Pielous’s
evenness indices) ] was lower in the phenanthrene-spiked soils than
the non-spiked control, probably due to the remarkable increase
in relative abundance of few taxa. The influence of PAH pollution
on bacterial diversities seemed inconsistent as Dos Santos et al.
(2011) observed an increase of bacterial richness for sediments
after adding oil which is a complex mixture containing different
PAH compounds. However, bacterial species diversity in soil or
sediments is often extremely high (Curtis et al., 2002; Gans et al.,
2005; Hong et al., 2006), only the relatively dominant populations
are likely to be detected and the estimation of the bacterial richness
is frequently biased by the amount of sequences (see Figure A7 in
Appendix) or the algorithm. Populations that decreased in abun-
dance after PAH pollution might be useful indicators of adverse
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Table A1 | Primers used in this study.

Taxonic group Primer pair Primer Sequences (5'-3') Reference
Bacteria F984/R1378 F984 GC clamp-AACGCGAAGAACCTTAC Heuer et al. (1997)
R1378 CGGTGTGTACAAGGCCCGGGAACG
Alphaproteobacteria F203/R1492 F203a CCGCATACGCCCTACGGGGGAAAGATTTAT Gomes et al. (2001)
R1492 TACGGYTACCTTGTTACGACTT
Betaproteobacteria F948/R1492 F9488 CGCACAAGCGGTGGATGA Gomes et al. (2001)
Actinobacteria F243/R1378 F243 GGATGAGCCCGCGGCCTA Heuer et al. (1997)
Pseudomonas gacA-1F/gacA2R gacA-1F TGATTAGGGTGYTAGTDGTCGA Costa et al. (2007)
gacA2R MGYCARYTCVACRTCRCTGSTGAT
gacA-1FGC/gacA2R gacA-1FGC GC clamp-GATTAGGGTGCTAGTGGTCGA
gacA2R GGTTTTCGGTGACAGGCA
Fungi ITSTF/ITS4 ITSTF CTTGGTCATTTAGAGGAAGTAA Weinert et al. (2009)
ITS4 TCCTCCGCTTATTGATATGC
ITSTFGC/ITS2 ITS2 GCTGCGTTCTTCATCGATGC

The GC clamp was CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGA.
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phenanthrene (LP: phenanthrene-spiked Luvisol, CP: soils (L: Luvisol and C: Cambisol) on day 0 (T0).

80 4
= O Proteobacteria
S 704 l 1 Actinobacteria
% Acidobacteria
S 60 E1 Firmicutes
] Gemmatimonadetes
S 504 W Bacteroidetes
g
3 404
®©
S 80
k)
[}
2 20
10 1| [
% N
o LN,
T63CP T63LP T63LA T63CA

FIGURE A5 | Relative abundance of dominant phyla detected for soils spiked with phenanthrene (LP: phenanthrene-spiked Luvisol, CP:
phenanthrene-spiked Cambisol) or not (LA: Luvisol control, CA: Cambisol control) on day 63 (T63).

Table A2 | Number of taxa detected.

T63CA ((9816)? T63CP (5084) T63LA (13261) T63LP (5893) Total
Phylum 18 (90.8°) 13 (94.7) 19 (89.7) 14 (93.3) 21(91.6)
Class 41(85.9) 38 (91.6) 51 (84.9) 40(90.9) 51 (875)
Order 47 (60.3) 43 (76.9) 52 (57.2) 46 (76.5) 57 (64.6)
Family 89 (50.8) 79 (72) 100 (48.6) 82 (71) 111(56.8)
Genus 193(48.7) 157(60.6) 210 (49.4) 160 (58.1) 271 (52.5)

aTotal number of sequences acquired for the treatment; °percent of sequences which could be classified by Naive Bayesian classifier at >80% confidence. T63,
63 days after phenanthrene spiking; CA: Cambisol control, CP: phenanthrene-spiked Cambisol, LA: Luvisol control, LP: phenanthrene-spiked Luvisol.
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FIGURE A6 | Plot of rarefaction curves at 80 and 70% similarities for soils spiked with phenanthrene (LP: phenanthrene-spiked Luvisol, CP:
phenanthrene-spiked Cambisol) or not (LA: Luvisol control, CA: Cambisol control) on day 63 (T63).

Table A3 | Average of observed OTUs at four different sequences similarities.

T63CA T63CP T63LA T63LP
97% 94.6+0.72 81.4+4.7° 95.4+0.2° 88.6+2.1P
90% 83+ 28 59.9+6P 83.8+0.6° 67+3.1P
80% 54.8+1° 39.6+4.8° 56.4+0.7° 449+0.5°
70% 28.7+0.4° 23420 30+£0.72 24.541.3°

Average of observed OTUs was acquired by sampling 100 sequences for each replicate (rarefaction analysis). For each similarity level, treatments with different
letters showed significant difference of average observed OTUs (p < 0.05 by Tukey HSD test). T63, 63 days after phenanthrene spiking, CA: Cambisol control, CP:
phenanthrene-spiked Cambisol, LA: Luvisol control, LP: phenanthrene-spiked Luvisol.

Table A4 | Number of OTUs (>97% similarity) significantly (unadjusted p < 0.05) enriched in phenanthrene-spiked soils.

Phylum Cambisol

Luvisol Shared? Total
Acidobacteria 1 0 0 1
Actinobacteria 3 2 1 4
Proteobacteria 44 66 29 81
Bacteroidetes 1 0 0 1
Total 49 69 30 88

aNumber of OTUs significantly enriched in both phenanthrene-spiked soils.
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FIGURE A7 | Plot of curves of average diversity indices [(A): CHAO1, (B):
Pielous’s evenness, and (C): Shannon] for soils spiked with phenanthrene
(LP: phenanthrene-spiked Luvisol, CP: phenanthrene-spiked Cambisol) or

T
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not (LA: Luvisol control, CA: Cambisol control) on day 63 (T63). Average
diversity indices were calculated in a similar way to rarefaction analysis with
100 times repeating sampling.
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