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Abstract

Petroleum hydrocarbons (PHCs) continue to be artttmgnost common pollutants in soil worldwide.
Phytoremediation has become a sustainable wayalindewith PHC contamination. We conducted
the off-site phytoremediation of PHC-polluted siodm an oil tanker truck accident, where poplars
were used for the phytoremediation of the oil-pitlisoil in a boreal climate during a seven-year
treatment. The succession of bacterial communitieesr the entire phytoremediation process was
monitored using microbial ecological tools relying high-throughput 16S rRNA gene sequencing.
Upon the successful depletion of PHCs from soilslophytic communities were analyzed in order to
assess the complete plant-associated microbionee tfé ecological recovery. The rhizosphere-
associated soil exhibited different bacterial dyieanthan unplanted soil, but both soils had a bedte
community succession through the years, with dityerbeing negatively correlated with PHC
concentration. In the relatively short growing seasn North Europe, seasonal variations in
environmental conditions were identified that cdmited to the dynamics of bacterial communities.
Overall, our study proved that phytoremediatiomggoplar trees can be used to assist in the rdmova
of PHCs from soils in boreal climate conditions gmdvides new insight into the succession patterns

of bacterial communities associated with thesetplan
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I ntroduction

Petroleum hydrocarbons (PHCs) are some of the maptoited and used chemicals
worldwide, comprised of oil and various productfined from oil. Their common use inevitably
results in them being widespread in the environmemtluding soil and ground water, and
consequently in environmental problems causingreeeeonomic losses (Wang et al., 2008). This
distribution of oil not only strongly affects saiharacteristics and overall soil health, vegetatiod
wildlife, but also microbial communities. PHC comtiaation is usually treated by physico-chemical
methods which are not only expensive, energy-deimgndbut have a negative impact on the soil
structure and landscape. In contrast, bioremediati@thods are cost-effective, environmentally
friendly and do not cause damage to the soil sirecand harm to microbiota living in soil
(Salanitro et al., 1997; Romantschuk et al., 2@¥nhks et al., 2003; Zhang et al., 2008; Tang et al.
2010; Lopez-Echartea et al., 2016).

PHCs are susceptible to microbial degradation, #ithtype of soil, nutrients, temperature,
pH, and hydrocarbon fractions affecting their bigdalation (Whyte et al., 1998; Margesin and
Schinner, 2001b; Chaineau et al., 2003; Mukherjeeale 2014). In a boreal climate, the
biodegradation of hydrocarbons is diminished by lemperatures, making the whole process
challenging (Atlas and Bartha, 1997; Whyte et H998; Margesin and Schinner, 2001a), especially
due to the increased oil viscosity (Atlas and Barth972; Whyte et al., 1998; Margesin and
Schinner, 2001a) and retarded volatilization ofrsbbain alkanes (Atlas and Bartha, 1972; Margesin
and Schinner, 2001a). Solidification at low tempems is a challenge, since it hinders the
bioavailability of PHCs (Whyte et al., 1998), rethgcdegradation rates (Leewis et al., 2013).

Vegetated soils host microbial communities thatedifrom those of unvegetated soils, often
being more potent in terms of biodegradation (Asdaret al., 1993; Banks et al., 2003; Sipila et al.
2008; Musilova et al., 2016). The composition of stcrobial communities associated with plants
depends on the plant species, plant nutrition,tlgpply and other factors which influence sail
properties (Yang and Crowley, 2000; Berg and Sma&@09; Ridl et al., 2016). Rhizosphere
microorganisms have been acknowledged for theiromamt role in the degradation of organic
pollutants for more than two decades (Donnelly let ¥094; Siciliano et al., 2003; Slater et al.,
2011; Toussaint et al.,, 2012; Sylvestre, 2013; lisest al., 2016). The rhizosphere acts as an
inoculation and supplementation, providing nutrsefdr microbes and improving their proliferation
(Yrjala et al., 2017). Next-generation sequenciag énabled a better and more detailed understanding
of the bacterial diversity in PHC-polluted soilsdarhizospheres, allowing holistic environmental
biotechnological studies of phytoremediation (Mulghe et al., 2015).

More recently, endophytic microorganisms have beemestigated in relation to
phytoremediation (Germaine et al., 2009; Weyerd.e2009a; Andreolli et al., 2013; Weyens et al.,

2013). Plants growing in polluted environmentsemached in specific bacteria in the interior ofith
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roots in response to specific contaminants (Siudliat al., 2001). Suitable endophytic bacteria with
appropriate degradation pathways can then imprbeedegradation of pollutants with their host
plant (Taghavi et al., 2005; Barac et al., 2009rn@ene et al., 2009; Weyens et al., 2009a).
Endophytic bacteria are defined as those that ihhlaé plant interior without causing disease and
have plant-beneficial properties (Hallmann et 8097). An extended definition has been proposed
that they are bacteria that spend at least pattaf growth cycle within plants (Hardoim et al.,
2015). Endophytes in plants are beneficial to tlesththrough the mobilization of nutrients,
production of phytohormones, and induction of pldefense mechanisms against phytopathogens.
They enhance adaptation to harsh environmentalitons, thus improving plant growth (Schulz
and Boyle, 2006; Puente et al., 2009; Hardoim et28l15; Truyens et al., 2015). The mechanisms
by which plants select specific bacterial endophed vice versa is still not fully understood (Niu
et al., 2017).

Poplar species have been used in a wide range yvbrpmediation applications (Schnoor,
1997; Fillion et al., 2011; Isebrands et al., 208dman et al., 2018), and have many advantages: the
are fast growing, geographically widespread, toieta contaminants and can decrease migration of
contaminants (Schnoor et al., 1995). Poplars haes lused in the remediation of sites contaminated
with PHCs (Palmroth et al., 2002), trichloroethgefNewman et al., 1997; Gordon et al., 1998;
Weyens et al.,, 2009a), atrazine (Burken and Schnb@®7), 1,4-dioxane (Kelley et al., 2001),
polyaromatic hydrocarbons (Andreolli et al., 2013)r combined pollution with PHCs,
polychlorobiphenyls and heavy metals (Doni et 2012). Endophytic populations of poplar species
have been studied for their suitability for phytmexiation purposes (Weyens et al., 2010; Yrjala
et al.,, 2010; Kang et al., 2012). In order to bett@derstand phytoremediation processes, a
succession of bacterial communities needs to besaed over the entire period of site recovery.
Such research has gained very little attentionréfiet al., 2010) .

Remediation is especially challenging at high lmt#s, due to the cold climate, lack of
infrastructure, generally high expense of remediatind lower biodegradation rates (Leewis et al.,
2013). Mean temperatures in Scandinavia, whichrggdo the boreal climate region, range from
+21 °C in July to —10 °C in January (https://emeatie-data.org/location/134283). For 5-6 months of
the year, depending on the location, the mediunpe&ature is below 0 °C (Yrjala et al., 2017).

With this in mind, we aimed to analyze the temp@ralgress of phytoremediation employing poplar
trees for the decontamination of oil-polluted soibutside field conditions, including the end bét
process, where the contaminants have been degedtirdseven years of phytoremediation. The
process is here viewed as a secondary successitmacdérial communities in an ecologically-
recovering environment without any nutrient suppets, which allowed us to evaluate the
suitability of poplars (hybrid aspen) and obserkie bacterial succession during the seven-year
phytoremediation of PHCs. Upon the successful digpieof PHCs from soils, endophytic

communities were analyzed in order to assess th@lete plant-associated microbiome after the

4



90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

ecological recovery. We hypothesized that the poptes were going to increase the efficiency of
the remediation of oil-polluted soil and that thevedsity of bacterial communities would be
negatively correlated with PHC concentration. Wepgbredicted that temperature and precipitation
changes across the seasons would be significastigceated with bacterial community structure.
We argued that the bacterial community at the drghgtoremediation would be very distinct from
the soil community without plants. Finally, we egpsd that a portion of the soil bacterial

populations during the remediation would stablyooate the plant and become endophytic.

Materialsand M ethods

Contaminated soil

The contaminated soil originated from an oil tantkkack accident in south of Finland in 2009.
After the accident, the soil was excavated andsparied to the facilities of the Finnish Forest
Research Institute (METLA) in Haapastensyrja, FidlaThe soil was classified as sandy soil and its
pH remained neutral throughout the whole stuliifer homogenization, the soil was placed in a 3x12
m isolated plot with proper drainage and hybrid lapglone seedlingsPppulus tremula x Populus
tremuloides) were planted in the soil in August 2009. The $iagd used in the study were obtained
from propagation of woody cuttings performed at fbemer Finnish Forest Research Institute,
METLA. A portion of the area of the plot was left unplahtnd isolated from any vegetation, and
was used as a control (3x0.8 m). The planted podfahe plot was arranged as follows: 5 replicates

of one clone per width and 20 poplar seedlingdgregth, making a total of 100 poplar seedlings.

Soil sampling

Samples for chemical analyses were collected irstimemer of 2010, 2013 and 2016 from the
planted and unplanted plots. Samples from the etapiot consisted of 10 different subsamples
from different parts of the plot and were perfornediuplicates. The rhizosphere soil for microbial
community analyses was sampled at the depth ob120tcm. Samples from the unplanted plot
consisted of 4 different subsamples from differpaits of this area. Approximately 600 grams of
soil per replicate were sent for analyses. Theodphere soil samples were taken by shaking the
roots of the poplar trees after removing bulk dmétween roots. To study the response of the
microbial community to seasonal changes, soil samplere taken in 2011 monthly from May until

September.

PHC analyses and environmental data

The determination of PHC concentrations was comialrgperformed by MetropoliLab Oy
(Finland), accredited by the Finish Accreditatiamngce T058 (EN ISO/IEC 17025). The analysis was
performed by Gas Chromatography with a Mass Sek8etector.
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Data on the precipitation and temperatures fomp#rgod of the experiment were obtained from
the climate station Hyvinkaa, Hyvinkaankyla locat2d km from the Finnish Forest Research
Institute in Haapastensyrja. The groundwater ofethgerimental plot was kept at +1 — +10 cm and
watering was necessary only during hot weeks ansl paformed once or twice a week with a
hosepipe. Biomass was not harvested until the tedinin of the study. No weeding or fertilization
was carried out during the phytoremediation treatmiitrate and organic carbon concentrations
were determined commercially by Eurofins (Finland).

Sampling of poplar clones

At the termination of the phytoremediation, samgtesn 12 poplar trees were collected. The
stems were placed inside a flask with sterile watet agitated for several minutes to remove all dir
from the surface, flamed twice with ethanol andemlover a PCA plate to verify the sterilization
procedure. The PCA plate was checked for no graygtiio three days. The next step consisted of
homogenizing the stem material in a sterile mowéh liquid nitrogen. The homogenized plant
material was used for DNA isolation, subsequent R@Rlification, and analysis of the endophytic

populations.

DNA isolation, 16S rRNA gene sequencing and data processing

Genomic DNA from all soil samples was extractechveitFastDNA SPIN Kit for soil (MPBIo,
USA) following the standard protocol. Primers 518FGTGYCAGCMGCNGCGG-3and 926R 5
CCGYCAATTYMTTTRAGTTT-3' (Fraraccio et al., 2017) were used to target the\X5 region
of the 16S rRNA gene. The PCR was performed innal fvolume of 1quL with: KAPA HiFi
HotStart ReadyMix (Kapa Biosystems, USA) containth§2 U/uL of KAPA HiFi HotStart DNA
Polymerase, 0.@M of each primer (Fisher Scientific Oy, Finlandidaemplate DNA (~20 ng). The
cycling program started with a 5-min denaturatiédbdlA at 95°C, followed by 20 cycles of 28
at 98°C, 15s at 56°C, 15s at 72°C and a final extension forriin at 72°C.

The same kit and primers were used for the genddNé& amplification from the plant
samples. The PCR was, however, performed with daétian of 0.3uM of each anti-mitochondrial
and anti-plastid peptide-nucleic acids (PNAs) (PNARJSA) for the inhibition of mitochondrial and
plastid 16S rRNA gene amplification. The cyclingpgram started with a 5-min denaturation of
DNA at 95°C, followed by 20 cycles of 20 at 9&C, 15s at 72C (annealing of the PNASs), &5
at 56°C, 15s at 72°C and a final extension forrdin at 72°C. The PCR products were analyzed
by 1.5% agarose gel electrophoresis and excisemh filtte gel using a Zymoclean Gel DNA
Recovery Kit (ZYMORESEARCH, USA).
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All PCR amplifications were performed in duplicateslled latertechnical replicas and
sent for library preparation and sequencing analgsi an Illlumina MiSeq platform, which were
performed in the DNA Core Lab of the UniversityAlaska Fairbanks, USA.

The processing of the sequence reads followedah gprocedure described previously by
(Lopez-Echartea et al.,, 2019) using DADA2 pipelihé8 (Callahan et al., 2016a) with some
modifications. Briefly, sequence reads were suleigtd a filtering step allowing 1 mismatch in the
primer sequence, otherwise the whole read was ieda The next step was trimming off the
primer sequence from the sequence reads. To mahagdiminishing quality of reads towards
their ends, forward and reverse reads were shaftemea length of 257 and 146 nt, respectively.
These values were calculated as the average pusitvbere 75% of reads in samples had a quality
score >= 25 while maintaining a hypothetical minmmof 25 bp overlap between the paired reads.
In the filterAndTrim function, the argument matclsivas set to true to remove the unpaired reads
resulting from the primer filtering step and onesmatch was allowed when merging the forward and
reverse sequence reads. Finally, the method usgetect and remove chimeric sequences was “pool”
instead of the default. An additional refining steps made in which sequences differing by one
base were clustered together, their counts weremmgnand the most abundant sequence was
picked as the correct one. Technical replicas wezeged, while keeping only those sequences that
occurred in both of the technical replicas. Finallytable of sequence variants was created with
taxonomy based on the Silva reference databaséwret82. With the resultant data a phyloseq
object (McMurdie and Holmes, 2013) was created,cwhivas used for downstream statistical
analyses. All sequencing reads were depositeda\i@iBl Short Read Archive under SRA study
number SUB5046937.

Multivariate Statistical Analyses

All statistical analyses and visualizations weref@ened in R project (R Development
Core Team, 2009) using the packages phyloseq (MdMwuand Holmes, 2013), vegan (Oksanen et
al., 2017), DESeq2 (Love et al., 2014), limma (Rigcet al., 2015) and ggplots2 (Wickham, 2016).
All samples were rarefied to an even depth of 18d2ids, except for the analyses performed with
DESeqg2. The maximum likelihood phylogenetic tred R3G+I) was constructed with the help of
the packages DECIPHER and phargnorn by following steps described in Callahan et al.
(2016b). A non-metric multidimensional scaling (N8Pand distance-based redundancy analysis
(dbRDA) were performed using weighted Unifrac distes. The observed number of sequence
variants and Shannon diversity indexes were cakléor all samples in R project. The correlation
between the diversity indexes and PHC concentratioere tested using the Pearson method at the

confidence level of 0.95.
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Venn diagrams were performed using the package dirfRRitchie et al., 2015) from R (Love
et al., 2014). Finally, the unrarefied data of ssme variants were merged at the genus level
(hereafter referred to as the genus-level phylgtapel tested for differential abundance of taxagisi
the DESeq2 package in R (Love et al., 2014). Aefdiscovery rate cutoff of 0.01 and 1.2 fold change
threshold were used for determination of statistognificance. For estimation of the size factor f
the rhizosphere versus endospheric communityptsteounts method was used as some of the taxa
were completely absent in the compared samples.flineion IfcShrink was used to shrink the

log2fold changes.

Results
Biodegradation of PHCs

The initial concentration of PHCs was 7300 mg/kgcohtaminated soil. After 1 year, the
concentration in the phytoremediation plot decréase 3450 mg/kg, which accounts for a 53%
removal, while the unplanted soil removal was 43y. 2013, the removal in the planted and
unplanted plots was 78% and 56%, respectively, evatbwith the initial concentration. By the end
of the monitoring period in 2016, all PHCs were delgd in both the planted and the unplanted plots
(Table 1).

Bacterial dynamics during bioremediation treatments

Non-metric multidimensional scaling (NMDS, stres©#06, Fig. 1) with weighted Unifrac
distances showed that the bacterial community sireavas significantly associated yalue < 0.001)
with the concentration of PHCs and the remediatiime (2010, 2013 and 2016). These 2 factors had
an inverse correlation, as concentration of comants decreased with time. The diversity of the
communities increased with time, while the conagidun of contaminants decreased (Figure 2). A
negative correlation was found between the diverdithe soil communities from planted and control
plots and the concentration of PHCs, both in theeolled number of sequence variants (Pearson
correlation index -0.87 and -0.77, respectivelyl #me Shannon diversity index (Pearson correlation

index -0.98 and -0.94, respectively).

Most abundant genera during theremediation treatments

The analysis of soil samples from the beginningidid@ and end of phytoremediation enabled
a study of the entire phytoremediation processthedlynamics of bacterial communities.

The most abundant genus-level phylotypes from thented soil (Fig. 3) included:
Fohingomonas, Phenyl obacterium, Burkhol deria-Caballeronia-Paraburkholderia andBradyr hizobium
detected throughout the entire phytoremediatiofodetn the unplanted control sdphingomonas,

Flavobacterium, Acidovorax and Bradyrhizobium were among the most abundant genus-level
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phylotypes.Interestingly, Flavobacterium and Acidovorax were found in 2013 but not anymore in
2016.

In 2010, at the early stage of phytoremediatiorth ibe planted and unplanted soil shared
Fhingomonas as the prevalent genus-level phylotype. Furthendant phylotypes in 2010 included
Thermomonas and Phenylobacterium, found in both vegetated and unvegetated soil, Wete
relatively more abundant in the vegetat&ahdaracinobacter andMassilia were more abundant in the
unplanted soil and scarce in the planted soil, @@ahme even very rare over time in the planted soll
In the middle of the monitored phytoremediation120the most abundant phylotypes in both the
planted and the unplanted soil wdfkavobacterium and Rhizobacter. The phylotypes belonging to
these genera increased between 2010 and 2013ebamb almost nonexistent in 2016 in both soils,
having their peak in the middle of phytoremediati®iscinibacter became enriched specifically in the
planted soil during the first phase of phytoremedig but decreased by 201B8cidovorax had a
similar trend in the control soil in 2013 and wés@st not detected in 2016. In 20B6adyrhizobium
andBryobacter became augmented in both the planted and thentedligoil during the final phase of
phytoremediation Interestingly, Burkholderia-Caballeronia-Paraburkholderia became one of the
most abundant phylotypes in the planted soil atetie of phytoremediation, but was not abundant in

the unplanted soiPyrinomonadaceae RB41 showed the same trend in the unplanted soil.
Response of microbial communitiesto seasonal changes

The seasonal variation in a boreal climate is lawgth greatly varying temperature and light
conditions. The response of the bacterial commemito seasonal changes was monitored in 2011,
two years after the start of the experiment. NMB8y( 4) using weighted Unifrac distances and
subsequent fitting of environmental variables iatkc that the composition of the bacterial
communities was significantly associated with poeation P-value < 0.05), which was highest in
the summer month$(value < 0.01), and seasdn alue < 0.01). A multiple-response permutation
procedure analysis (MRPP) further confirmed tharéhwere significant differences between the
spring (May and June) and summer samples (July,ustugnd September) with B< 0.05
(observed delta 0.05871, expected delta 0.06496 chiaahce-corrected within-group agreement,
A =0.09614).

Summer samples had roughly twice as many bacte@lence variants than spring samples
(Fig. 5). The Kruskal-Wallis test did not find asificant difference in terms of diversity betwetbe
months.

The differential abundance analyseisamfteria identified the genera that significauwliffered
across seasons. Genera that were significantlgleadtiin the spring season were mainly from the
phylum Actinobacteria and Proteobacteria. The most significantly enriched genus viagmdobacter

of Bacteroidetes. In the summer the communities were more diversersk, but the majority

9
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belonged to the phyluniProteobacteria, with Nitrosomonadaceae 1S44 and Rhodoplanes being
extensively enriched in the summer. Other genereh asShinella or Terracidiphilus, were abundant

in both seasons, but were more enriched duringseason (Fig. 6).

Poplar endophytes and their relationship with the soil microbial community

The bacterial endophytic community higbrid poplar stems was studied at the end of
phytoremediation and compared to community in rbir@re-associated soil. Thiifrac distance-
based redundancy analysis showed that endophydic@hcommunities are very different in terms
of phylogenetic composition (Fig. S1), with thesadAP1 explaining 47.7% of the variation in the
community due to sample type (endospheric or rigizese). The axis MDS1 explained much lower

variance (6.3%), which can mostly be ascribed tiedinces in the rhizosphere soil communities.

The most abundant taxa in the endophyte commuityniged to unclassified genera across
many classes, includingy phaproteobacteria, Oxyphotobacteria, Bacteroidia andPhycisphaerae. The
other most abundant genera in the endophyte contynumére Beijerinckiaceae-1174-901-12,
Fhingomonas, Bryocella, Amnibacterium and Terriglobus. The genusBryocella (Acidobacteria
subdivision 1) was exclusive to the endophytic camity. The most abundant genera in the
rhizosphere-associated soil were unclassified geaeross several classes includiAgidobacteriia,
Blastocatellia (Subgroup 4), Gammaproteobacteria, Acidobacteria Subgroup 6 and
Alphaproteobacteria. The other most abundant genera includgddyrhizobium, Burkholderia-
Caballeronia-Paraburkholderia andBryobacter, with the latter being exclusive to rhizosphere aail

not found among endophytes.

Differential abundance analysis identified the aran that were significantly
enriched/depleted in the endophytic versus rhizesplcommunity. In the endophytic communities,
members of Actinobacteria and Proteobacteria with a few examples ofBacteroidetes and
Acidobacteria and a single member &irmicutes were significantly enriched (Fig. 8Bryocella and
Frondihabitans were only detected in the endophytic communagidiphilium, Friedmanniella,
Terriglobus and Amnibacterium were enriched in the endophytic community and aggrse in the
rhizosphere soil. As expected, the rhizosphere canitpn had a high number of significantly more
abundant taxa. The genera significantly enrichethen rhizosphere included members of multiple
phyla, of which some members derrucomicrobia, Plantinomicetes and Armatimonadetes were
solely present in rhizosphere soil, includi@andidatus Koribacter and Candidatus Soilbacter.
Shingomonas and Pseudomonas were highly abundant in both environments, butrtmelative

abundance was significantly higher in the endosah&enera such &urkholderia-Caballeronia-

10



298
299
300
301
302
303
304
305
306
307

308

309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

324
325
326
327
328
329
330
331
332

Paraburkholderia, Acidithiobacillaceae-KCM-B-112 and Aminobacter were abundant in the
rhizosphere soil, but also occurred in the endapltgtimmunity.

The abundance and community of retrieved sequdandbg endosphere from the six studied
poplars at the termination of the experiment washmared with those in the corresponding
rhizosphere soil (Table 2) to enquire about theaid origin of endophytes in the stem. The
endosphere had a comparably low number of obsesegdence variants, on average 122, which
accounted for 8 to 25% of the number of sequentdkd rhizosphere soil. The average number of
observed sequence variants in the rhizosphere wasSmilarly, the Shannon diversity index was
clearly lower as expected in the endosphere, 2.&\anage, while it was on average 5.7 for the

rhizosphere.
Discussion

We investigated phytoremediation as a temporal abiat ecological process in Northern
Europe by analyzing the dynamics of bacteria dudiffierent stages of remediation, spanning from
the beginning, via the mid-phase up to the endefphytoremediation, when contaminants had been
removed. No nutrients were supplemented at thet afigghytoremediation so as to be able to detect
the performance of plants in contaminated, nutripabr sandy soil. The diversity of bacteria
correlated negatively with the concentration of BHQig, 2), and a succession of bacterial
communities could be detected with different tareng more abundant at different stages of the 7-
year phytoremediation (Fig. 3). A similar successwas detected in non-planted soil during
bioremediation, but with different bacterial comntigs (Fig. 3). The boreal climate exhibited a
seasonal variation of bacterial communities, st @hsignificant difference was observed between the
spring and summer month communities. At the enth@fphytoremediation, endophytic bacteria were
analyzed. SurprisinglyAcidobacteria subdivision 1 genera were abundant endophyteshiegeiith
typical endophytic genera & phaproteobacteria. Some bacterial endophytes were identified with no
counterparts in soil, but many were typical rhizuesg bacteria that clustered especially with

Proteobacteria (Fig. 7 and 8).

Phytoremediation has proven to be an effectivexpgaesive and environmentally friendly
method to treat PHC contamination. Poplar tree® leen successful with a wide range of pollutants
(Burken and Schnoor, 1997; Newman et al., 1997dGoet al., 1998; Kelley et al., 2001; Palmroth
et al., 2002; Weyens et al., 2009c; Doni et alL2Z®Andreolli et al., 2013). The initial concentoat
of PHCs in the sandy soil in our study was 7300kag@f soil, and after 3 years this concentration
decreased by 78% in phytoremediation treatmentimdilag poplar study, but at a higher annual
temperature and using horse-manure-supplementatitn initial concentrations of ~1150 mg/kg
PHCs, (Doni et al., 2012) exhibited a decrease 200~mg/kg after one year of treatment. The

increased organic C and N in the soil stimulateditiigenous microbial community and was reported
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to increase the remediation rate. The removal e$alifuel from boreal soil using poplar trees in an
experiment with an initial concentration of ~500Q/kg soil (Palmroth et al., 2008)as effective, but
with the use of several nutrient supplements. T¢mycluded that plants accelerate the removal of
hydrocarbons, but over time the removal in non-tegel soil becomes similar to the vegetated. Our
study is different from these studies in that weided the use of nutrients to better see the patesit

the plant under stressful conditions. Data from@®@aad 2013 showed that the degradation proceeded
faster in the vegetated soil despite the fact ttatplants developed very slowly the first yearshef
study. This slow development can be ascribed to nowvient levels in the soil and toxicity of oil
contamination. Specifically, concentration of néswas below 10mg/l in both 2013 and 2016 and
organic carbon decreased from 0.5% in 2013 to 0rl2916. Mukaidani and Tamaki (200@sted
twelve different plant species; not including popteees, for their phytoremediation potential of
PHCs, and observed degradation in the unvegetatstdot, but at slower rates than all the vegetated
plots. Poplar trees and in general vegetated sedm to increase the efficiency of the PHC removal
from soils.

The concentration of PHCs was one of the key détemts of the bacterial community
composition (Table 1) and correlated negativelyhviiticterial diversity according to our hypothesis
(Fig. 2). A decrease in diversity after PHC-contaaion has been found in several bioremediation
studies (Rdling et al., 2002; Hamamura et al., 2086t did not include plants. We showed in a
previous greenhouse study using poplars growirmpieal forest soil that the addition of oil caused
immediate and drastic drop in bacterial diversMukherjee et al. 2013). The bacterial community
recovered, however, at the end of the 2-month stlathe at room temperature and under controlled
conditions. The predominant populations in our phsmediation study include8phingomonas,
Thermomonas, Phenylobacterium, Sandaracinobacter, Massilia, Rhizobacter, Flavobacterium,
Bradyrhizobium, Bryobacter, etc. (Fig. 3) some of which had been reported to be PHC degraders
Several other reported PHC-degrading bacteriaudicy Pseudomonas, Rhodococcus, Gordonia,
Bacillus, Burkholderia, Caulobacter, Flavobacterium, Nocardioides, Acidovorax, Massilia
andMycobacterium (Prince et al., 2010; Chikere et al., 2011; Mc®eet al., 2012; Yergeau et al.,
2012; Omrani et al., 2018; Yang et al., 2019) vwadse detected in our study.

The temporal study of phytoremediation under fietthditions gave us the opportunity to
observe bacterial secondary succession (Mukhetijale, 2013) in rhizosphere soil (phytoremediation)
and nonplanted soil (bioremediation). The beginnimgddle and end points of remediation had
specific bacterial communities. Importantly, thezdsphere soil had a very different succession
pattern than that of the nonplanted soil. Givenftw that the majority of the PHCs were depleted
within the first year, the most frequently detectagta in 2010 are likely to have mostly been
associated with PHC transformation and/or degradafhylotypes of the gen&@hingomonas, most

abundantly detected at the beginning of the phyteration and in the nonplanted soil, have been
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369 reported to be some of the most common PHC degd@mttel et al., 2011; Beckers et al., 2017).
370  The other most frequently detected genera at thenbimg of the treatment wefEhermomonas and
371  Phenylobacteriumin the rhizosphere soil arhndaracinobacter andMassilia in the unvegetated soil.
372 Members of all of these genera were previously@ated with the degradation of PHCs (Singleton et
373 al.,, 2013; Wang et al.,, 2016; Li et al., 2017) asixides (Lingens et al., 1985) and linear
374  alkylbenzene sulfonate (Ke et al., 2003). In 204#6the end of our phytoremediation, where PHC
375 concentrations were below the detection limits,hbebils were dominated bradyrhizobium,
376  Bryobacter  Burkholderia-Caballeronia-Paraburkholderia  (mainly in  planted soil) and
377  Pyrinomonadaceae RB41 (mainly in the unplanted soil), which are ecoom soil heterotrophs
378 involved in nitrogen fixation and/or the transfotioa of organic acids such as galacturonic and
379  glucuronic arising from the decomposition of orgamiatter (Kulichevskaya et al., 2010). Thus, our
380 results also indicated that ecological recoverthefsite was achieved.

381 Distinct seasons are typical for the boreal climared during the winter season the soil is
382 frozen for several months, which slows down the uahndegradation (Leewis et al., 2013).
383  Temperature plays a key role in the metabolic dgtivf bacteria. It was reported that the activity
384 an enzyme decreases by 50% with the decrease petatare by 10 °C (Leahy and Colwell, 1990;
385 Atlas and Bartha, 1997). For instance, a recerdysfaund that individual alkanes and aromatics
386 degrade approximately twice as fast at 13 °C thay to at 5 °C (Ribicic et al., 2018). Our results
387 showed that there were significant differences attérial community composition between the
388 months and the spring and summer seasons thatallypiexhibit fluctuating temperatures and
389  precipitation patterns (Fig. 4). One of the drivexplaining the community structure was precipotati
390 (Fig. 4), which reached its highest values durimgy summer season. Previous studies have also found
391 that the microbial community structure changed ificantly due to different watering patterns
392 (Kaisermann et al., 2013; Chodak et al., 2015) dnel to different water content (Ukdia et al.,
393  2005) in soil. Possible explanations for how priatpn might influence bacterial communities are
394  either direct influence through osmotic pressurkectieg more tolerable bacteria or through the
395 regulation and availability of nutrients and pH ¢@dak et al., 2015; Fierer, 2017; Bu et al., 2018).
396  Despite a significant association being found betwigacterial community structure and precipitation
397 changes across seasons, our results did not shgwgnificant relationship between bacterial
398 community structure and temperature. Temperatuitaeinces certain taxa (Oliverio et al., 2017),
399  but with current data it is difficult to establifth impact on the whole community. We also expected
400 the community diversity to be higher during the sugn months, but we did not find significant
401 association between the monthly number of sequemciEnts and Shannon diversity indexes.
402  Despite that, we still observed more than twicenasy sequence variants that were unique to the
403  summer months than to the spring months (Fig. Bhil&ly, Haas et al. (2018) found that the

404 growing season (early June to October) of sprusesthad no effect on the alpha diversity of soil
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and root bacteria. But unlike our study, they didt mbserve an effect on the community

composition of soil and root bacteria related ® ginowing season, which we did.

Recent phytoremediation research has focused oradening the knowledge and
understanding of plant—microbe interactions in preadvance phytoremediation (Weyens et al.,
2009b; Weyens et al., 2009c; Beckers et al., 20TkHg study of endophytic bacteria and their
interaction with their plant host has been of gaittr interest with respect to emerging techno®gie
remediate contaminated environments, including wate soil (Barac et al., 2009; Germaine et al.,
2009). Several endophytic bacteria in poplars H@een studied for their capacity to degrade organic
compounds such as TCE and PAHs (Weyens et al.,, Ra@y et al., 2012; Andreolli et al., 2013), as
well as for their plant-growth-promoting activiti€Baghavi et al., 2009). We investigated the stmect
of endophytic communities at the termination of gigtoremediation in six poplar trees. We found
that 8-25% of rhizosphere phylotypes (Table 2),enable to colonize the plant interior. The most
commonly detected bacterial endophytic taxa haws lveported (Hardoim et al., 2015) to belong to
the following phyla:Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes and Acidobacteria.
Endophytic bacterial communities of poplars hevenbeeported to be dominated Byoteobacteria
andAcidobacteria (Gottel et al., 2011; Beckers et al., 2017). Gaguits agree with previous studies;
observing those same phyla in the following prdpod (on average)Proteobacteria 67%,

Actinobacteria 10%, Acidobacteria 8%, Bacteroidetes 5% andFirmicutes 0.4%.

The most abundant bacterial genera found only & éhdophytic community included
Bryocella, Frondihabitans, Kineococcus, Curtobacterium and Deinococcus, also found in other
studies as endophytes (Hardoim et al., 2015). Tbst mbundant taxa in our endophyte community
was interestinglyBryocella, which has only been found in one study as an @mde (Trivedi et al.,
2010). Their function as an endophyte is unknowrd the only described species Bsyocella
elongate isolated from a methanotrophic enrichment cultiMe also found a surprisingly high
relative abundance ofAcidobacteria in the poplar plants. Among the enriched endophyti
Acidobacteria, the genu§erriglobus predominated. Populations of this genus are fretjindabitants
of tundra soil (Mannisto et al., 2011) and haveviously been found as endophytes in arcto-alpine
plants by (Nissinen et al., 2012). This brings g fact that endophytic bacteria in our study partl
represent taxa that are well acclimated to coldlitmms. It would be of great interest to know dinse
psychrophiles also thrive in phytoremediation ibaeal climate. Some endophytic taxa in current
study have previously been identified to be assediavith poplar trees and phytoremediation,
including Clostridium, Enterobacter, Methyl obacterium, Pseudomonas, Sphingomonas, Burkholderia
and Arthrobacter (Scott, 1984; Van Aken et al., 2004; Moore et 2006; Taghavi et al., 2009; van
der Lelie et al., 2009)Some of these endophytes with a metabolic capacitgegrade organic
pollutants have been inoculated into plants, whéshulted in an increased phytoremediation effigienc
(Barac et al., 2004; Taghavi et al., 2005).
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The most abundant taxa in the endospheric andspiwye communities belonged to as-yet-
unknown genera, which highlights the lack of knalgle surrounding these less studied environments.
The most abundant taxa shared between these emdnts included (iBeijerinckiaceae- 1174-901-

12, some of which are characterized as obligatehametrophs, chemoorganoheterotrophs,
facultative methylotrophs and facultative methaoplis, and importantly have capacity to fix
nitrogen, which enables them to inhabit environraneith low nitrogen levels (Marin and Arahal,
2014). (ii) Sphingomonas and Burkholderia-Caballeronia-Paraburkholderia, which are commonly
isolated from soils, water, activated sludge, thenpphyllosphere, and rhizosphere (Glaeser and
Kampfer, 2014). Some of these taxa probably origuherom rhizosphere soil and colonized the
endosphere via the route soil-root-endosphere.r8estidies support the theory that the rhizosphere
is an important source of endophytes (Germaind.e2@04; Compant et al., 2010; Hardoim et al.,
2015), with root hairs playing an important role fioner colonization (Mercado-Blanco and Prieto,
2012). Taxa found exclusively in the endosphereowf poplars most likely originated from the
original plant or from air and insects. This is tfase foBryocella, Frondihabitans andKineococcus.

In contaminated environments, in particular biodégtive populations are expected to colonize the
endosphere (Compant et al., 2010; Hardoim et @152 In conclusion our results showed the
phylogenetic composition of endophytic communitiestablished upon a successful ecological
recovery of the contaminated soil. Further expenithi@re required to provide more insight into the
succession of endophytic communities and theiticglahip over time with rhizosphere communities
and pollutant removal. In addition, the resilierdehe soil-originating biodegradative populations
the plant could be tested after the transfer ob&hto a new contaminated site to potentially impro

phytoremediation.
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Figure 1. Non-metric multidimensional scaling (NMDS, stress = 0.06) of microbial community at
genus level from planted and the unplanted plots in 2010, 2013 and 2016. The fitted vectors
correspond to the direction and strength of the statistically significant (P value < 0.001) gradients of

environmental variables.

Figure 2. Diversity indices of bacteria from soil samples taken in different years of
phytoremediation based on 16S rRNA sequence data for all samplesin the corresponding year.

Figure 3. Most abundant bacterial phylotypes at genus level in 2010, 2013 and 2016 in the
phytoremediation of PHCs and control without plants.

Figure 4. Non-metric multidimensional scaling (NMDS, stress = 0.11) of bacterial communities
from soil samples two years after planting using weighted Unifrac distances and subsequent fitting
of environmental variables. precipitation (P value < 0.05), month (P value < 0.01) and season (P
value < 0.01).

Figure 5. Two-way Venn diagram showing phylotypes from PHC-contaminated soil specific to
spring and summer samples and those shared by spring and summer. The listed genera correspond
to glomerated sequence variants in each season and the shared ones with those with more than 2%
abundance.

Figure 6. Diagram of differential abundance analysis (DESeq) of soil bacteria in 2011, two years
after the initiation of phytoremediation treatment. The diagram depicts genera enriched in soil
sampled in the spring (lower part of diagram) versus summer (upper part of diagram).

Figure 7. Two-way Venn diagram showing phylotypes specific to endosphere and rhizosphere
samples and those shared at the end of 7-year phytoremediation of PHCs. The listed genera
correspond to glomerated sequence variants in each community. The shared genera represent only
those that represented at least 1% of the total.

Figure 8. Differential abundance analysis of bacteria in rhizosphere soil and plant stems. The
diagram depicts the genera enriched in the rhizosphere soil (left of diagram) and in the endosphere
(right part of diagram).



Figure S1. Unifrac distance-based redundancy analysis (dbRDA) of bacterial endophytes and
rhizosphere soil at the genus level at the end of phytoremediation. The model used sample type
(endospheric or rhizosphere soil) as the explaining factor, with P value < 0.001.



Table 1. Concentration of petroleum hydrocarbons (PHCs) in mg/kg in planted and unplanted soil from the
beginning to the end of phytoremediation.

Treatment/Y ear mg/kg dry soil
2009 2010 2013 2016
Planted 7300 3450 1600 <100

Unplanted 7300 4100 3200 <100




Table 2. Observed number of phylotypes and Shannon diversity indexesin six corresponding samples of the

endosphere and rhizosphere of hybrid aspen.

% of observed
Sample | Sample Observed Shannon Sample Sample Observed Shannon endophytesin
type name type name .
rhizosphere
endol 186 3.6 rhizol 749 5.8 24.8
endo2 125 34 rhizo2 845 5.8 14.8
© o .
oo} endo3 89 29 o rhizo3 571 51 15.6
e <
7 & .
ke endo4 116 18 Q rhizo4 1121 6.1 10.3
o =
endo5 83 21 = rhizo5 996 5.8 8.3
endo6 134 29 rhizo6 590 55 22.7
Averages 122 2.8 Averages 812 5.7 16.1
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Bullet points:

- succession of soil bacterial communities during phytoremediation was monitored
- rhizosphere-associated soil exhibited different bacterial dynamics than bulk soil

- diversity was negatively correlated with petroleum hydrocarbon concentration

- endophytes were analyzed to assess the complete plant-associated microbiome

- poplars can be used to assist phytoremediation in boreal climate conditions
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