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Soil quality and microbial diversity are essential to the health of ecosystems. However, it is unclear how the use
of eco-friendly natural additives can improve the quality and microbial diversity of contaminated soils. Herein,
we used high-throughput 16 S rDNA amplicon Illumina sequencing to evaluate the stimulation and development

E;Zi?;‘:ilftwn of microbial diversity and concomitant bioremediation in hydrocarbon (HC) and heavy metal (HM)-rich waste
Microbial cyommunity disposal site soil when treated with meat and bone meal (MBM), cyclodextrin (Cdx), and MBM and cyclodextrin
Metabarcoding mixture (Cdx MBM) over a period of 3 months. Results showed that natural additive treatments significantly

increased the soil bacterial diversity (higher Shannon index, Simpson index and evenness) in a time-dependent
manner, with Cdx eliciting the greatest enhancement. The two additives influenced the bacterial community
succession patterns differently. MBM, while it enhanced the enrichment of specific genera Chitinophaga and
Terrimonas, did not significantly alter the total bacterial community. In contrast, Cdx or Cdx MBM promoted a
profound change of the bacteria community over time, with the enrichment of the genera Parvibaculum, Areni-
monas and unclassified Actinobacteria. These results provide evidence on the involvement of the two natural
additives in coupling HC and HM bioremediation and bacterial community perturbations, and thus illustrates
their potential application in ecologically sound bioremediation technologies for contaminated soils.

1. Introduction water content, as well as on the specific characteristics of the soil type

(Atlas, 1981).

Soil is an essential part of the natural environment and is closely
linked to the atmosphere and groundwater. It is no coincidence that the
Food and Agriculture Organization of the United Nations (FAO) has
defined soils as essential environments for the provision of Ecosystem
Services that enable life on Earth (Rodriguez Eugenio et al., 2018).
Among the many functions of soils are gas exchange and carbon
sequestration, water purification, contaminant removal processes,
climate regulation, and nutrient cycling (EEA, 2019; FAO and ITPS,
2015). Soils are habitats for countless organisms which substantially
influence the processes that take place in this environment, and their
activity depends on chemical and physical parameters such as organic
matter and nutrient content, light, pH, temperature, air availability (O2),

The most common contaminants found in European soils are mainly
released by metalworking industries and petrol stations, and the most
easily detected contaminants in European soils are hydrocarbons (HC)
and heavy metals (HM) (Science Communication Unit, 2013). HC
mainly consists of saturated linear C-H chains, while branched struc-
tures such as isobutane or 2-methylpropane and cyclic structures such as
cyclohexane and cyclopentane are present in traces (Speight, 1999).
When these organic contaminants are found in the soil, they are
generally transformed by edaphic microbial processes, with varying
efficiency depending on their molecular weight and structure (cyclic,
branched). Microorganisms perform specific metabolic processes that
degrade part of the HC into bioavailable compounds through
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emulsification and enzymatic catalysis. The latter can then be used as
carbon sources and/or electron acceptors (Das and Chandran, 2011).
The efficiency of such biochemical transformations varies depending on
the reaction conditions (i.e., presence of oxygen, pH, temperature, hu-
midity, and nutrients) and the microbial strains involved (Lv et al.,
2018). Regarding HM, some of them are proven human carcinogens
(IARC, 2009) and harmful to the environment (Huang et al., 2019). pH
and Eh (redox potential) play a key role in determining heavy metal
dynamics in the soil, as do other processes such as adsorption on colloids
and other negatively charged particles, covalent bonds with soil organic
compounds, complexation, crystallization, and precipitation (Lair et al.,
2007; Peng et al., 2009). Plants and bacteria can accumulate certain
amounts of HM in specific cellular compartments, such as the vacuole or
membranes, and promote HM complexation by producing water-soluble
root exudates that bind HM, increasing their bioavailability (Chen et al.,
2000). Soil organic matter can adsorb metal cations on its surface (Weng
et al., 2002), and it was proven that fungi (Penicillium spp.) can perform
extracellular detoxification, inducing the precipitation of dissolved
copper (Honary et al, 2012). Moreover, certain HMs are
bio-methylated, becoming volatile and hydrophobic (Grob et al., 2018;
Ridley et al., 1977). Because of the processes described above, plants
and microorganisms are used in contaminated soil bioremediation,
typically through bioreactors, reactive permeable barriers, and
wetlands.

The thermodynamic properties of contaminants affect their mobility
in the environment and their interaction with the biota. Key properties
include vapor pressure, tendency to volatilize, water-solubility, lip-
ophilicity, ebullioscopy, and melting points (Ramaswami et al., 2005).
Determining factors for solubility are primarily temperature, but also
pH, the presence of competing ions, and the ionic strength of the com-
pound play a role (Baird and Cann, 2013). Regarding lipophilicity, this
property indicates the tendency of a compound to remain in the polar
aqueous phase or to dissolve in the nonpolar organic phase (e.g., fat
from organisms, or soil organic matter) (Ramaswami et al., 2005). In
addition to the specific thermodynamic characteristics of the contami-
nants, it is important to consider the biotic (aerobic/anaerobic) and
abiotic processes that act on these compounds in the soil. Abiotic pro-
cesses include adsorption, ion exchange, precipitation, hydrolysis, and
volatilization. If water-soluble, the contaminant may be found dissolved
in water, or it may behave as a vapor and move into interstitial areas
along with other gases (Petruzzelli et al., 2010). A compound can also be
retained on soil particles, such as colloids and humus, with which
chemical (e.g., H and ionic bonds) or interactions of a properly physical
nature (van der Waals and electrostatic forces) are established (Bradl,
2004; Richards et al., 2001).

It is possible to increase the sites available for soil adsorption by
adding both inorganic and organic soil conditioners (Deydier et al.,
2005; Yang et al., 2002; Yu et al., 2019), including composting products,
sewage sludge, manure, and agro-industrial by-products. These sub-
stances can improve the quality and fertility of soils while also reducing
the amount of waste that needs to be treated, which is beneficial for a
circular economy (Caravaca et al., 2002; EPA, 1997). For instance, a
laboratory study proved that the addition of composted sludge to
hydrocarbon-contaminated soil increased the total organic matter and
nutrient content, enhancing the activity of edaphic microorganisms and
promoting the biodegradation of total hydrocarbons (Gallego et al.,
2022).

Meat and bone meal (MBM) is a side stream product of the meat
industry, rich in carbon, nitrogen, phosphorus, and calcium (Deydier
et al., 2003; Nogalska and Zalewska, 2013). Given its chemical
composition, MBM has not only been used as a fertilizer and bio-
stimulant (Cavazzoli et al., 2022; Liu et al., 2019), but also as an
adsorbent material for inorganic contaminants in aqueous solutions,
such as lead (Deydier et al., 2007). Similarly, a recent study used
chitin-rich waste biomaterials (shrimp shell waste) to remove sulphate,
iron, aluminium and manganese dissolved in high concentrations in
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mine drainage water, through adsorption of metals and by stimulating
the endemic microbial community (sulphate-reducing bacteria),
inducing the precipitation of metal ions as metal sulphides (Rodrigues
et al., 2019). One of the problems with biodegradation is that many soil
contaminants are not in a bioavailable form and thus microbial
biodegradation activity may be inefficient. In these cases surfactant
compounds are sometimes used in soil remediation to, among other
things, lower the surface and interfacial tensions of liquids (i.e., at the
water/hydrocarbons interface) and increase the solubilization of hy-
drophobic contaminants and possibly improve the removal of recalci-
trant organic compounds, e.g., PAHs (Christofi and Ivshina, 2002; Mao
et al., 2015). Among these surfactants is cyclodextrin (Cdx), an oligo-
saccharide produced by bacteria during the enzymatic degradation of
starch. The most common cyclodextrins are a-, f- and y-Cdx, which
contain 6, 7, and 8 monomeric glucopyranose units, respectively, and
the structure of these molecules is toroidal, consisting of an outer hy-
drophilic part, which gives them high aqueous solubility, while the inner
cavity is hydrophobic, able to retain organic contaminants (Del Valle,
2004). Cyclodextrins are suitable for in-situ remediation because they
are inexpensive, non-toxic, and relatively stable under a wide range of
physicochemical conditions (Simpanen et al., 2016).

Soil microorganisms can use contaminants as a metabolic substrate
to derive energy, and determinant factors for such reactions include the
availability of nutrients (especially N and P) and trace elements, as well
as suitable environmental conditions with regards to O level, temper-
ature, and pH (Madigan et al., 2019). In a mesocosm experiment con-
ducted on sub-Antarctic soils artificially contaminated with diesel or
crude oil, Coulon et al. (2005) demonstrated how temperature and
optimal nutrient content (N and P) increased total hydrocarbon degra-
dation and microbial abundance in the soils studied (Coulon et al.,
2005), pointing out that degradation efficiency was found to be
inversely correlated with the size of PAH molecules. The authors also
state that the residual toxicity of treated soils, assessed by Microtox®
solid phase test, remains high even after bioremediation actions. In
general, the microorganisms responsible for contaminant degradation
may be autochthonous, that is, already naturally present in the
contaminated soil, or they may be artificially inoculated (bio-
augmentation). It was proven that soils contaminated with hydrocar-
bons over a long period of time contain a specific microbial community,
primarily capable of surviving in such an environment, and possibly
capable of degrading and exploiting hydrocarbons for their metabolic
needs (Mills et al., 2003).

Recent studies have shown how poor and contaminated urban soils
may have low abundances of soil microorganisms, particularly those
that are positively associated with human health (Parajuli et al., 2017;
Roslund et al., 2018). The functional microbiome of the human gut can
be altered by exposure to low levels of contaminants, leading to a risk of
metabolic changes associated with dysbiosis, obesity, and cardiovascu-
lar problems later in life (Fouladi et al., 2020; Roslund et al., 2019).
Therefore, it is of utmost importance to consider soil quality and fertility
when assessing safety for human health. In this context, incorporating
eco-friendly materials within the soil could improve soil characteristics
and stimulate the biodegradation of pollutants, or reduce their mobility.

In this paper, we report and discuss the results obtained from high
throughput 16 S rDNA amplicon metagenomic sequencing of HC and
HM co-contaminated soil samples, treated with MBM and Cdx to bio-
stimulate the microbial community and promote soil remediation. The
objectives of our research were: 1) to identify the bacterial community
present in contaminated soils at time zero and to study its dynamics over
time (after six weeks and after twelve weeks); 2) to investigate which
bacterial strains are most abundant in contaminated soils and which
ones emerge as soil bioremediation takes place; and 3) to assess what
effects the addition of organic soil conditioners, i.e., MBM and Cdx, has
on the bacterial community and to identify the factors that contribute
most to the composition of this community.
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2. Materials and methods
2.1. Soil

The soil sampled for the bacterial community analysis consists of
sandy mineral soil contaminated mainly with HC and HM, excavated
from a former fuel station, and transported to Salpakierto Ltd’s Kujala
Waste Center. Before the start of the experiments, the soil was subjected
to detailed chemical analysis at Eurofins (Eurofins Environment Testing,
Finland Oy, Lahti) in October 2018.

2.2. Meat and bone meal and cyclodextrin additives

MBM in powder form was supplied by the Remsoil® company and
was added to the soils at a concentration of 1% by weight, an amount
previously found to be suitable for our research purposes (Liu et al.,
2019; Simpanen et al., 2016) and considered to be balanced to promote
HC biodegradation.

For the preparation of the surfactant solution, a 50% (v/v) aqueous
solution of methyl-B-cyclodextrin (Cawasol W7MTL, Wacker Chemie
AG, Germany) was used, diluted to 1% (v/v) with tap water. The reason
for the low amount of Cdx to wet the soils is that high concentrations of
Cdx can result in excessive mobilization and flushing of the contami-
nants from the soils, resulting in less effective biodegradation (Tal-
venmaki et al., 2021).

2.3. Experimental microcosm, sampling, and total DNA extraction

The experimental system has been described in detail elsewhere
(Cavazzoli et al., 2022). In brief, two sets of 20 beakers (450 cm®) were
used to prepare two different experimental tests, namely hydrocarbon
degradation and heavy metal dynamics. The two tests occurred simul-
taneously, and four different treatments were tested for each, labelled:
1) Control: no additions, 2) MBM = soil treated with meat and bone
meal, 3) Cdx = soil treated with cyclodextrin, and 4) Cdx MBM = soil
treated with a combination of cyclodextrin and meat and bone meal. Soil
watering was planned to maintain a water content of ~60% of the soil
water retention capacity (WHC, measured before the start of the ex-
periments). Approximately 1 g of soil was sampled at weeks TO, T6, and
T12 (beginning, half, and end of experiment) from both HC and HM tests
and transferred to PP test tubes. Particular attention was paid to the
sampling procedure: 70% ethanol diluted solution (ETAX Aa, 99.5%
pure ethanol, Altia Oyj) was used to clean the stainless-steel sampling
spoon before and after taking each soil sample to avoid DNA
cross-contamination. Samples were labelled and stored in a — 80 °C
freezer (Newbrunwick scientific C66085) until DNA extraction. Total
DNA was extracted from 0.25 g of soil using the PowerSoil® Soil DNA
Isolation Kit (QIAGEN GmbH, Germany), following the manufacturer’s
instructions as described earlier (Hui et al., 2019; Roslund et al., 2019).
Obtained purified DNA extracts were stored at — 20 °C until processed
further.

2.4. Agarose gel electrophoresis (AGE)

Agarose gel (1.5%) for electrophoresis (Thermo Electron Corpora-
tion Minicell® Primo™) was prepared and 200 mL of 1xTAE (tris-acetate
EDTA) buffer was added and mixed. EtBr final concentration was 0.5 pg/
mL. Electrophoresis was done at 100 V for 1 h, and pictures of the
process were taken under UV light (Bio-Rad Gel Doc XR).

2.5. Quantitation of total DNA

Quant-iT™ PicoGreen® dsDNA reagent kit (Life Technology) was
used to quantify total DNA in soil extracts before and after PCR, as
described earlier (Gronroos et al., 2019; Roslund et al., 2018), to confirm
successful extraction/amplification. Fluorometer Wallac Victor® 1420,
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PerkinElmer, was used for DNA quantification.
2.6. PCR amplification of bacterial 16 S rRNA using overhang primers

A highly hypervariable V4 region of the bacterial 16 S rRNA gene
was amplified using the primers 515 F 5'- GTGCCAGCMGCCGCGGTAA-
3" and 806 R 5-GGACTACHVGGGTWTCTAAT-3/, as reported by
Roslund et al. (2019). In the secondary PCR, we used the full-length P5
adapter and Indexed P7 adapters. PCR reactions were performed as
described by Parajuli et al., (2018), and a typical amplification program
for the Thermal Cycler (SimplyAmp™ Thermal Cycler, Applied Bio-
system®) consists of an initial denaturation at 98 °C for 5 min, followed
by 25 cycles with denaturation 94 °C for 1 min, annealing for 10 s at
50 °C, extension for 1 min at 72 °C, final extension for 10 min. Cooling
was done at 4 °C, and the evaluation of PCR products was done by AGE
and PicoGreen® methods described above. 20 uL of the final purified
bacterial 16 S rRNA PCR product were pipetted in a 96-plate well and
sent to Meilahti Miseq for sequencing.

2.7. PCR data, Metabarcoding, and Statistical analysis

Analytical protocols for microbial analysis were developed at the
University of Helsinki. These include DNA extraction, sequencing, and
sequence processing. Raw paired-end sequence files were processed
using Mothur version v1.35.1 (Schloss et al., 2009). Sequences were
aligned using the Mothur version of SILVA reference database v132
(Pruesse et al., 2007) and assigned to taxa using the Naive Bayesian
Classifier (Wang et al., 2007) against the RDP training set (version 10).
The sequence data have been deposited in the NCBI Sequence Reads
Archive database under the BioProject ID PRINA857908.

Operational taxonomical units (OTUs) were clustered at 97% shared
similarity, therefore corresponding to a species-rank level classification.
However, as a precautionary measure and in line with the common
practice in metabarcoding identity assignments, the genus name was
maintained as the most specific rank when the annotation found a
complete lineage within the available database records. In cases where
the identity percentage with known taxa would not allow that degree of
classification, the deepest rank reached among domain, phylum, class,
order, or family was reported. The relative abundances of taxa were
normalized by applying the total sum of squares scaling (TSS) normal-
ization followed by square root transformation. The species richness and
diversity of its distribution were investigated using classical ecological
indices of diversity (Simpson or Shannon) and community equality of
partitioning (Evenness) of the soil samples.

Molecular data regarding bacterial species compositional differences
across the different treatments and times were analysed for statistical
differences with a series of different approaches including parametric
and non-parametric (i.e., the Analysis of similarities (ANOSIM) based on
Bray-Curtis distances, the non-parametric Rank Test analysis) tests,
multivariate analyses, and hierarchical clustering, using the Calypso
online software tool (Zakrzewski et al., 2017). The PERMDISP2 was also
tested as a complementary data analysis procedure to visualizes the
distances of each sample to the group centroid in a principal coordinate
analysis (PCoA), providing a p-value for the significance of the
treatments.

The nomenclature applied to the soil samples subjected to meta-
barcoding and statistical analyses was kept consistent with that
described in Section 2.3.

3. Results and discussion
3.1. Bacterial community composition
From the raw reads of the sequencing output, after the subsequent

demultiplexing, trimming, merging, and quality filtering steps, a total of
1168818 clean sequences were obtained, with a mean of 27181
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sequences per sample, while total OTUs classified after statistical anal-
ysis amounted to 4688. Fig. 1 shows the results of the multivariate
Principal co-ordinate analysis (PCoA), highlighting the different biore-
mediation treatments applied to the contaminated soils (a), as well as
the different sample analysis times (b). The microbial community in the
soils sampled at time zero clearly differed from those sampled at times 6
weeks and 12 weeks. Moreover, while at 6 weeks treated samples are
still rather alike, at 12 weeks there was a clear separation of the
cyclodextrin-treated samples compared to Control and MBM alone. As
previously shown by chemical analysis experiments (Cavazzoli et al.,
2022), the concentration of HC in the soils sampled at 6 and 12 weeks
was much lower than in the starting soils, thus a change in the microbial
community was expected. However, the clustering of the samples ana-
lysed at 6 weeks is still relatively compact (Fig. 1), suggesting that the
microbial community shifts in the soils, although marked, were similar
regardless of the treatment applied. After 12 weeks of treatment, there is
a clear separation of two clusters of experimental points, i.e., Control
and MBM (top right) and Cdx and Cdx MBM (bottom right), testifying to
a profound community drift determined, in the long run, by both time
and treatment factors.

The first PCoA axis, the horizontal axis, accounts for 37% of the data
variation and, as Fig. 1b shows, coincides substantially with the time
variable, which was dominant over the treatment variable as it
explained most of the observed variance. The vertical axis instead,
explaining 12% of the variation, appears to coherently represent the
treatment variable, whose effect is lower than that conferred by time,
and could essentially be attributed to one additive (Cdx).

Additional graphical results produced by a cluster analysis and
further multivariate approaches including Principal Component Anal-
ysis (PCA), Redundancy Analysis (RDA), and Canonical Correspondence
Analysis (CCA), are reported in the Supplementary Material,
Figs. S1-S4. In these, Fig. S1 shows a Bray-Curtis community distance-
based tree of the top 20 most abundant taxa of each sample. The par-
titioning of the three samples taken at time zero is evident, as well as, in
suborder, the clear differentiation resulting in two further phenons each
of which encompasses all (and only) the communities yielded by the
sampling times at 6 or 12 weeks.

Fig. S2 groups the additional multivariate analyses (PCA, RDA, and
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CCA) all of which confirm the clear separations discussed based on PCoA
and the latter two also add significance, with P values strongly sup-
porting the separation observed in the data distribution. Both the sep-
aration across the timepoints and across the treatments were strongly
significant (p < 0.001).

The ANOSIM results are shown in the top panel of Fig. S3. While for
both cases there is a significantly higher difference between groups, it is
possible to notice how the gap separating the values for the time groups
was greater than the one observed for the treatment groups, confirming
the prevailing hierarchy of the time variable.

These results are plausible and are also corroborated by chemical
analyses carried out on the same soils, where the reduction of contam-
inants was closely linked to the timing of remediation (Cavazzoli et al.,
2022). More specifically, the concentration of the diesel fraction
(C190-Cz1) in the untreated initial soil was 2880 ( & 207) mg/kg dry
weight, while after two weeks the concentration had reduced by 51% in
the MBM treatment and by 25% in the control treatment. After twelve
weeks of the experiment, the diesel fraction dropped more than 90% in
all treatments, with a maximum removal in the Cdx MBM treatment.
Also, the other HC fraction analyzed, namely lubricant oil (C2—Cao),
known to be more recalcitrant (Atlas, 1981), decreased substantially
over time. The concentration of lubricant oil in the untreated initial soil
was 3820 ( £+ 506) mg/kg, whereas, after three months from the start of
the experiments, the concentration of this contaminant in the soil was
found to be less than 1000 ppm in all treatments (data not shown). As in
the case of the diesel fraction, the lowest concentration was found to be
in the Cdx MBM treatments. The fact that the concentration of HC is
gradually decreasing in soils could allow a differentiation of the mi-
crobial populations living there, also depending on the treatments
applied for remediation. However, the addition of external nutrients to a
soil that has long been contaminated may not always affect the
composition of the bacterial community, as competition within the
system may favour indigenous communities that have long been
selected (Gallego et al., 2022). In our study, not only do hydrocarbons
decrease over time, but also various heavy metal concentrations reduced
in the treated soils during the three-month experiment, most likely via
percolation and/or adsorption. Heavy metal dynamics in the soil may be
a further factor influencing the differentiation of the microbial groups

PCoA Bray-Curtis genus
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Fig. 1. Principal co-ordinate analysis (PCoA) ordination plots obtained from bacterial community matrix. a) Treatment Effect. b) Sampling time effect. Cyclodextrin
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detected in the treatments over time. However, since the heavy metal
concentration also varied over time in the control soils, not subjected to
biostimulation, it could be argued that the differences found in the mi-
crobial communities of these soils were not predominantly due to the
presence/absence of the heavy metals.

The PERMDISP2 results are shown in the bottom panels of Figs. S3c
and S3d. While both figures show extremely robust significance of the
data, interestingly, the PERMDISP2 analysis reveals that the centroid
differences linked to the ‘treatments’ variable led to an even lower p-
value than those associated with the ‘time’ variable (7.96 e-6 vs. 1.52e-
5). The weight of the profound separation between the Control and MBM
samples from the Cdx and Cdx MBM samples accounts for a major part of
the effect (Fig. S3c).

This evidence further underlines a key finding of this experiment;
one and only one of the nutritional additives (Cdx) behaved as a sub-
stantial force in determining the outcome of these three-month shifts
that shaped the ultimate bacterial community structure. Cdx appears to
have superimposed its effects over those of time, which in parallel acted
in a constitutive manner, to which other nutrient additives (MBM) did
not add any specific additional effect.

To the best of our knowledge, our work is the first to report and
analyse the phenomenon of nutritional additives dominance. In our
experimental microcosms, it appears that cyclodextrin, consisting of
ring-arranged multiple units of glucopyranoside sugars, is the predom-
inant factor affecting the evolution of the microbial community. In
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contrast, MBM results, in terms of community structure, are very similar
to those which developed in the control soils over the same period of
time (Fig. 1a, top right corner). Thus, MBM did not change the com-
munities compared to the untreated control, whose successional
changes, in this case, appear to be only time dependent. The evidence of
the phenomenon is stressed by both types of end clusters observed at 12
weeks: Cdx MBM close to Cdx alone (Fig. 1a, bottom right corner), and
MBM alone remaining indistinguishable from the untreated control
(Fig. 1a, top right corner).

Indeed, in the case of petroleum contamination, it is necessary to
provide elements such as nitrogen, but not readily accessible sources of
carbon and energy, to avoid running into degradable substrate compe-
tition. However, in the case of pesticide contamination it may be
necessary to provide a carbon source, such as that from organic food
waste, as carbon can be a limiting factor in contaminant degradation
reactions (Barragan-Huerta et al., 2007). The results of this research may
be useful in understanding the effects of hydrocarbon and heavy metal
co-contamination on the soil microbial community, explaining how this
community evolves as the concentrations of the contaminants decreases.
The main reason for adding methyl-p-cyclodextrin was to increase the
bioaccessibility of those organics most recalcitrant to biodegradation,
such as the Cyy—C4 fraction of hydrocarbons. Such an effect was
demonstrated by Talvenmaki et al. (2021) where Cdx added to
HC-contaminated soils reactivated the biodegradation processes of these
contaminants, as well as enhancing creosote extractability. In our case,
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parisons and the time zero vs. all treatments.
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Cdx influenced substantially the composition of the bacterial commu-
nity in the soil. This may be related both to the high carbon content and
hydroxyl groups constituting the molecules of this compound, but also
to its unique stereochemical characteristics. In fact, the toroidal
conformation characterizing p-cyclodextrin molecules (Del Valle, 2004)
could determine microorganism-surfactant interactions, eventually
affecting the microbial population in the soil. The configuration
involving multimeric closed rings of these 1-4-linked oligosaccharides
could exert a trophic-niche type selection towards individual taxa
capable of metabolizing them (Bender, 1993).

3.2. Ecological indexes of the microbial communities

Further confirmation of the importance of time in determining the
separation of the experimental groups, i.e., the bacterial assemblages,
came in this sense from the analysis of ecological indices. As presented in
Fig. 2a, the results show a visible and significant time-related gradient
difference in all ecological indexes (Shannon diversity Index, Commu-
nity partitioning Evenness and Simpson diversity Index). By compari-
son, soils treated with nutritional additives exhibit slightly higher mean
values of the ecological indices relative to the control soil (Fig. 2b).

Regardless of the treatment considered, over time the microbial
complexity in the various soils strongly differs from that of the initial
soil. Cyclodextrin-containing samples are the samples where the means
turned out to be the highest (Fig. 2), culminating in the one supple-
mented with Cdx alone. The same behaviour and increasing means order
were consistently observed for all three ecological indexes. This increase
was much more pronounced than what one normally can see in open
field soil studies where the starting steady-state community baselines
tend to be already high and increases in diversity conferred by treat-
ments are rarely seen (Bento et al., 2005). One of the purposes of this
microbiological analysis was to highlight if the presence of polluting
levels of C19-C40 hydrocarbons and heavy metals would correlate with
low diversity in the soil bacterial population. Secondly, we aimed at
verifying whether the addition of nutrients such as meat and bone meal
and cyclodextrin, which have been shown to foster bioremediation,
would correlate with an improved level of bacterial diversity in a
time-dependent manner. Both hypotheses and expectations were met by
the results.

The observed changes in bacterial diversity over time reveal visible
and significant gradient differences in all ecological indices. The situa-
tion is interesting because, in principle, bacterial contamination (from
the laboratory) during microcosm incubation was not expected to play
an important role in community enrichment, since a 70% ethanol so-
lution was used to clean the sampling instrumentation, avoiding
possible lab environment carry-over, while soil samples were stored at
— 80 °C until DNA extraction. These precautions should have prevented
both cross- and external contamination. Microbes present in the addi-
tives (MBM and Cdx) could explain part of the increase, but the phe-
nomenon is clearly observable even in control soils which contained no
additives Moreover, the quantities of nutrient additives added to the soil
were structurally minimal (1% w/w for the MBM and 1% v/v for Cdx
solution), and probably not sufficient to result in an increase of microbes
in terms of mere mass additivity. Besides, while MBM could likely
harbour a specific microbial load, Cdx, which produced the clearest
effects, was a water solution made from analytical grade-pure methyl-
B-cyclodextrin. At time zero, i.e., the start of the experiments, as well as
at time 6 weeks, there is no clear difference between the number of OTUs
in the different treatments, while the results obtained from the analysis
of the final samples (T12 weeks) showed a completely different situa-
tion, suggesting that bacterial cells were present from the beginning in
the soil collected from the waste centre. The latter, in our opinion, is the
most likely explanation, but other options cannot be excluded.

As reported elsewhere, contaminated soils, such as urban and agri-
cultural soils, are usually characterized by low microbial diversity, and
this can bring about health problems both for humans and for the
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environment they inhabit. The compromised biological situation of the
starting soil was presumably due in part to its hydrocarbon pollution,
and in part to the way it was stored (bins kept outdoors, from October to
February). These severe conditions may have made the system more
prone to show recovery during microcosm incubation. It is also possible
that the true species richness in the investigated soils could not be
detected with the analytical tools used, for example, because such mi-
crobial strains were present in undetectable quantities. In any event, the
graphs in Fig. 2 do not ultimately demonstrate the impact featured by
the time zero community, as the scales go from 4 to 5.5 for the Shannon
index, from 0.6 to 0.75 for the evenness, and from 0.94 to 0.99 for the
Simpson’s diversity. In practice, as plain richness numbers, the repli-
cates of the time zero communities had a mean of 960.6 ( & 349.9 SD)
for different taxa while the mean of the whole project was 1429.9
(£ 351.98D).

3.3. Differentially featured taxa and core microbiome

The 20 most important results (in descending order of significance of
p-values) obtained from the non-parametric Rank Test analysis are re-
ported in Table 1. This test does not have the constraints of normality of
the distribution (Conover, 1999).

Table 1 and S1 report a clear outcome in differentially displayed taxa
comparisons, while a graphic representation of the main differences for
each taxon is shown in Fig. 3.

Looking at the individual taxa, and, focusing mostly on the ones in
which the bioinformatics could track a narrow lineage (genus level), we
can document some relevant cases. Some taxa become enriched in
cyclodextrin treatments (Fig. 3), particularly Parvibaculum, Arenimonas
and unclassified genera of Actinobacteria. The genus Parvibaculum (e.g.,
P. lavamentivorans) was found to degrade and use as an energy source
several commonly used surfactants (Schleheck et al., 2004). Some other
Parvibaculum species were detected during HC decontamination pro-
cesses, both in marine and soil environments (Mishamandani et al.,
2016). Parvibaculum sp. Was also used to degrade polychlorinated bi-
phenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) (Macedo
et al., 2007). The Actinobacteria group is broad and diverse and includes
very ancient microorganisms with different environmental functions.
The presence of Arenimonas and Alteromonadales is coherent with known
reports of occurrence in contaminated soils (Young et al., 2007) and
marine environments (Bowman and McMeekin, 2005). On the other
hand, Chitinophaga genus was abundant in MBM-treated microcosms
(Fig. 3, Fig. S4a, Table S1). As reported in earlier works (Vullapa
Sangkhobol and Skerman, 1981), these bacteria are highly chitinolytic,
and their presence may suggest a high chitin content, resulting e.g., from
fungi or arthropods debris, as well as from the MBM itself. Gammapro-
teobacteria were almost absent in Cdx-treated soils, while they were
detected in MBM and control soils. Gammaproteobacteria were proposed
as a PAH indicator since their abundance was seen to increase along with
PAH concentration (Niepceron et al., 2013). A recent study (Zhang et al.,
2021) also suggested the use of Gammaproteobacteria to assess the
exposure of invertebrates to soil pollutants as well as to antibiotic
resistance genes. Terrimonas were more abundant in MBM and control
soils, and has been previously found in polluted farmland soils (Zhang
et al., 2012) and in bulking sludge (Jin et al., 2013). Looking at the time
zero, when soil contamination levels were highest, the situation appears
dominated by Lutibacter (Fig. 3b), which is almost absent in the 12-week
samples (Fig. 3, Fig. S4b, Table S1). Lutibacter was found in acidic soils
contaminated by mine drainage (Margaryan et al., 2019), and is also one
of the major taxa found in HC-contaminated soils ([saac et al., 2013). Its
presence in the initial soil is therefore in line with its known microbial
ecology. Rhizobiales markedly increased after 12 weeks. Being generally
pollution-sensitive nitrogen fixers (Brenner et al., 2005), they are usu-
ally part of communities that gradually acquire functional diversity
traits and provide key ecosystem services which could be critical in the
soil recovery process. Ohtaekwangia genus was more abundant at 12



S. Cavazzoli et al.

Table 1
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Rank test (non-parametric) analysis results in relation to treatment. The top 20 taxa, in decreasing P-value order, are listed, along with (last five columns) the percent
abundance means scored by each one for the different treatments. Adj.P: Bonferroni-adjusted P-value. Significance scores (P-values) lower than 0.005 are marked in

boldface.
Taxa P (rank test) Adj. P Cdx Cdx MBM Ctrl. MBM Zero
0tu000295_Gammaproteobacteria_uncl. 0.00000069 0.00021 0.03 0.092 0.44 0.74 0
0Otu000080_Parvibaculum 0.00000079 0.00024 1.11 1.07 0.42 0.39 0.06
0tu000244_Gammaproteobacteria_uncl. 0.0000013 0.00039 0.52 0.52 0.33 0.31 0.033
Otu000548_Bacteria_uncl. 0.0000021 0.00063 0.053 0.048 0.32 0.43 0.017
0Otu001151_Alphaproteobacteria_uncl. 0.0000041 0.0012 0.27 0.22 0.14 0.069 0.063
0Otu000177_Actinobacteria_uncl. 0.0000087 0.0026 0.66 0.41 0.046 0.024 0
Otu000105_Arenimonas 0.000016 0.0048 0.91 0.88 0.5 0.42 0.39
0tu000749_Chitinophaga 0.000021 0.0063 0.068 0.23 0.081 0.32 0.017
0tu000890_Nocardia 0.000028 0.0084 0.11 0.23 0.16 0.33 0.047
0tu000002_Gammaproteobacteria_uncl. 0.000032 0.0096 2.77 2.73 3.58 3.45 1.65
0Otu000813_Thermomonas 0.000039 0.012 0.11 0.32 0.028 0.24 0.053
0Otu001197_Parasegetibacter 0.000046 0.014 0.069 0.07 0.25 0.23 0.13
Otu000730_Chitinophagaceae_uncl. 0.000065 0.02 0.16 0.15 0.29 0.32 0.017
0tu001045_Alphaproteobacteria_uncl. 0.000066 0.02 0.25 0.26 0.092 0.14 0.017
Otu000832_Gammaproteobacteria_uncl. 0.000067 0.02 0.19 0.19 0.27 0.3 0.13
Otu000121_Terrimonas 0.000074 0.022 0.43 0.47 0.64 0.8 0.04
Otu000708_Gemmatimonas 0.000086 0.026 0.093 0.19 0.18 0.35 0
Otu000839_Alphaproteobacteria_uncl. 0.000098 0.029 0.24 0.3 0.075 0.17 0
0Otu000266_Terrimonas 0.00011 0.033 0.11 0.049 0.31 0.17 0.053
0Otu000270_Parvibaculum 0.00016 0.048 0.65 0.45 0.28 0.21 0.18
Rank test @ Zero -
= gm\{‘ | Rank test =) 'gme ﬁero
ontro . = 6 weeks
by treatment = Cax MBM by time = 12 weeks
® Cdx
1.5 20 . 0.6
* % 0 5 —**
1 0 ™ - *kk
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Fig. 3. Selected individual cases of taxa arising from the Rank Test Plot based on the pairwise comparisons by the Wilcoxon rank test of the taxa with significant
differences across the different treatments (left) or across the different time points (right). Compared data were transformed by square root abundance (TSS: Total
Sum of Squares). Significant differences are marked by * : p < 0.05; ** : p < 0.01; *** : p < 0.001. Treatments legend: Zero: initial sampling prior to any treatments;
Control: no treatments; MBM: Meat and bone meal; Cdx: Cyclodextrin; Cdx MBM: Cyclodextrin + meat bone meal.
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weeks, particularly under the MBM treatment. This genus has recently
been identified in nutrient-poor and high-salinity environments such as
marine sediments (Yoon et al., 2011). Xanthomonadaceae are a family
belonging to Gammaproteobacteria and include pathogenic and
nonpathogenic species that can infect both plants and animals (Assis
et al., 2017). Tahibacter (Fig. S4) was almost absent at time zero, while
its population increased consistently over the three-month experiment.
At 6 weeks, the abundance of Planctomycetes was elevated (Fig. 3).
Mucilaginibacter displayed significantly discriminated dynamics, with a
‘humped’ (increase and decrease) behaviour, as can be seen in Fig. S5b.
This genus includes some species typical of tundra soils (Mucilaginibacter
antarctica, (Zheng et al., 2016) and others, such as M. paludis, which are
known to degrade pectin, xylan and laminarin (Pankratov et al., 2007).
Similarly, Thermomonas abundance increases at 6 weeks, while it de-
clines again by 12 weeks (Fig. S5c). These trends are in line with other
studies on microbial successions in soils (Gielnik et al., 2019; Kaplan
et al., 2004). Comamonas is present in the initial contaminated soils, and
its relative abundance decreases at 12 weeks. This genus includes
denitrifying species, such as C. denitrificans sp. nov. (Gumaelius et al.,
2001), and others such as C. terrigena that showed the ability to biode-
grade phenolic compounds (Gielnik et al., 2019).

Finally, a view of the degree of common vs. unique taxa in relation to
treatments or to time is given by the overlapping sets of diagrams shown
in Fig. 4.

In both cases, the most numerous sets are those of the common core.
In the partitioning by treatments, where it amounts to 337, a close value
is that shared by all treatments except the time zero (320), testifying the
wide successional shift. The share of set-specific unique taxa is in this
case minimal. The situation is instead showing a progressive diversity
gain in the bottom diagram, purely timewise, in which the 12-weeks set

by treatment

Time zero

by time

Fig. 4. Venn diagrams with numbers of shared (core microbiome) or unique
taxa. Top: sets defined by treatment; Bottom: sets defined by sampling time
(Cutoff relation of samples in groups: 0.4).
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has 194 exclusive taxa. The successional patterns appear in an accu-
mulating rather than substitutional fashion as there are only 8 specific
taxa that appeared at 6 weeks and were no longer present at 12 weeks,
while 239 were acquired at 6 weeks and maintained until the last time
point.

This study has some limitations, and the work presented here focused
only on the soil bacterial community. Therefore, to better assess the
hydrocarbon degradation processes occurring in the soil system, it is
necessary to broaden the scope of investigation to include other mi-
croorganisms that can influence and contribute to remediation. Not only
should a wider range of microorganisms, such as eukaryotes, fungi, and
protozoa, be included in the study, but also the extracellular elements
that they can produce or that can be found in the environment, such as
enzymes and extracellular polymeric substances. Bacterial functions
may also be more important than the taxonomical differences. There-
fore, future studies should also concentrate on functionality of bacteria,
using tools such as PiCrust (Langille et al., 2013) or FAPROTAX (Louca
et al., 2016). Furthermore, it may be interesting to assess how the
presence of plants affects the processes discussed so far (removal of
contaminants, evolution of the microbial community). Finally, no soil
toxicity tests were carried out during the experimental period, which
could have provided material to evaluate remediation more
comprehensively.

4. Conclusions

We observed that community shifts could be relatively unaffected by
some organic nutrient additives (such as MBM), while at the same time
being profoundly influenced by others (such as Cdx), which shaped the
end-point communities in ways that were independent of other nutrients
and different from the ones that would be conferred by simple time-
related recovery (natural attenuation). Since cyclodextrin supplemen-
tation was accompanied by both good performance in pollutant removal
and the highest means of the three ecological indices tested, the use of
this additive, alone or in combination with others, can be recommended
as a sound practice for the biologically-assisted reclamation of chemi-
cally affected soils, taking care to choose the most appropriate bio-
stimulantive agents based on the type of contamination. The specific
effects induced by the addition of meat and bone meal and beta-
cyclodextrin were also uncoupled and defined at the taxonomical
level. Our study links two fundamental concepts regarding the biore-
mediation of soils co-contaminated with hydrocarbons and heavy
metals: The addition of natural, environmentally sustainable matrices
can, on the one hand, increase the removal efficiency of hydrocarbons,
and possibly immobilise inorganic contaminants such as lead, and on the
other hand, provide nutrients to the microbial community of the soil,
improving its quality and fertility.

CRediT authorship contribution statement

Simone Cavazzoli, Ville Selonen, and Aki Sinkkonen designed the
study; Simone Cavazzoli, Anna-Lea Rantalainen, and Martin Romant-
schuk implemented the study; Marja I. Roslund generated data; Marja I.
Roslund, Andrea Squartini analyzed data; Simone Cavazzoli wrote the
initial draft of the manuscript; Andrea Squartini prepared figures and
tables; All the authors reviewed the manuscript; Marja I. Roslund was
the principal investigator of the project.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Simone Cavazzoli reports financial support was provided by the Euro-
pean Commission. Aki Sinkkonen and Martin Romantschuk are in-
ventors in FI127131 (B) “Meat and/or bone meal: additive for
environmental remediation of polluted material”.



S. Cavazzoli et al.
Data Availability

Data will be made available on request.
Acknowledgments

The authors would like to thank the European Erasmus+ programme
for funding the mobility of S. Cavazzoli. Special thanks also go to the
staff of AlmaLab (University of Helsinki), the DAFNAE Department of
the University of Padua, John Allen (University of Helsinki) and the
reviewers for improvements to the text, and to all those who contributed
in any way to the work.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.micres.2023.127343.

References

Assis, R.D.B., Polloni, L.C., Patané, J.S.L., Thakur, S., Felestrino, E.B., Diaz-Caballero, J.,
Digiampietri, L.A., Goulart, L.R., Almeida, N.F., Nascimento, R., Dandekar, A.M.,
Zaini, P.A., Setubal, J.C., Guttman, D.S., Moreira, L.M., 2017. Identification and
analysis of seven effector protein families with different adaptive and evolutionary
histories in plant-associated members of the Xanthomonadaceae. Sci. Rep. 7 (1)
https://doi.org/10.1038/541598-017-16325-1.

Atlas, R.M., 1981. Microbial degradation of petroleum hydrocarbons: an environmental
perspective. Microbiol. Rev. Vol. 45 (Issue 1), 180-209. https://doi.org/10.1128/
mr.45.1.180-209.1981.

Baird, C., & Cann, M. (2013). Terza edizione italiana condotta sulla quinta edizione
americana Volume unico . 2013.

Barragan-Huerta, B.E., Costa-Pérez, C., Peralta-Cruz, J., Barrera-Cortés, J., Esparza-
Garcia, F., Rodriguez-Vazquez, R., 2007. Biodegradation of organochlorine
pesticides by bacteria grown in microniches of the porous structure of green bean
coffee. Int. Biodeterior. Biodegrad. 59 (3), 239-244. https://doi.org/10.1016/j.
ibiod.2006.11.001.

Bender, H., 1993. Purification and characterization of a cyclodextrin-degrading enzyme
from Flavobacterium sp. Appl. Microbiol. Biotechnol. 39 (6), 714-719. https://doi.
org/10.1007/BF00164455.

Bento, F.M., Camargo, F.A.O., Okeke, B.C., Frankenberger, W.T., 2005. Comparative
bioremediation of soils contaminated with diesel oil by natural attenuation,
biostimulation and bioaugmentation. Bioresour. Technol. 96 (9), 1049-1055.
https://doi.org/10.1016/j.biortech.2004.09.008.

Bowman, J.P., McMeekin, T.A., 2005. Alteromonadales ord. nov. In: Bergey’'s Manual®
of Systematic Bacteriology. Springer, Boston, MA. https://doi.org/10.1007/0-387-
28022-7_10.

Bradl, H.B., 2004. Adsorption of heavy metal ions on soils and soils constituents.

J. Colloid Interface Sci. 277 (1), 1-18. https://doi.org/10.1016/].jcis.2004.04.005.

Brenner, D.J., Krieg, N.R., Staley, J.T., 2005. Bergey’s Manual® of Systematic
Bacteriology. Springer, US. https://doi.org/10.1007/0-387-29298-5.

Caravaca, F., Garcia, C., Hernandez, M.T., Rolddn, A., 2002. Aggregate stability changes
after organic amendment and mycorrhizal inoculation in the afforestation of a
semiarid site with Pinus halepensis. Appl. Soil Ecol. Vol. 19, 199-208.

Cavazzoli, S., Selonen, V., Rantalainen, A.-L., Sinkkonen, A., Romantschuk, M.,
Squartini, A., 2022. Natural additives contribute to hydrocarbon and heavy metal co-
contaminated soil remediation. Environ. Pollut. 307, 119569 https://doi.org/
10.1016/j.envpol.2022.119569.

Chen, H.M., Zheng, C.R., Tu, C., Shen, Z.G., 2000. Chemical methods and
phytoremediation of soil contaminated with heavy metals. Chemosphere 41,
229-234.

Christofi, N., Ivshina, I.B., 2002. Microbial surfactants and their use in field studies of soil
remediation. J. Appl. Microbiol. 93, 915-929.

Conover, W.J., 1999. Practical Nonparametric Statistics, third ed. John Wiley and Sons.

Coulon, F., Pelletier, E., Gourhant, L., Delille, D., 2005. Effects of nutrient and
temperature on degradation of petroleum hydrocarbons in contaminated sub-
Antarctic soil. Chemosphere 58 (10), 1439-1448. https://doi.org/10.1016/j.
chemosphere.2004.10.007.

Das, N., Chandran, P., 2011. Microbial degradation of petroleum hydrocarbon
contaminants: an overview. Biotechnol. Res. Int. 2011, 1-13. https://doi.org/
10.4061/2011/941810.

Del Valle, E.M.M., 2004. Cyclodextrins and their uses: a review. Process Biochem. 39 (9),
1033-1046. https://doi.org/10.1016/50032-9592(03)00258-9.

Deydier, E., Guilet, R., & Sharrock, P. (2003). Beneficial use of meat and bone meal
combustion residue: “An efficient low cost material to remove lead from aqueous
effluent”. Journal of Hazardous Materials, 101(1), 55-64. https://doi.
org/10.1016/50304-3894(03)00137-7.

Deydier, E., Guilet, R., Sarda, S., Sharrock, P., 2005. Physical and chemical
characterisation of crude meat and bone meal combustion residue: “waste or raw
material?”. J. Hazard. Mater. 121 (1-3), 141-148. https://doi.org/10.1016/].
jhazmat.2005.02.003.

Microbiological Research 270 (2023) 127343

Deydier, E., Guilet, R., Cren, S., Pereas, V., Mouchet, F., Gauthier, L., 2007. Evaluation of
meat and bone meal combustion residue as lead immobilizing material for in situ
remediation of polluted aqueous solutions and soils: “chemical and ecotoxicological
studies”. J. Hazard. Mater. 146 (1-2), 227-236. https://doi.org/10.1016/j.
jhazmat.2006.12.021.

Science Communication Unit, 2013. Science for Environment Policy In-depth Report:
Soil Contamination: Impacts on Human Health. University of the West of England.

http://ec.europa.eu/science-environment-policy).

EEA. (2019). Land and soil in Europe. Publication Office of the European Union.
https://doi.org/10.2800/779710.

EPA, U. (1997). Innovative Uses of Compost: Bioremediation and Pollution Prevention.
United States Environmental Protection Agency. (www.epa.gov).

FAO & ITPS. (2015). Status of the World’s Soil Resources (SWSR) — Main Report. Food and
Agriculture Organization of the United Nations and Intergovernmental Technical
Panel on Soils.

Fouladi, F., Bailey, M.J., Patterson, W.B., Sioda, M., Blakley, I.C., Fodor, A.A., Jones, R.
B., Chen, Z., Kim, J.S., Lurmann, F., Martino, C., Knight, R., Gilliland, F.D.,
Alderete, T.L., 2020. Air pollution exposure is associated with the gut microbiome as
revealed by shotgun metagenomic sequencing. Environ. Int. 138 https://doi.org/
10.1016/j.envint.2020.105604.

Gallego, J.L.R., Pefia-Alvarez, V., Lara, L.M., Baragafio, D., Forjan, R., Colina, A.,
Prosenkov, A., Peldez, A.L, 2022. Effective bioremediation of soil from the Burgan
oil field (Kuwait) using compost: a comprehensive hydrocarbon and DNA
fingerprinting study. Ecotoxicol. Environ. Saf. 247, 114267 https://doi.org/
10.1016/j.ecoenv.2022.114267.

Gielnik, A., Pechaud, Y., Huguenot, D., Cébron, A., Riom, J.M., Guibaud, G., Esposito, G.,
Hullebusch, E.D. van, 2019. Effect of digestate application on microbial respiration
and bacterial communities’ diversity during bioremediation of weathered petroleum
hydrocarbons contaminated soils. Sci. Total Environ. 670, 271-281. https://doi.org/
10.1016/j.scitotenv.2019.03.176.

Grob, M., Wilcke, W., Mestrot, A., 2018. Release and biomethylation of antimony in
shooting range soils upon flooding. Soil Syst. 2 (2), 1-17. https://doi.org/10.3390/
soilsystems2020034.

Gronroos, M., Parajuli, A., Laitinen, O.H., Roslund, M.L., Vari, H.K., Hyéty, H.,
Puhakka, R., Sinkkonen, A., 2019. Short-term direct contact with soil and plant
materials leads to an immediate increase in diversity of skin microbiota.
MicrobiologyOpen 8 (3), €00645. https://doi.org/10.1002/mbo3.645.

Gumaelius, L., Magnusson, G., Pettersson, B., Dalhammar, G., 2001. Comamonas
denitrificans sp. Nov., an efficient denitrifying bacterium isolated from activated
sludge. Int. J. Syst. Evolut. Microbiol. Vol. 51, 999-1006.

Honary, S., Barabadi, H., Gharaei-Fathabad, E., Naghibi, F., 2012. Green synthesis of
copper oxide nanoparticles using Penicillium Aurantiogriseum, Penicillium Citrinum
and Penicillium Waksmanii. Dig. J. Nanomater. Biostruct. 7 (3), 999-1005.

Huang, S.H., Wang, Y.L., Li, S.H., Chien, L.C., Chang, T.C., Hseu, Z.Y., Hsi, H.C., 2019.
Environmental and health risks of heavy metals in farmland soils of drinking water
protection areas and a contaminated paddy field in Taiwan. Sustain. (Switz.) 11 (19).
https://doi.org/10.3390/su11195166.

Hui, N., Parajuli, A., Puhakka, R., Gronroos, M., Roslund, M., Vari, H.K., Selonen, V.A.
0., Yan, G., Siter, N., Nurminen, N., Oikarinen, S., Laitinen, O.H., Rajaniemi, J.,
Hyoty, H., Sinkkonen, A., 2019. Temporal variation in indoor transfer of dirt-
associated environmental bacteria in agricultural and urban areas. Environ. Int. 132,
105069 https://doi.org/10.1016/j.envint.2019.105069.

IARC. (2009). A review of human carcinogens. Part C: Arsenic, metals, fibres, and dusts.
Working Group on the Evaluation of Carcinogenic Risks to Humans.

Isaac, P., Sanchez, L.A., Bourguignon, N., Cabral, M.E., Ferrero, M.A., 2013. Indigenous
PAH-degrading bacteria from oil-polluted sediments in Caleta Cordova, Patagonia
Argentina. Int. Biodeterior. Biodegrad. 82, 207-214. https://doi.org/10.1016/j.
ibiod.2013.03.009.

Jin, D., Wang, P., Bai, Z., Jin, B., Yu, Z., Wang, X., Zhuang, G., Zhang, H., 2013.
Terrimonas pekingensis sp. Nov., isolated from bulking sludge, and emended
descriptions of the genus Terrimonas, Terrimonas ferruginea, Terrimonas lutea and
Terrimonas aquatica. Int. J. Syst. Evolut. Microbiol. 63 (PART 5), 1658-1664.
https://doi.org/10.1099/ijs.0.036848-0.

Kaplan, C.W., Kitts, C.L., 2004. Bacterial succession in a petroleum land treatment unit.
Appl. Environ. Microbiol. 70 (3), 1777-1786. https://doi.org/10.1128/
AEM.70.3.1777-1786.2004.

Lair, G.J., Gerzabek, M.H., Haberhauer, G., 2007. Sorption of heavy metals on organic
and inorganic soil constituents. Environ. Chem. Lett. 5 (1), 23-27. https://doi.org/
10.1007/510311-006-0059-9.

Langille, M.G.I., Zaneveld, J., Caporaso, J.G., McDonald, D., Knights, D., Reyes, J.A.,
Clemente, J.C., Burkepile, D.E., Vega Thurber, R.L., Knight, R., Beiko, R.G.,
Huttenhower, C., 2013. Predictive functional profiling of microbial communities
using 16S rRNA marker gene sequences. Nat. Biotechnol. 31 (9), 814-821. https://
doi.org/10.1038/nbt.2676.

Liu, X., Selonen, V., Steffen, K., Surakka, M., Rantalainen, A.L., Romantschuk, M.,
Sinkkonen, A., 2019. Meat and bone meal as a novel biostimulation agent in
hydrocarbon contaminated soils. Chemosphere 225, 574-578. https://doi.org/
10.1016/j.chemosphere.2019.03.053.

Louca, S., Parfrey, L.W., Doebeli, M., 2016. Decoupling function and taxonomy in the
global ocean microbiome. Science 353 (6305), 1272-1277. https://doi.org/
10.1126/science.aaf4507.

Lv, H,, Su, X., Wang, Y., Dai, Z., Liu, M., 2018. Effectiveness and mechanism of natural
attenuation at a petroleum-hydrocarbon contaminated site. Chemosphere 206,
293-301. https://doi.org/10.1016/j.chemosphere.2018.04.171.

Macedo, A.J., Timmis, K.N., Abraham, W.R., 2007. Widespread capacity to metabolize
polychlorinated biphenyls by diverse microbial communities in soils with no


https://doi.org/10.1016/j.micres.2023.127343
https://doi.org/10.1038/s41598-017-16325-1
https://doi.org/10.1128/mr.45.1.180-209.1981
https://doi.org/10.1128/mr.45.1.180-209.1981
https://doi.org/10.1016/j.ibiod.2006.11.001
https://doi.org/10.1016/j.ibiod.2006.11.001
https://doi.org/10.1007/BF00164455
https://doi.org/10.1007/BF00164455
https://doi.org/10.1016/j.biortech.2004.09.008
https://doi.org/10.1007/0-387-28022-7_10
https://doi.org/10.1007/0-387-28022-7_10
https://doi.org/10.1016/j.jcis.2004.04.005
https://doi.org/10.1007/0-387-29298-5
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref9
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref9
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref9
https://doi.org/10.1016/j.envpol.2022.119569
https://doi.org/10.1016/j.envpol.2022.119569
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref11
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref11
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref11
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref12
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref12
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref13
https://doi.org/10.1016/j.chemosphere.2004.10.007
https://doi.org/10.1016/j.chemosphere.2004.10.007
https://doi.org/10.4061/2011/941810
https://doi.org/10.4061/2011/941810
https://doi.org/10.1016/S0032-9592(03)00258-9
https://doi.org/10.1016/S0304-3894(03)00137-7
https://doi.org/10.1016/S0304-3894(03)00137-7
https://doi.org/10.1016/j.jhazmat.2005.02.003
https://doi.org/10.1016/j.jhazmat.2005.02.003
https://doi.org/10.1016/j.jhazmat.2006.12.021
https://doi.org/10.1016/j.jhazmat.2006.12.021
http://ec.europa.eu/science-environment-policy
https://doi.org/10.2800/779710
http://www.epa.gov
https://doi.org/10.1016/j.envint.2020.105604
https://doi.org/10.1016/j.envint.2020.105604
https://doi.org/10.1016/j.ecoenv.2022.114267
https://doi.org/10.1016/j.ecoenv.2022.114267
https://doi.org/10.1016/j.scitotenv.2019.03.176
https://doi.org/10.1016/j.scitotenv.2019.03.176
https://doi.org/10.3390/soilsystems2020034
https://doi.org/10.3390/soilsystems2020034
https://doi.org/10.1002/mbo3.645
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref25
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref25
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref25
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref26
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref26
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref26
https://doi.org/10.3390/su11195166
https://doi.org/10.1016/j.envint.2019.105069
https://doi.org/10.1016/j.ibiod.2013.03.009
https://doi.org/10.1016/j.ibiod.2013.03.009
https://doi.org/10.1099/ijs.0.036848-0
https://doi.org/10.1128/AEM.70.3.1777-1786.2004
https://doi.org/10.1128/AEM.70.3.1777-1786.2004
https://doi.org/10.1007/s10311-006-0059-9
https://doi.org/10.1007/s10311-006-0059-9
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1016/j.chemosphere.2019.03.053
https://doi.org/10.1016/j.chemosphere.2019.03.053
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1016/j.chemosphere.2018.04.171

S. Cavazzoli et al.

significant exposure to PCB contamination. Environ. Microbiol. 9 (8), 1890-1897.
https://doi.org/10.1111/j.1462-2920.2007.01305.x.

Madigan, M.T., Bender, K.S., Buckley, D.H., Sattley, W.M., A, S.D., 2019. Brock Biology
of Microorganisms, fifteenth ed. Pearson.

Mao, X., Jiang, R., Xiao, W., Yu, J., 2015. Use of surfactants for the remediation of
contaminated soils: a review. J. Hazard. Mater. 285, 419-435. https://doi.org/
10.1016/j.jhazmat.2014.12.009.

Margaryan, A., Panosyan, H., Mamimin, C., Trchounian, A., Birkeland, N.K., 2019.
Insights into the bacterial diversity of the acidic akhtala mine tailing in armenia
using molecular approaches. Curr. Microbiol. 76 (4), 462-469. https://doi.org/
10.1007/s00284-019-01640-9.

Mills, D.K., Fitzgerald, K., Litchfield, C.D., Gillevet, P.M., 2003. A comparison of DNA
profiling techniques for monitoring nutrient impact on microbial community
composition during bioremediation of petroleum-contaminated soils. J. Microbiol.
Methods 54 (1), 57-74. https://doi.org/10.1016/50167-7012(03)00007-1.

Mishamandani, S., Gutierrez, T., Berry, D., Aitken, M.D., 2016. Response of the bacterial
community associated with a cosmopolitan marine diatom to crude oil shows a
preference for the biodegradation of aromatic hydrocarbons. Environ. Microbiol. 18
(6), 1817-1833. https://doi.org/10.1111/1462-2920.12988.

Niepceron, M., Martin-Laurent, F., Crampon, M., Portet-Koltalo, F., Akpa-Vinceslas, M.,
Legras, M., Bru, D., Bureau, F., Bodilis, J., 2013. GammaProteobacteria as a potential
bioindicator of a multiple contamination by polycyclic aromatic hydrocarbons
(PAHs) in agricultural soils. Environ. Pollut. 180, 199-205. https://doi.org/
10.1016/j.envpol.2013.05.040.

Nogalska, A., Zalewska, M., 2013. The effect of meat and bone meal on phosphorus
concentrations in soil and crop plants. Plant Soil Environ. https://doi.org/10.17221/
594/2013-PSE.

Pankratov, T.A., Tindall, B.J., Liesack, W., Dedysh, S.N., 2007. Mucilaginibacter paludis
gen. Nov., sp. Nov. And Mucilaginibacter gracilis sp. Nov., pectin-, xylan and
laminarin-degrading members of the family Sphingobacteriaceae from acidic
Sphagnum peat bog. Int. J. Syst. Evolut. Microbiol. 57 (10), 2349-2354. https://doi.
org/10.1099/ijs.0.65100-0.

Parajuli, A., Gronroos, M., Kauppi, S., Plociniczak, T., Roslund, M.L., Galitskaya, P.,
Laitinen, O.H., Hyoty, H., Jumpponen, A., Strommer, R., Romantschuk, M., Hui, N.,
Sinkkonen, A., 2017. The abundance of health-associated bacteria is altered in PAH
polluted soils—implications for health in urban areas? PLOS ONE 12 (11),
e0187852. https://doi.org/10.1371/journal.pone.0187852.

Peng, J. Feng, Song, Y. Hui, Yuan, P., Cui, X. Yu, Qiu, G. Lei, 2009. The remediation of
heavy metals contaminated sediment. J. Hazard. Mater. 161 (2-3), 633-640.
https://doi.org/10.1016/j.jhazmat.2008.04.061.

Petruzzelli, G., Gorini, F., Pezzarossa, B., & Pedron, F. (2010). The fate of pollutants in soil.
National Research Council.

Pruesse, E., Quast, C., Knittel, K., Fuchs, B.M., Ludwig, W., Peplies, J., Glockner, F.O.,
2007. SILVA: a comprehensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35 (21),
7188-7196. https://doi.org/10.1093/nar/gkm864.

Ramaswami, A., Milford, J.B., Small, M.J., 2005. Integrated Environmental Modeling:
Pollutant Transport, Fate, and Risk in the Environment. Wiley, p. 678.

Richards, J.G., Curtis, P.J., Kent Burnison, B., Playle, R.C., 2001. Effects of natural
organic matter source on reducing metal toxicity to rainbow trout (oncorhynchus
mykiss) and on metal binding to their gills. Environ. Toxicol. Chem. Vol. 20 (Issue 6),
1159-1166.

Ridley, W.P., Dizikes, L.J., Wood, J.M., 1977. Biomethylation of toxic elements in the
environment. N. Ser. Vol. 22 (Issue 4301), 329-332.

Rodrigues, C., Ntinez-Gémez, D., Silveira, D.D., Lapolli, F.R., Lobo-Recio, M.A., 2019.
Chitin as a substrate for the biostimulation of sulfate-reducing bacteria in the
treatment of mine-impacted water (MIW). J. Hazard. Mater. 375, 330-338. https://
doi.org/10.1016/j.jhazmat.2019.02.086.

Rodriguez Eugenio, N., McLaughlin, M.J., & Pennock, D.J. (2018). Soil pollution: A hidden
reality. Food and Agriculture Organization of the United Nations.

Roslund, M.I., Gronroos, M., Rantalainen, A.-L., Jumpponen, A., Romantschuk, M.,
Parajuli, A., Hyoty, H., Laitinen, O., Sinkkonen, A., 2018. Half-lives of PAHs and
temporal microbiota changes in commonly used urban landscaping materials. PeerJ
6, e4508. https://doi.org/10.7717 /peerj.4508.

Roslund, M.I., Rantala, S., Puhakka, R., Hui, N., Parajuli, A., Rantalainen, A.L.,
Sinkkonen, A., Gronroos, M., Roslund, M.I., Soininen, L., Yan, G., Oikarinen, S.,

10

Microbiological Research 270 (2023) 127343

Laitinen, O.H., Hyoty, H., Nurminen, N., Kalvo, R., Rajaniemi, J., 2019. Endocrine
disruption and commensal bacteria alteration associated with gaseous and soil PAH
contamination among daycare children. Environ. Int. 130. https://doi.org/10.1016/
j-envint.2019.06.004.

Schleheck, D., Tindall, B.J., Rossell6-Mora, R., Cook, A.M., 2004. Parvibaculum
lavamentivorans gen. Nov., sp. Nov., a novel heterotroph that initiates catabolism of
linear alkylbenzenesulfonate. Int. J. Syst. Evolut. Microbiol. 54 (5), 1489-1497.
https://doi.org/10.1099/ijs.0.03020-0.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B.,
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B.,
Thallinger, G.G., Van Horn, D.J., Weber, C.F., 2009. Introducing mothur: open-
source, platform-independent, community-supported software for describing and
comparing microbial communities. Appl. Environ. Microbiol. 75 (23), 7537-7541.
https://doi.org/10.1128/AEM.01541-09.

Simpanen, S., Makeld, R., Mikola, J., Silvennoinen, H., Romantschuk, M., 2016.
Bioremediation of creosote contaminated soil in both laboratory and field scale:
Investigating the ability of methyl-p-cyclodextrin to enhance biostimulation. Int.
Biodeterior. Biodegrad. 106, 117-126. https://doi.org/10.1016/j.
ibiod.2015.10.013.

Speight, J.G., 1999. The chemistry and technology of petroleum: third edition, revised
and expanded. Chem. Technol. Pet. 1-907. https://doi.org/10.1201/
9780824742119.

Talvenmadki, H., Saartama, N., Haukka, A., Lepikko, K., Pajunen, V., Punkari, M., Yan, G.,
Sinkkonen, A., Piepponen, T., Silvennoinen, H., Romantschuk, M., 2021. In situ
bioremediation of Fenton’s reaction-treated oil spill site, with a soil inoculum, slow
release additives, and methyl-B-cyclodextrin. Environ. Sci. Pollut. Res. 28 (16),
20273-20289. https://doi.org/10.1007/511356-020-11910-w.

Vullapa Sangkhobol, Skerman, V.B.D., 1981. Chitinophaga, a New Genus of Chitinolytic
Myxobacteria. INTERNATIONAL JOURNAL OF SYSTEMATIC BACTERIOLOGY.
Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ.

Microbiol. 73 (16), 5261-5267. https://doi.org/10.1128/AEM.00062-07.

Weng, L., Temminghoff, E.J.M., Lofts, S., Tipping, E., Riemsdijk, W.H.V., 2002.
Complexation with dissolved organic matter and solubility control of heavy metals
in a sandy soil. Environ. Sci. Technol. 36 (22), 4804-4810. https://doi.org/10.1021/
es0200084.

Yang, J.K., Barnett, M.O., Jardine, P.M., Basta, N.T., Casteel, S.W., 2002. Adsorption,
sequestration, and bioaccessibility of As(V) in soils. Environ. Sci. Technol. 36 (21),
4562-4569. https://doi.org/10.1021/es011507s.

Yoon, J.H., Kang, S.J., Lee, S.Y., Lee, J.S., Park, S., 2011. Ohtaekwangia koreensis gen.
Nov., sp. Nov. And Ohtaekwangia kribbensis sp. Nov., isolated from marine sand,
deep-branching members of the phylum Bacteroidetes. Int. J. Syst. Evolut. Microbiol.
61 (5), 1066-1072. https://doi.org/10.1099/ijs.0.025874-0.

Young CC, Kampfer P, Ho MJ, Busse HJ, Huber BE, Arun AB, Shen FT, Lai WA, Rekha PD.
Arenimonas malthae sp. nov., a gammaproteobacterium isolated from an oil-
contaminated site. Int J Syst Evol Microbiol. 2007 Dec;57(Pt 12):2790-2793. doi:
10.1099/ij5.0.64975-0. PMID: 18048725.

Yu, F., Yang, C., Zhu, Z., Bai, X., Ma, J., 2019. Adsorption behavior of organic pollutants
and metals on micro/nanoplastics in the aquatic environment. Sci. Total Environ.
694. https://doi.org/10.1016/j.scitotenv.2019.133643.

Zakrzewski, M., Proietti, C., Ellis, J.J., Hasan, S., Brion, M.J., Berger, B., Krause, L., 2017.
Calypso: a user-friendly web-server for mining and visualizing microbiome-
environment interactions. In: Bioinformatics, 33, pp. 782-783. https://doi.org/
10.1093/bioinformatics/btw725.

Zhang, J., Gu, T., Zhou, Y., He, J., Zheng, L.Q., Li, W.J., Huang, X., Li, S.P., 2012.
Terrimonas rubra sp. Nov., isolated from a polluted farmland soil and emended
description of the genus Terrimonas. Int. J. Syst. Evolut. Microbiol. 62 (11),
2593-2597. https://doi.org/10.1099/ijs.0.036079-0.

Zhang, Q., Zhang, Z., Lu, T., Yu, Y., Penuelas, J., Zhu, Y.G., Qian, H., 2021.
Gammaproteobacteria, a core taxon in the guts of soil fauna, are potential
responders to environmental concentrations of soil pollutants. Microbiome 9 (1).
https://doi.org/10.1186/540168-021-01150-6.

Zheng, R., Zhao, Y., Wang, L., Chang, X., Zhang, Y., Da, X., Peng, F., 2016.
Mucilaginibacter antarcticus sp. Nov., isolated from tundra soil. Int. J. Syst. Evolut.
Microbiol. 66 (12), 5140-5144. https://doi.org/10.1099/ijsem.0.001486.


https://doi.org/10.1111/j.1462-2920.2007.01305.x
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref38
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref38
https://doi.org/10.1016/j.jhazmat.2014.12.009
https://doi.org/10.1016/j.jhazmat.2014.12.009
https://doi.org/10.1007/s00284-019-01640-9
https://doi.org/10.1007/s00284-019-01640-9
https://doi.org/10.1016/S0167-7012(03)00007-1
https://doi.org/10.1111/1462-2920.12988
https://doi.org/10.1016/j.envpol.2013.05.040
https://doi.org/10.1016/j.envpol.2013.05.040
https://doi.org/10.17221/594/2013-PSE
https://doi.org/10.17221/594/2013-PSE
https://doi.org/10.1099/ijs.0.65100-0
https://doi.org/10.1099/ijs.0.65100-0
https://doi.org/10.1371/journal.pone.0187852
https://doi.org/10.1016/j.jhazmat.2008.04.061
https://doi.org/10.1093/nar/gkm864
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref49
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref49
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref50
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref50
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref50
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref50
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref51
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref51
https://doi.org/10.1016/j.jhazmat.2019.02.086
https://doi.org/10.1016/j.jhazmat.2019.02.086
https://doi.org/10.7717/peerj.4508
https://doi.org/10.1016/j.envint.2019.06.004
https://doi.org/10.1016/j.envint.2019.06.004
https://doi.org/10.1099/ijs.0.03020-0
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1016/j.ibiod.2015.10.013
https://doi.org/10.1016/j.ibiod.2015.10.013
https://doi.org/10.1201/9780824742119
https://doi.org/10.1201/9780824742119
https://doi.org/10.1007/s11356-020-11910-w
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref60
http://refhub.elsevier.com/S0944-5013(23)00045-9/sbref60
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1021/es0200084
https://doi.org/10.1021/es0200084
https://doi.org/10.1021/es011507s
https://doi.org/10.1099/ijs.0.025874-0
https://doi.org/10.1016/j.scitotenv.2019.133643
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.1099/ijs.0.036079-0
https://doi.org/10.1186/s40168-021-01150-6
https://doi.org/10.1099/ijsem.0.001486

Update

Microbiological Research
Volume 271, Issue , June 2023, Page

DOI: https://doi.org/10.1016/j.micres.2023.127359



 https://doi.org/10.1016/j.micres.2023.127359

Microbiological Research 271 (2023) 127359

. : : : Microbiological
Contents lists available at ScienceDirect Research

Microbiological Research

= >
I.SEVIER journal homepage: www.elsevier.com/locate/micres

Corrigendum ' :.) ‘

Check for

Corrigendum to “Nutritional additives dominance in driving the bacterial = ['s&="
communities succession and bioremediation of hydrocarbon and heavy
metal contaminated soil microcosms” [Microbiol. Res. 270 (2023) 127343]

Simone Cavazzoli >” ", Andrea Squartini ©, Aki Sinkkonen b4 Martin Romantschuk ®,
Anna-Lea Rantalainen”, Ville Selonen ”, Marja I. Roslund b,d

& Department of Civil, Environmental and Mechanical Engineering, DICAM, University of Trento, Via Mesiano 77, 38123 Trento, Italy

® Faculty of Biological and Environmental Sciences, Ecosystems and Environment Research Programme, University of Helsinki, Niemenkatu 73, Lahti FI-15140, Finland
¢ Department of Agronomy, Food, Natural Resources, Animals and Environment, DAFNAE, University of Padova, Viale dell’Universita 16, Legnaro 35020, Italy

4 Natural Resources Institute Finland, Luke, Horticulture Technologies, Turku, Helsinki, Finland

The authors regret that one of the authors’ affiliations was listed Technologies, Turku, Helsinki, Finland.
incorrectly in the byline. The correct affiliations for Marja I. Roslund are The authors would like to apologise for any inconvenience caused.
b and 9Natural Resources Institute Finland, Luke, Horticulture

DOI of original article: https://doi.org/10.1016/j.micres.2023.127343.
* Corresponding author at: Department of Civil, Environmental and Mechanical Engineering, University of Trento, Via Mesiano 77, 38123 Trento, Italy.
E-mail address: simone.cavazzoli@unitn.it (S. Cavazzoli).

https://doi.org/10.1016/j.micres.2023.127359

Available online 12 March 2023
0944-5013/© 2023 Elsevier GmbH. This article is made available under the Elsevier license (http://www.elsevier.com/open-access/userlicense/1.0/).


mailto:https://doi.org/10.1016/j.micres.2023.127343
mailto:simone.cavazzoli@unitn.it
www.sciencedirect.com/science/journal/09445013
https://www.elsevier.com/locate/micres
https://doi.org/10.1016/j.micres.2023.127359
https://doi.org/10.1016/j.micres.2023.127359
https://doi.org/10.1016/j.micres.2023.127359
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micres.2023.127359&domain=pdf
http://www.elsevier.com/open-access/userlicense/1.0/

	Nutritional additives dominance in driving the bacterial communities succession and bioremediation of hydrocarbon and heavy ...
	1 Introduction
	2 Materials and methods
	2.1 Soil
	2.2 Meat and bone meal and cyclodextrin additives
	2.3 Experimental microcosm, sampling, and total DNA extraction
	2.4 Agarose gel electrophoresis (AGE)
	2.5 Quantitation of total DNA
	2.6 PCR amplification of bacterial 16 ​S rRNA using overhang primers
	2.7 PCR data, Metabarcoding, and Statistical analysis

	3 Results and discussion
	3.1 Bacterial community composition
	3.2 Ecological indexes of the microbial communities
	3.3 Differentially featured taxa and core microbiome

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References

	Update
	Corrigendum to “Nutritional additives dominance in driving the bacterial communities succession and bioremediation of hydro ...


