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Abstract The aim of the study was to determine the
efficacy of bioaugmentation in pyrene-contaminated
soil based on microbial counts, colony development
index (CD), ecophysiological diversity index (EP), soil
enzyme activity, and an assay of residual pyrene levels
in the soil. The soil samples were contaminated with
pyrene doses of 100 and 1000 mg kg' DM soil. Two
bacterial consortia were used in the study: P1 (Bacillus
frigoritolerans Z2B-19, Bacillus simplex 2—134, and
Bacillus thuringiensis ex4) and P2 (Bacillus pumilus
Bp-11, Bacillus safensis 122, and Bacillus aerophilus
KUDC1741). The following parameters were deter-
mined: counts of organotrophic bacteria, actinobacteria,
and fungi; CD; EP; and the activity of soil enzymes. The
pyrene degradation efficacy of the bioaugmentation was
also established. Microbiological activity was influ-
enced by the level of soil contamination with pyrene,
the test time, and the type of consortium. Pyrene had a
stimulatory effect on the microbial counts and was a
diversifier of CD values, EP values, and enzyme activity
levels in the soil. Bioaugmentation initially promoted
the growth of microorganisms, but ultimately dimin-
ished the ecophysiological diversity and the activity of
soil enzymes. The microorganisms used for bioaugmen-
tation accelerated pyrene removal from the soil, by
24.6% and 16.4% in the case of P1 and P2 consortium,
respectively. The use of bioaugmentation provides
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favorable conditions for the effective elimination of
pyrene from soil. As the microbiological and biochem-
ical properties of the soil were improved in the initial
phase of the study, this method can be recommended for
the bioremediation of pyrene-contaminated soils.
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1 Introduction

Environmental pollution with polycyclic aromatic hy-
drocarbons (PAHs) is one of the major issues faced by
the modern world. Due to the persistence, toxicity, and
carcinogenicity of PAHs, it is essential that their adverse
impact is reduced by removing them from the environ-
ment. In view of the risks associated with PAHs, the US
Environmental Protection Agency (US EPA) has desig-
nated 16 of them as priority pollutants targeted for
elimination from the environment. Polycyclic aromatic
hydrocarbons bioaccumulate in food chains and thus
represent a threat to humans and animals (White
2002). The largest reservoirs for PAHs are: sewage
sludge (Stefaniuk et al. 2018), bottom sediments (Dvoi-
ak et al. 2017), and urban/industrial soils (Hindersmann
and Achten 2018; Liu et al. 2018).

Polycyclic aromatic hydrocarbons are comprised of
two or more aromatic rings bonded in linear, angular, or
cluster arrangements. They are grouped into two cate-
gories, based on the number of benzene rings: LMW
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(low molecular weight) and HMW (high molecular
weight). The first group includes hydrocarbons having
three or less rings, whereas the second group contains
compounds with four and more benzene rings (Chauhan
etal. 2008). Hydrocarbon molecules with a higher num-
ber of rings are less biodegradable, and thus can persist
longer in the environment (Cao et al. 2009; Haritash and
Kaushik 2009; Seo et al. 2009). Pyrene, the compound
chosen for the present study, is a model example of an
HMW molecule, with a 4-ring structure similar to those
of other carcinogenic PAHs (Lu et al. 2014). It is toxic to
aquatic organisms and animals, causing weight loss,
neurological issues, and kidney damage (Coral and
Karagoz 2005; Patri et al. 2009).

Industrial and urban soils are the largest reservoirs of
PAHS, especially in the layers rich in organic matter,
where hydrocarbons can persist for years. Therefore,
PAHs have an appreciable effect on the physicochemi-
cal properties of soil (Griffiths and Philippot 2013),
while also disrupting the diversity of microorganisms
living therein (Lipinska et al. 2014; Borowik et al. 2017;
Borowik et al. 2018; Wyszkowska et al. 2019). The soil-
dwelling microbes are considered to be one of the best
indicators of soil quality, as they are very sensitive to
any changes in their environment (Andreoni et al. 2004).
Soil contamination with polycyclic aromatic hydrocar-
bons significantly changes the structure of the microbial
populations within. Such contamination often reduces
the diversity of the microbial populations and upsets the
ecological homeostasis. Biochemical activity is a good
alternative means of assessing the impact of pollutants
on soil quality (Baran et al. 2004; Labud et al. 2007;
Futa et al. 2017), as it constitutes a reliable indicator of
soil fertility and productivity. Furthermore, biochemical
activity is the driver of all biochemical processes occur-
ring within a given medium—_processes like the decom-
position of organic compounds or detoxification of xe-
nobiotics (Margesin et al. 2000).

Bioremediation is one of the most effective biologi-
cal methods of removing polycyclic aromatic hydrocar-
bons. Among bioremediation technologies, biostimula-
tion and bioaugmentation are the most important ones.
The former is considered to be an important strategy for
supporting the bioremediation process by ensuring op-
timal conditions for microbial growth, thus potentially
reducing the level of target pollution (Koshlaf et al.
2016; Haleyur et al. 2019). Bioaugmentation involves
the introduction of individual strains or consortia of
microorganisms with the desired catalytic capabilities.
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Microorganisms in consortia possess the diverse and
extensive metabolic capabilities necessary for hydrocar-
bon degradation (Cerqueira et al. 2011; Shen et al. 2015;
Varjani and Upasani 2017). Bioaugmentation is most
often used when the microorganisms necessary for bio-
remediation to proceed are scarce or completely absent
(Venkata Mohan et al. 2006). The introduction of addi-
tional microorganisms sometimes fails to produce tan-
gible results due to the various conditions inhibitory to
microbial growth. It should also be noted that a combi-
nation of biostimulation and bioaugmentation produces
the best results for PAH degradation, as confirmed by
multiple studies (Sun et al. 2012; Nikolopoulou et al.
2013; Varjani 2017). Bacteria that convert organic com-
pounds and use pyrene as a carbon source are mostly
Gram-negative, and include Mycobacterium (Seo et al.
2010), Pseudomonas (Deng et al. 2010), Bacillus,
Achromobacter (Gielnik et al. 2019), Ralstonia, and
Sphingomonas (Cao et al. 2009; Seo et al. 2009; Nzila
et al. 2018).

The aim of the present study was to determine the
efficacy of bioaugmentation in pyrene-contaminated
soil based on microbial counts, colony development
index, ecophysiological diversity index, and soil en-
zyme activity. The study also examined residual pyrene
levels to establish the efficacy of the different consortia
for hydrocarbon degradation.

2 Methodology
2.1 Research Subject
2.1.1 Pyrene

Pyrene was used in the experiment as a model HMW
species. This hydrocarbon has a 4-ring structure similar
to those of other carcinogenic PAHs. Owing to its low
solubility in water, pyrene is classified as a persistent
organic pollutant that accumulates in the soil (Table 1).
As such, it has been listed by the US Environmental
Protection Agency (US EPA) as a priority pollutant
targeted for remediation.

In our study, we used pyrene doses of 0, 100, and
1000 mg kg™' DM soil, being several times higher than
the acceptable levels specified in the Regulation of the
Minister of the Environment in September 1, 2016 on
the conduct of the assessment of contamination of the
surface of the earth (Polish Journal of Laws, item 1395).
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Table 1 Selected physicochemical properties of pyrene

Physicochemical properties

Pyrene

Chemical formula

Structural formula

Molar mass (g mol )

Color

Physical state at temperature 20 °C

Melting point (°C)

Boiling point (°C)

Solubility in water at temperature 25 °C (mg dm ™)
Solubility in other solvents

Partition coefficient n-octanol/water (log)

CIGHIO

202.25

Colorless

Constant

150.62

404

0.14

Ethyl alcohol, ether, benzene, toluene
4.80

The soil was spiked with weighed portions of pyrene
powder. The use of such high doses of pyrene was
dictated by the level of PAHs released into the soil
environment in petroleum product spills from traffic
accidents (Park and Park 2011). Han et al. (2018) deter-
mined the PAH levels in diesel oil-contaminated soil in
the immediate aftermath of a freight ship collision in
India. The examination detected levels of
17,586 mg kgfl, with the soil samples collected in 6
and 62 days after the incident containing 4854 and
4016 mg kg ' total PAHSs, respectively.

2.1.2 Bacterial Consortium

In the first stage, the soil samples were spiked with
pyrene doses of 4000 mg kg ' DM soil and kept in an
incubator for 32 weeks in the dark at a temperature
25 °C and stable humidity. Afterwards, the most char-
acteristic indigenous bacteria were isolated from the soil
samples. Before plating, 1 g of soil from the control
sample was weighed out and the pyrene-contaminated
soil sample was suspended in sterile saline at a ratio of
1:10. Following that, serial dilutions in saline were
performed, and 1-cm® extracts of the suspensions were
plated in 3 replications onto the prepared PCA and
Baird-Parker media. The Petri dishes with the PCA agar
were plated through deep inoculation, after which the
plates were placed in an incubator and kept at 37 °C for
96 h. The Petri dishes with the Baird-Parker agar were
plated using the spread plate technique and then incu-
bated at 37 °C for 48 h. In order to obtain pure microbial
colonies, the most characteristic and fast-growing

bacteria were purified through successive replating on
PCA and Baird-Parker agars. The most characteristic
and fast-growing colonies were subsequently recovered
from the pyrene-contaminated soil samples and the con-
trol Petri dishes and labeled: P1 (PCA agar isolate) and
P2 (Baird-Parker agar isolate). To obtain pure strain
isolates, the P1 and P2 isolates were transferred to test
tubes with the corresponding media. The cultures were
incubated at 37 °C for 24 h and used to identify the
bacteria.

An EXTRACTME DNA BACTERIA KIT (DNA
Gdansk) was used to identify the strains. The products
of 16S-23S rDNA intergenic spacer region were ampli-
fied with PCR reagents from DNA Gdansk (Poland).
Forward (AGA GTT TGA TCC TGG CTC AG) and
reversed (GTG TGA CGG GCG GTG TGT AC)
primers were used for amplification, resulting in a
PCR product of approximately 1400 bp. After PCR,
the reaction mixtures were resolved on 1.5% agarose
gel for quality control of the amplified products. The
PCR product was excised from the gel and purified with
the EXTRACTME DNA GEL-OUT KIT. A bidirec-
tional sequence analysis was performed on the PCR
products using a 3730 XL DNA Analyzer (Life Tech-
nologies). The results were BLAST analyzed against the
NCBI database.

The bioaugmentation of the soil was performed using
consortia that grow best in the pyrene-contaminated
soil: P1 (Bacillus frigoritolerans Z2B-19, Bacillus sim-
plex 2—134, Bacillus thuringiensis ex4) and P2 (Bacillus
pumilus Bp-11, Bacillus safensis 122, Bacillus
aerophilus KUDC1741). Individual species were
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deposited in the NCBI database (https://www.ncbi.nlm.
nih.gov/nuccore/?term=MN845147%3 AMN845159
%5Baccn%5D). A phylogenetic tree was constructed to
plot the evolutionary relationships between strains
isolated from the PAH-contaminated soil (Fig. 1). The
microbial preparation was obtained by transferring the
isolates onto sterile, liquid culture media (PCA and
Baird-Parker). Thus, prepared consortia were kept in a
Memmert Perfect incubator at 28 °C for 72 h. One cubic
centimeter of the suspension contained 6 - 10 cells. The
consortia consisted of: P1—B. frigoritolerans Z2B-19
—34%, B. simplex 2—134—33%, B. thuringiensis ex4—
33%, P2—-B. pumilus Bp-11—34%, B. safensis 1.22-33
%, B. aerophilus KUDC1741—33%.

2.1.3 Soil

The study was performed with loamy sand (LS) collect-
ed from the epipedon of the soil belonging to Eutric
Cambisol (IUSS Working Group WRB 2015), with a
soil texture of: sand fraction (grain diameter 0.05—
2 mm) —72.42%; silt fraction (grain diameter 0.002—
0.05 mm)—25.31%; and clay fraction (grain diameter <
0.002 mm) —2.27%. The soil was sampled from a
depth of 0-20 cm from the surface layer of a farmland
field at the Teaching and Research Centre in
Tomaszkowo (north-eastern Poland, 53.7167° N,
20.4167° E). Prior to the experiment, the soil was air-
dried and sieved through a screen with a mesh diameter
of 2 mm. The soil had the following characteristics:

Fig. 1 Phylogenetic tree of
bacterial strains isolated from soil
contaminated with pyrene,
prepared based on the comparison

pHygc—7.15; hydrolytic acidity—0.48 cmol(+) kg ;
sum of exchangeable base cations —27.9 cmol(+)
kg_l; Corg content—13.1 g kgl; Norg content—
1.1 gkg '; available P content—200 mg kg '; available
K content—147 mg kg '; and available Mg content—
27 mgkg .

2.2 Procedure of Setting up the Experiment

The experiment was conducted in laboratory condi-
tions and performed in 3 replications. After drying
and sieving through a sieve with mesh size of 2 mm,
the loamy sand was put into glass 150-cm? beakers in
portions of 100 g. To enrich the soil with nitrogen,
each of the soil samples was amended with 1 cm® of
an NH4NO; aqueous solution at a concentration of
100 mg N kg~ DM soil. After the soil was thorough-
ly mixed with ammonium nitrate, the samples were
spiked with pyrene doses of 100 and 1000 mg kg '
DM soil and thoroughly mixed again. Pyrene-free
soil served as the control. The soil was then inocu-
lated with 1 cm® of the P1 or P2 consortium prepa-
ration (with a density of 6 - 10® cells). Samples of the
soil were moisturized to 50% of the capillary water
capacity, and subsequently kept in an incubator in the
dark at 25 °C for 2 and 8 weeks. The temperature and
humidity were controlled throughout the experiment,
and water losses were completed with demineralized
water. The study was thus conducted in two series —
with and without bioaugmentation.

Bacillus macroides JPL-4
{ Bacillus thuringiensis ex4
Brevibacterium frigoritolerans 82

of the 16S rRNA gene sequence
by neigbour-joining method.
Bacterial strains used for soil bio-
augmentation were indicated in

{ Paenibacillus polymyxa ISSDS-853
Bacillus frigoritolerans Z2B-19

|: Bacillus megaterium IBFC20212-26
Arthrobacter sp. 210 15

— Bacillus simplex PtA-II-strda

blue color

L Bacillus simplex ML384
Bacillus simplex 2-134

_|: Bacillus sp. HH57
Bacillus sp. H-19
Bacillus sp. SP-2
Bacillus muralis 1Y118
Bacillus atrophaeus 123
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—|: Bacillus altitudinis MKCM 4003
Bacillus flexus TG1 16S

Bacillus safensis 1.22
4‘; Bacillus pumilus Bp11
Bacillus aerophilus KUDC1741
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2.3 Microbiological Analysis

Microbiological analysis was conducted after 2 and
8 weeks to determine the association between the level
of soil contamination with PAHs and microbial counts,
colony development index (CD), and ecophysiological
diversity index (EP). The counts of organotrophic bac-
teria, actinobacteria, and fungi were determined three
times for each replicate. Ten grams of soil was weighed
out from each soil sample and suspended in 90 cm® of
sterile saline. The samples were excited for half an hour
using laboratory shakers, and then repeatedly diluted.
One cubic centimeter of the preparation was plated onto
prepared and sterilized Petri dishes. The following me-
dia were used for the different groups of microorgan-
isms: organotrophic bacteria—Bunt and Rovira medium
(Bunt and Rovira 1955); actinobacteria—Kiister and
Williams medium (Parkinson et al. 1971); and fungi—
Martin’s medium (Martin 1950). After plating, the
dishes were kept in an incubator at 28 °C. The microbial
counts were performed in 3 replications. Organotrophic
bacteria, actinobacteria, and fungi were counted daily
over a period of 10 days. The counts of microorganisms
were then determined and used to compute the colony
development index (CD) and the ecophysiological di-
versity index (EP).

The CD index was expressed using a formula by
Sarathchandra et al. (1997):

CD = (N1/1+N2/2+N3/3 4 ... + N10/10)-100

where CD—colony development index; N1, N2, N3, ...,
N10—number of microbial colonies developing on day
1,2, 3, ..., 10, as a proportion of total colonies.

The ecophysiological diversity index was computed
using a formula by De Leij et al. (1994):

EP = =3 (p;-logl10p;)

where EP—microbial diversity index; pi—number of
microbial colonies developing on the given day, divided
by total colonies.

2.4 Biochemical Analysis

After 2 and 8 weeks of incubation, the soil samples were
analyzed to determine the activity levels of the follow-
ing enzymes: dehydrogenases, catalase, urease, acidic
phosphatase, alkaline phosphatase, arylsulfatase, and [3-
glucosidase. The activity of each enzyme was measured

in 3 replications in soil samples from each replicate. The
activity of dehydrogenases was established using
Ohlinger’s (1996) method, whereas a method by Alef
and Nannipieri (1998) was used for the activity levels of
catalase, urcase, acidic and alkaline phosphatase,
arylsulfatase, and 3-glucosidase. A detailed methodol-
ogy for determination of activities of these enzymes is
provided in a paper by Borowik et al. (2017). For all
enzymes—with the exception of catalase—the measure-
ments were performed using an Aquarius CE7500 spec-
trophotometer by CECIL Instruments. Catalase activity
was determined using the titration method.

2.5 Determination of Pyrene Content

After 8 weeks of soil incubation, the extent of microbial
pyrene degradation was established by chromato-
graphic analysis of the residual pyrene levels. The first
step of the analysis was to weigh outa 10-g soil sample.
An internal standard of anhydrous sodium sulphate (to
dry the soil) and 9 cm® of acetone were then added to the
sample. It was then homogenized in a horizontal shak-
er. A two-step extraction with hexane was performed in
an ultrasonic bath. The resultant extract was dried with
anhydrous sodium sulphate and transferred to a boro-
silicate glass test tube, where it was concentrated with a
concentrator to 5 cm? at 40 °C. One cubic centimeter of
the extract was sampled and filtered through a column
filled with 2 g of silica gel. The aliphatic hydrocarbon
fractions were initially eluted with hexane. Polycyclic
aromatic hydrocarbons were extracted with dichloro-
methane. The collected eluates were concentrated to
1 cm® and analyzed with a 7890A GC gas chromato-
graph by Agilent Technologies. The pyrene content
was computed using the added internal standard
(consisting of a mixture of several perdeuterated
PAHSs) and via calibration. The results of the chromato-
graphic analysis were entered into the calculation sheet
and recalculated to accommodate for the weighted
portion, soil dry matter content, and for the blank
sample.

2.6 Statistical Analysis

The results were statistically treated using the Statistica
13.1 software package (Dell Inc. 2016). The proportion
of variance was calculated by applying multi-way vari-
ance analysis (ANOVA), using the 7* method. The
principal component analysis (PCA) was employed to
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plot the activity of soil enzymes in the bioaugmented
pyrene-contaminated soil. A Ward’s dendrogram was
constructed to illustrate the response of microorganisms
to bioaugmentation using cluster analysis. Homogenous
groups of the CD and EP indices for organotrophic
bacteria, actinobacteria, and fungi were calculated with
ANOVA, using the Tukey test, at p =0.01. The phylo-
genetic tree was constructed using the neighbor-joining
(NJ) method in Clustal W software (MEGA X tool).

3 Results
3.1 The Number and Variety of Microorganisms

The counts of organotrophic bacteria and actinobacteria
in the soil spiked with pyrene and amended with con-
sortia were primarily determined by the pyrene dose, as
reflected in the 77 percentages of the observed variabil-
ity, which were 37.01% and 28.13% respectively
(Fig. 2). In the control series (not amended with micro-
organisms), at all test times, the mean organotrophic
bacteria courts increased with the pyrene levels in the
soil, unlike the counts of actinobacteria and fungi, which
varied (Table 2). The mean organotrophic bacteria,
actinobacteria, and fungi counts in the soil samples
spiked with pyrene doses of 1000 mg kg 'DM were,
respectively, 138.00%, 26.62%, and 30.08% higher
than in the pyrene-free samples.

The test time also had a significant effect on the
counts organotrophic bacteria, actinobacteria, and fungi,
accounting for 15.89%, 11.43%, and 7.39% of the

variances, respectively (Fig. 2). At all pyrene doses
and for both consortium types, the mean counts of
organotrophic bacteria, actinobacteria, and fungi were
73%, 109%, and 57% higher in the second test time than
in the first one (Table 2).

The consortium type made the least significant con-
tribution to the variance in the organotrophic bacteria
and actinobacteria counts. It had the biggest effect on the
fungal counts, with a 10.20% 7* percentage of the
observed variability (Fig. 2). At all test times and at all
pyrene doses, soil bioaugmentation with the P2 consor-
tium led to an 17.55% increase in the mean
organotrophic bacteria count against the control
(Table 2). The mean counts of actinobacteria and fungi
increased by 17.10% after addition of the P2 consortium
and by 29.70% after soil inoculation with P1.

The microbial response to the bioaugmentation is illus-
trated in a dendrogram constructed using the Ward’s meth-
od (Fig. 3). Two groups of microbes were distinguished
whose response to the bioaugmentation was similar. The
first group included fungi, which showed a more pro-
nounced response to soil inoculation with supplemental
consortia. The second group was represented by
organotrophic bacteria and actinobacteria, which confirms
their similar responses to bioaugmentation (Fig. 3).

The colony development index values computed for
organotrophic bacteria, actinobacteria, and fungi
showed a large variation, and were linked with the
pyrene dose, the test time, and the type of consortium
(Table 3). Atall test times and for all consortia types, the
mean CD values were shown to decrease with the
pyrene level increase in the soil. After 8 weeks of the

3.71

D 37.07 28.13
Ct 1.04 0.79 10.20

CTt} 2.78 1.72
D-CT} 5.78 1.90
D-C ¢t 3.64 8.14

[ 26-30

Ef 10.48 11.91 13.07 = 21-25

[ 16-20

. [ 6-10

Org Act Fun T1-5

Fig.2 Percentage of variable factors (7 ) on the basis of the number of organotrophic bacteria (Org), actinomycetes (Act), and fungi (Fun) in
soil contaminated with pyrene; D, dose; C, type of consortium; T, term; E, error
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Table 2 The number of organotrophic bacteria, actinomycetes
and fungi in soil contaminated with pyrene subjected to bioaug-
mentation; C, control (with pyrene, without consortia); P1, bacte-
rial consortium (pyrene + Bacillus frigoritolerans Z2B-19,

Bacillus simplex 2—134, Bacillus thuringiensis ex4); P2, bacterial
consortium (pyrene + Bacillus pumilus Bp-11, Bacillus safensis
L22, Bacillus aerophilus KUDC1741)

Dose of PAHs (mg kg ' DM soil)

Term of research (weeks)

2 8
Type of consortium
C P1 P2 C Pl P2
Organotrophic bacteria (107 cfu kgﬁl DM soil)
0 51.87¢ 78.69° 80.13° 6581 6.33% 75.07
100 80.91° 96.95¢ 54.07° 130.06° 74.97 163.677
1000 88.95 98.88° 88.98" 191.13¢ 283.87° 253.69"
Average 73.91” 91.51* 74.39” 129.00” 121.72” 164.14*
Actinomycetes (10° cfu kg ' DM soil)
0 98.81¢ 49.88%¢ 50.96 41.88¢ 15.48¢ 45.82¢
100 50.66% 30.567 29.84¢ 62.38¢ 43.14¢ 26.92"
1000 24.26¢ 45.05¢ 54.51° 153.88° 223.77" 297.67°
Average 57.91% 41.83" 45.10 86.05° 94.13" 123.47*
Fungi (107 cfu kg ' DM soil)
0 13.76° 33.72° 47.79¢ 33.78¢ 49.25° 24325
100 23.21¢ 36.53° 20.01¢ 45.82° 43.14¢ 2586
1000 16.87% 37.30° 17.93% 44.97% 31.46° 23.57%
Average 17.95° 35.85% 28.58” 41.52¢ 41.28" 24.58"

“In columns and rows homogenous groups (a—#) for individual groups of microorganisms and terms are followed by the same letter; for
average number of microorganisms, regardless of the dose of pyrene, homogenous groups (x—z) in individual terms are followed by the same

letter

70

60

50

40

linkage distance

30

20

10

Fun P2 FunP1 Fun C ActC

Fig.3 Reaction of microorganisms on the use of bioaugmentation
in soil contaminated with pyrene regardless of research term. Org,
organotrophic bacteria; Act, actinomycetes; Fun, fungi; C, control
(with pyrene, without consortia); P1, bacterial consortium (pyrene

ActP2

ActPl OrgP1 Org P2 Org C

+ Bacillus frigoritolerans Z2B-19, Bacillus simplex 2—134, Bacil-
lus thuringiensis ex4); P2, bacterial consortium (pyrene + Bacillus
pumilus Bp-11, Bacillus safensis 122, Bacillus aerophilus
KUDC1741)
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Table 3 Indices of colony development (CD) of organotrophic
bacteria, actinomycetes, and fungi in soil contaminated with
pyrene subjected to bioaugmentation; C, control (with pyrene,
without consortia); P1, bacterial consortium (pyrene + Bacillus

frigoritolerans Z2B-19, Bacillus simplex 2—134, Bacillus
thuringiensis ex4); P2, bacterial consortium (pyrene + Bacillus
pumilus Bp-11, Bacillus safensis 122, Bacillus aerophilus
KUDC1741)

Dose of PAHs (mg kg ' DM soil)

Term of research (weeks)

2 8
Type of consortium
C Pl P2 C Pl P2
Organotrophic bacteria
0 52.885¢" 58.93% 63.69° 47.79° 18.73¢ 43.86°
100 46.24° 63.15° 58.80% 38.23% 41.45%¢ 36.30¢
1000 48.43¢ 61.53° 50.88¢ 38.68"¢ 25.867 37.19%
Average 49.18" 61.20° 57.79* 4157 28.68" 39.12
Actinomycetes
0 23.18% 22.75% 21.65% 23334 19.99¢ 20.73%
100 22.13¢ 2228 21.52% 18.38¢ 19.54¢ 22.16%
1000 2141 20.53° 25.21¢ 15.83¢ 15.04¢ 15.447
Average 22.24° 21.85° 22.79* 19.18° 18.19° 19.44*
Fungi
0 31.76¢ 39.96" 44.47° 38.43¢ 36.37°% 37.12¢
100 29.79¢ 41.20° 38.31¢ 45507 35.16% 34.49¢
1000 30.66° 44.68¢ 33.49¢ 4236" 3347 34.63¢
Average 31.07 41.94 38.76% 42.10° 35.00” 35.41"

* Explanation as in Table 2

experiment, the growth of organotrophic bacteria and
actinobacteria in the control series was found to be
lower than the corresponding value from the second
week. At all test times and pyrene doses, soil bioaug-
mentation with the P2 consortium led to a slight increase
in the development index values for organotrophic bac-
teria colonies, while soil samples inoculated with con-
sortium P1 showed a minor increase in the CD values
for fungi against the control (Fig. 4).

The ecophysiological diversity index values comput-
ed for organotrophic bacteria, actinobacteria, and fungi
in the pyrene-contaminated soil were determined by the
pyrene dose, the test time, and the type of consortium
(Table 4). The mean EP values for all of the microor-
ganism groups in the control series were lower after
8 weeks relative to the second week. Regardless of the
pyrene dose and the test time, the addition of P1 con-
sortium also caused a significant decrease in the mean
EP values for organotrophic bacteria and actinobacteria.
The EP values for these groups were 11.10% and 3.70%

@ Springer

lower than in the non-inoculated series. After consor-
tium P2 was added to the soil, the fungi EP values were
found to increase significantly, i.e., by 7.55% against the
control (Fig. 5).

3.2 Biochemical Activity

The results of the present study reveal that the activity of
soil enzymes exposed to pyrene and microbial consortia
was varied and strongly linked with the dose of pyrene,
the test time, and the type of consortium. The activity
levels of dehydrogenases, catalase, acid phosphatase,
and 3-glucosidase were primarily determined by the test
time, as reflected in the 7 percentages of the observed
variability, which were 80.27%, 22.90%, 71.41%, and
49.06%, respectively. The activities of urease and
arylsulfatase were primarily related to the type of con-
sortium, whereas the activity of alkaline phosphatase
correlated with the dose of pyrene (Fig. 6).
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Fig. 4 Average colony development indices (CD) of
organotrophic bacteria (Org), actinomycetes (Act) and fungi
(Fun) in soil contaminated with pyrene depending on the type of
consortium. C, control (with pyrene, without consortia); P1,

The mean activity levels of soil enzymes, present-
ed as vectors of variables, were influenced by the
dose of pyrene and the sampling time, and were
illustrated in the PCA graph the form of cases
(Fig. 7a). The PCA figure shows strong positive
correlations between the catalase and 3-glucosidase,
as well as between the urease and acid phosphatase.
The activity of soil enzymes was determined both by
the dose of pyrene and the sampling period. At the
first test time and for both consortium types, pyrene
doses of 1000 mg kg~ DM soil corresponded with
the highest mean activity values for catalase and f3-
glucosidase, whereas the highest arylsulfatase activ-
ity was recorded in the soil samples spiked with a
pyrene dose of 100 mg in kg ' DM soil. At the same
sampling period, the highest dehydrogenase activity
was recorded in pyrene-free soil. At the second test
time, soil contamination with a pyrene dose of
100 mg kg ' DM soil led to the highest mean
activities of acid phosphatase and alkaline phospha-
tase, whereas urease showed the highest response in
the pyrene-free soil.

P1 P2
bacterial consortium (pyrene + Bacillus frigoritolerans Z2B-19,
Bacillus simplex 2—134, Bacillus thuringiensis ex4); P2, bacterial

consortium (pyrene + Bacillus pumilus Bp-11, Bacillus safensis
L22, Bacillus aerophilus KUDC1741)

The enzymatic activity was also determine by the
type of consortium and the test time. Figure 7b shows
the mean activities of soil enzymes when exposed to the
consortia at the different test times as vectors of vari-
ance, which were presented in Fig. 7b as cases. The
activity of soil enzymes was affected by soil bioaug-
mentation using bacterial consortia (Fig. 7b). The dehy-
drogenases and catalase formed the first group of en-
zymes based on their similar response to the soil inoc-
ulation. The highest activity of these enzymes was ob-
served after soil inoculation with consortium P1 (for
catalase) and P2 (for the dehydrogenases) during the
first test time. At the second test time, the enzymes
exposed to consortium P2 showed diminished activity,
as reflected by the long distance between this case and
the vectors of enzyme data variables observed in the
figure. Urease and alkaline phosphatase formed the
second group of enzymes, whose highest activity was
recorded in the non-augmented soil after 8 weeks of the
experiment. The addition of consortium P2 stimulated
their activities in the first test time; however, both con-
sortia were shown to inhibit their activities at the second
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Table 4 Ecophysiological diversity indices (EP) of organotrophic
bacteria, actinomycetes, and fungi in soil contaminated with
pyrene subjected to bioaugmentation; C, control (with pyrene,
without consortia); P1, bacterial consortium (pyrene + Bacillus

frigoritolerans Z2B-19, Bacillus simplex 2—134, Bacillus
thuringiensis ex4); P2, bacterial consortium (pyrene + Bacillus
pumilus Bp-11, Bacillus safensis 122, Bacillus aerophilus
KUDC1741)

Dose of PAHs (mg kg ' DM soil)

Term of research (weeks)

2 8
type of consortium
C P1 P2 C P1 P2
Organotrophic bacteria
0 0.770° 0.694¢ 0.672¢ 0.726 0.502¢ 0.770%
100 0.834¢ 0.641¢ 0.661¢ 0.826” 0.796" 0.755¢
1000 0.799%* 0.674%¢ 0.767 0.710¢ 0.635% 0.754%¢
Average 0.801% 0.670" 0.700” 0.754" 0.644" 0.760*
Actinomycetes
0 0.894¢ 0.876" 0.843< 0.797¢ 0.813° 0.803%
100 0.878° 0.765¢ 0.829¢ 0.741¢ 0.741¢ 0.846°
1000 0.846° 0.822¢ 0.900¢ 0.754¢ 0.662¢ 0.576
Average 0.873% 0.821” 0.857° 0.764* 0.739" 0.741%
Fungi
0 0.619 0.506¢ 0.324 0.511¢ 0.613” 0.616"
100 0.705“ 0.4507 0.572¢ 0.293¢ 0.615° 0.641¢
1000 0.636" 0.376° 0.684¢ 0.407¢ 0.639% 0.613°
Average 0.653% 0.444° 0.527" 0.404" 0.622 0.623*

* Explanation as in Table 2

test time. Acid phosphatase, arylsulfatase, and f3-
glucosidase responded differently to soil bioaugmenta-
tion. Both the P1 and P2 consortia bolstered the activity
of acid phosphatase during the first test time. In contrast,
during the second test time, its enhanced activity was
shown only in the samples inoculated with P2. Both
consortia had a stimulating effect on arylsulfatase activ-
ity after 2 and 8 weeks of soil incubation. 3-Glucosidase
showed suppressed activity after soil amendment with
microorganisms at the first test time, but increased ac-
tivity in the second period of measurement.

The pyrene degradation efficacy of the different con-
sortia was determined on the basis of the detected levels
of residual pyrene. The non-inoculated series demon-
strates that pyrene is degraded by indigenous microor-
ganisms in the soil. After 8 weeks of the experiment,
55.90% of the pyrene was degraded. Based on the rates
of pyrene degradation after inoculation, consortium P1
proved to be the most effective pyrene degrader. Intro-
duction of consortium P1 led to an increase in pyrene

@ Springer

degradation from 55.90% to 80.50%. The P2 bacteria
improved the degradation rate from 55.90 to 72.3%.

4 Discussion
4.1 The Number and Variety of Microorganisms

Bioaugmentation is one of the methods of bioremedia-
tion (that also includes biostimulation) wherein specific
microorganisms are introduced into contaminated envi-
ronments (soil, water) to increase the rate of degradation
of organic pollutants, such as polycyclic aromatic hy-
drocarbons (Sarkar et al. 2016; Okparanma et al. 2017,
Ramadass et al. 2018). Multiple experiments have
shown that this method is effective in improving PAH
degradation rates (Nikolopoluou et al. 2013; Varjani
2017; Borowik and Wyszkowska 2018). There are sci-
entific reports describing the use of single strains of
microorganisms in bioaugmentation of PAH-
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Fig. 5 Average ecophysiological diversity indices of
organotrophic bacteria (Org), actinomycetes (Act), and fungi
(Fun) in soil contaminated with pyren6e depending on the type
of consortium. C, control (with pyrene, without consortia); P1,

contaminated soils (Franzetti et al. 2009; Wu et al.
2016), and the use of microbial consortia for the same
purpose (Abdulsalam et al. 2011; Wu et al. 2017,
Rabodonirina et al. 2019). In many cases, consortia
proved to be more effective than single strains, since

D-CT

DT ¢

CTt

P1 P2

bacterial consortium (pyrene + Bacillus frigoritolerans Z2B-19,
Bacillus simplex 2—134, Bacillus thuringiensis ex4); P2, bacterial
consortium (pyrene + Bacillus pumilus Bp-11, Bacillus safensis
L22, Bacillus aerophilus KUDC1741)

the catabolic pathway intermediates of one strain can be
further degraded by other strains possessing a suitable
catabolic pathway (Heinaru et al. 2005).

The present study has shown that the application of
microbial consortia isolated from PAH-contaminated

6.41

6.92

7.61

11.23

12.22 23.48 0.20

3.40 6.58 6.03 8.46 8.27 11.29 2.37
0.27 1.32 5.03 2.45 0.26 15.02 0.90
0.15 0.39 0.50 0.66 3.09 0.69 0.18
0.44 6.25 13.07 27.26 6.40 1.80
-7
0.27 1.72 0.71 7.68 15.56 4.21 34.44 o
52-61
22.90 1.44 5.85 17.65 1 = 42-51
[ 32-41
8.76 5.73 17.97 19.32 0.88 42.43 [ 22-31
: * * : * [ 1221
Deh Pac Glu Cat Aryl Pal Ure 1-11

Fig. 6 Percentage of variable factors (57) on the basis of the enzymatic activity in soil contaminated with pyrene; D, dose; C, type of

consortium; T, term; E, error
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Fig. 7 Enzymatic activity in soil contaminated with pyrene pre-
sented by PCA method regardless of the type of consortium (a)
and the dose of pyrene (b); Deh, dehydrogenases; Cat, catalase;
Ure, urease; Pac, acid phosphatase; Pal, alkaline phosphatase;
Aryl, arylsulphatase; Glu, 3-glucosidase; P, pyrene; 0, 100,
1000—doses of pyrene (mg kg~ DM soil); 2, 8—research terms

soil affected the counts of organotrophic bacteria,
actinobacteria, and fungi. At all test times, bioaugmen-
tation of the soil with consortium P1 (B. frigoritolerans
Z2B-19, B. simplex 2—134, B. thuringiensis ex4) pro-
moted organotrophic bacteria growth and fungi growth,
with increases of 5.08% and 29.70%, respectively (rel-
ative to the control). Inoculation of soil samples with
consortium P2 (B. pumilus Bp-11, B. safensis 122,
B. aerophilus KUDC1741), led to similar increases,
with mean counts of organotrophic bacteria and
actinobacteria being higher by, respectively, 17.55%
and 17.10% than in the non-inoculated series.

A study by Wu et al. (2017) investigated the effect of
bioaugmentation and biostimulation on hydrocarbon deg-
radation and microbial activity in soil contaminated with
diesel oil. The consortium used in that study consisted of:
Pseudomonas stutzeri GQ-4 strain KF453954, Pseudo-
monas SZ-2 strain KF453956, Bacillus SQe2 strain
KF453961, and Acinetobacter SZ-1 strain KF453955.
After a period of 112 days, the use of bioaugmentation
led to a small (5%) decrease in the total level of hydro-
carbons (from the initial 61.000 mg kg '"DM soil). How-
ever, increased microbial activity was also observed. In
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(in weeks); C, P1, P2— C—control (with pyrene, without consor-
tia); P1, bacterial consortium (pyrene + Bacillus frigoritolerans
Z2B-19, Bacillus simplex 2—134, Bacillus thuringiensis ex4); P2,
bacterial consortium (pyrene + Bacillus pumilus Bp-11, Bacillus
safensis 122, Bacillus aerophilus KUDC1741); Fuchsia Greek
capital letter delta; blue Latin small letter “O” end of vectors; cases

turn, Rabodonirina et al. (2019) used a consortium of
P. stutzeri, B. simplex, and B. pumilus in an experiment
examining bioremediation of soils contaminated with 3-
ring and 4-ring hydrocarbons. The study reported consor-
tium efficacies of 65-86% and 86-95% for fluorene and
phenanthrene degradation, respectively. HMW PAHEs,
such as pyrene and fluoranthene, were resistant to these
microbial strains. A study by Abdulsalam et al. (2011)
compared bioaugmentation and biostimulation in soil
contaminated with diesel oil over a period of 40 years.
A consortium of Bacillus subtilis and Pseudomonas
aeruginosa was shown to increase the total heterotrophic
bacteria count relative to the control. Moreover, use of
microbes for soil remediation was shown to have an
efficacy of 66% in reducing oil levels. According to these
authors, the microbes needed approximately 10 days to
adapt to the contaminated environment, and this adapta-
tion period was followed with an increase in microbial
counts. In line with the present study, just 2 weeks into
the experiment, the microorganisms were able to harness
the contaminants as metabolic substrates and rapidly
grow, as confirmed by their increased counts. The in-
creased counts of organotrophic bacteria, actinobacteria,
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and fungi in the 8th week of the study probably resulted
from the degradation of organic substances by those
microorganisms, which gradually released carbon from
pyrene. The microorganisms can use xenobiotics as an
additional source of carbon and energy by adapting to the
new environmental conditions and boosting own meta-
bolic processes (Zafra et al. 2014; Lipinska et al. 2015;
Borowik and Wyszkowska 2018).

Polycyclic aromatic hydrocarbons not only affect mi-
crobial counts, but microbial diversity as well (Sun et al.
2012; Wyszkowska et al. 2015; Borowik et al. 2018).
Our study showed variance in the colony development
index and ecophysiological diversity index values for
organotrophic bacteria, actinobacteria, and fungi. The
growth of organotrophic bacteria colonies and
actinobacteria colonies in the control series proved to be
higher in the initial phase of the study. R strategists (fast-
growing microorganisms with efficient metabolism, but
susceptible to external agents) dominated in the first test
time. They were later superseded by K strategists—
microorganisms that adapt to contaminated environments
and are specialized PAH degraders—which resulted in
decreased CD values (De Leij et al. 1994). The reverse
was observed for fungal colonies, which exhibited higher
CD values during the second test time.

The mean EP values computed for all of the micro-
organism groups were lower after 8 weeks relative to the
first test time. The variability of EP values in our study
shows the impact of pyrene on the microbial structure.
The ability of microorganisms to degrade hydrocarbons
and adapt to function in an unfavorable environment is
determined by, i.e., the properties and functions of mi-
croorganisms in the soil or the severity of the environ-
mental stress (Wang et al. 2011). Ecophysiological di-
versity index (EP) describes how steady the microbial
growth is over a given period of time. EP values can
range from 0 to 1—the higher the value, the steadier the
growth. Over the course of the study, the mean EP
values computed for organotrophic bacteria,
actinobacteria, and fungi decreased. The fast-growing
microorganisms were replaced over time by the micro-
organisms that adapted to the pyrene contamination.

4.2 Biochemical Activity

Soil contamination with polycyclic aromatic hydrocar-
bons upsets soil homeostasis (Nannipieri et al. 2018;
Borowik et al. 2019). One of the better ways to assess
soil quality is to monitor the activity of soil enzymes,

which are responsible for soil metabolism (which, in turn,
is closely linked to nutrient activation and degradation of
contaminants such as PAHs) (Lipinska et al. 2015;
Borowik et al. 2017; Lipinska et al. 2019). Our study
proved that various soil enzymes reacted differently to
individual pyrene doses across the test times. The highest
activity levels for dehydrogenases and urease were ob-
served in pyrene-free soil at the first and second test times,
respectively. Among the enzymes, dehydrogenases and
urease are the least resistant to external agents (Lipinska
et al. 2014; Lipinska et al. 2015; Wyszkowska et al.
2015), a susceptibility that usually manifests in lower
activity levels after exposure to PAHs. The stimulating
effect of pyrene doses of 100 mg kg™' DM soil was the
most pronounced for arylsulfatase activity in the second
week of the study, and for acid/alkaline phosphatases in
the eighth week of the study. By comparison, a pyrene
dose of 1000 mg kg™' DM soil showed the strongest
stimulating effect with regard to catalase activity and f3-
glucosidase activity during the first test time. Pyrene is a
HMW polycyclic aromatic hydrocarbon. Hydrocarbons
with a higher number of rings are less biodegradable (Seo
et al. 2009). Pyrene stimulates the activity of catalase,
acid phosphatase, alkaline phosphatase, arylsulfatase, and
[3-glucosidase due to its degradation by microorganisms,
which can utilize it as a source of carbon and energy
(Wyszkowska and Wyszkowski 2010).

Our study showed that the activity of dehydroge-
nases, catalase, acid phosphatase, alkaline phosphatase,
and arylsulfatase increased in the bioaugmented soil
during the first test time. Conversely, the activity of
urease and 3-glucosidase decreased against the control.
Dehydrogenases are the most sensitive among these
enzymes, and thus indicate the presence of living and
intact microbial cells (Andreoni et al. 2004). Our exper-
iment showed that the activity of the enzymes increased
in the first test time (the second week), and that the
highest levels of produced TFF (25% more than the
control) were recorded in the soil samples bioaugmented
with consortium P2. A study by Patel et al. (2013) also
noted increased activity of dehydrogenases due to soil
amendment with a consortium of six strains: Bacillus sp.
ASP1, Pseudomonas sp. ASP2, Stenotrophomonas
maltophilia ASP3, Staphylococcus sp. ASP4,
Geobacillus sp. ASPS, and Alcaligenes sp. ASP6. After
8 weeks of our experiment, decreased dehydrogenase
activity was observed in the pyrene-spiked samples
subjected to bioaugmentation. Dehydrogenases were
not the only enzymes whose activity diminished due to
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bioaugmentation at the second test time—the same held
true for catalase, urease, acid, and alkaline phosphatase.
Given that the activity of those enzymes was higher in
the control (non-inoculated) samples than in the inocu-
lated batch, it is fair to assume that the main cause of this
situation was unfavorable antagonistic interactions be-
tween indigenous microbes and the strains introduced
into the soil (Yu et al. 2005).

The reduction in pyrene content by 55.90% in the
control samples (not amended with consortia), observed
after 8 weeks of soil incubation in our study, demon-
strates that the microorganisms gradually utilized the
hydrocarbons as part of the biodegradation processes,
and adapted to the contaminated environment. A study
by Macleod and Semple (2006) examined the capacity of
microorganisms to mineralize pyrene after 4, 8, and
12 weeks. They found that the rate of pyrene degradation
increased after 8 weeks of the experiment. The increased
pyrene concentration may have contributed to the adap-
tation of microbial populations to degrade a given hydro-
carbon at a given time. Another study, by Towell et al.
(2011), demonstrated the microbial capacity to actively
and quickly degrade aromatic hydrocarbons. Enzyme
induction, genetic changes, and selective enrichment
were the basic mechanisms used by microorganisms to
adapt to organic pollutants. Among the genetic factors
involved in microbial adaptation, gene amplification is
the most important. This mechanism modifies the metab-
olism of microorganisms exposed to contaminants
through gene enrichment and transfer (Leahy and
Colwell 1990).

Based on the levels of PAHSs in the soil, the consor-
tium P1 (B. frigoritolerans Z2B-19, B. simplex 2—134,
B. thuringiensis ex4) proved to be more effective in
pyrene degradation, as its degradation rate increased from
55.90 to 80.5% in soil samples inoculated with these
bacteria. Bacillus species are used for bioaugmentation
of PAH-contaminated soils (Toledo et al. 2006; Seo et al.
2009; Maiti et al. 2012; Poi et al. 2017). As reported by
Roy et al. (2018), bioaugmentation of soil with native
Bacillus strains in tandem with biostimulation led to a
decrease in the content of petroleum-based hydrocarbons
by 57-75%. Oualha et al. (2019) showed that Bacillus
sonorensis D1 played a crucial role in the process of
PAH biodegradation. With optimum conditions
established (a C:N:P ratio of 100:10:1, temperature of
37 °C, humidity of 10%, Tween 80 surfactant present),
degradation of 32.4% of polycyclic aromatic hydrocar-
bons was recorded after 160 days of the experiment.

@ Springer

Although the use of bioaugmentation usually leads to
a decrease in soil hydrocarbon levels, it has been report-
ed by some authors (Yu et al. 2005) that the addition of
non-indigenous microorganisms may inhibit PAH deg-
radation. The reason for that are the competitive inter-
actions that may emerge between indigenous and non-
indigenous microbial communities.

5 Conclusions

Soil bioaugmentation with consortia isolated from
pyrene-contaminated soil samples had an effect on
counts of organotrophic bacteria, actinobacteria, and
fungi; the colony development index (CD); the ecophys-
iological diversity index (EP); and the activity of soil
enzymes. Initially, it had a positive effect on the growth
of organotrophic bacteria, actinobacteria, and fungi, but
ultimately diminished microbial growth, diversity, and
the activity of soil enzymes. The microorganisms used
for bioaugmentation accelerated pyrene removal from
the soil. Consortia P1 and P2 led to accelerated pyrene
degradation by 24.6% and 16.4% respectively. In gen-
eral, the use of bioaugmentation provides favorable
conditions for the effective elimination of pyrene from
soil. This indicates that bacteria isolated from pyrene-
contaminated soil are effective pyrene degraders. Bio-
augmentation also has a beneficial effect on microbio-
logical and biochemical properties of the soil, especially
if recently contaminated.
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