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Abstract An experiment described in this work aimed
to establish the role of bioaugmentation in minimizing
adverse outcomes of loamy sand contamination with
zinc. The bioaugmentation was conducted with the use
of microbial strains being most resistant to the action of
zinc, which were isolated from the soil contaminated
with 1250 mg Zn2+ kg−1 dry matter (DM) of soil after
12-month incubation. The soil was inoculated with 4
strains of bacteria (Bacillus licheniformis KT986159.1,
Bacillus sp. KF956639.1, Gordonia amicalis
KM113029.1, Leifsonia sp. KJ191763.1) and 4 strains
of fungi (Penicillium raperi KC797647.1, Penicillium
janthinellum AY373921.1, Penicillium glabrum
LT558918.1, Trichoderma harzianum LN714612.1).
In the case of the non-contaminated soil, a metal dose
of 250 mg Zn2+ kg−1 DM of soil contributed to en-
hanced proliferation and microorganisms and enzymatic
activity. In turn, zinc in its highest dose (1250 mg Zn2+

kg−1 DM of soil) evoked adverse effects, which were
manifested in reduced numbers and diversity of micro-
organisms and suppressed activity of soil enzymes. This
contamination rate stimulated only the proliferation of
fungi, but their ecophysiological diversity was reduced
either. The bioaugmentation treatment minimized ad-
verse effects of zinc. Unfortunately, the use of autoch-
thonous microorganisms failed to reduce zinc bioavail-
ability in the soil.

Keywords Bioaugmentation . Soil enzymes . Soil
microbiome . Zinc

1 Introduction

Growing contamination with heavy metals disturbs the
functions of various elements of the natural environ-
ment, including soil. One of the adverse outcomes of
the toxic action of trace elements is reduced soil fertility
(Liu et al. 2018). Some heavy metals, i.e., Zn, Cu, Ni,
and Mn, are indispensable for the proper functioning of
live organisms. Nonetheless, most of them may impair
cell metabolism (Selvi and Aruliah 2018). Effects of
heavy metals on the microbiological and chemical prop-
erties of soil include decreased numbers and diversity of
the microbiome and, consequently, the suppressed ac-
tivity of soil enzymes (Cáliz et al. 2013; Qu et al. 2011;
Strachel et al. 2018; Wyszkowska et al. 2016). For this
reason, extensive works have been undertaken to devel-
op methods that would minimize the adverse impact of
heavy metals on the soil environment. Unlike organic
contaminants, heavy metals are non-degradable
(Alvarez et al. 2017); hence, remediation of soil con-
taminated by them involves their conversion into less
toxic compounds or in their immobilization aimed at
reducing their bioavailability. Physical methods of soil
purification from heavy metals are costly and suitable
only for small areas. In turn, chemical methods are rapid
and more cost-effective but bear the risk of the release of
other contaminants to the natural environment. Finally,
biological methods are more time-consuming but
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environment-friendly, cost-effective, and suitable for
large areas contaminated with heavy metals (Khalid
et al. 2017).

Certain microbial species exhibit resistance to
the action of such toxic substances as heavy metals,
including zinc (Table 1). Their mechanisms of re-
sistance to heavy metals include, e.g., the removal
of ions from a cell, redox processes, cell wall
structuring, and production of metallothioneins
(Alvarez et al. 2017). These specific traits are in-
creasingly often used in soil remediation, which
involves the introduction of selected strains to the
contaminated environment. Microorganisms used in
bioaugmentation should be easy culturable, fast-
growing, and resistant to high concentrations of a
contaminating substance (Mrozik and Piotrowska-
Seget 2010).

Many research works have addressed the role of soil
bioaugmentation in aiding phytoremediation by, e.g.,
production of specific compounds promoting plant de-
velopment and heavy metal bioaccumulation (Khalid
et al. 2017; Mesa et al. 2015; Ashraf et al. 2017; Ma
et al. 2009; Navarro-Torre et al. 2017; Rojjanateeranaj
et al. 2017). In turn, some other studies have reported on
the feasibility of employing microorganisms to reduce
heavy metal contents (Agnello et al. 2016; Babu et al.
2015; Emenike et al. 2017; Fauziah et al. 2017; Pani
et al. 2017; Wang et al. 2014). Remediation exploiting
microbial activity may be based on the biosorption or
transformation of metals to unavailable forms (Cáliz
et al. 2013). Nevertheless, little works can still be found
on interactions between the introduced microorganisms
and changes in the diversity of microorganisms in the
soil.

Table 1 Microorganisms resistant to zinc

Microorganisms Pollutant References

Serratia marcescens Zn Selvi and Aruliah (2018)

Pseudomonas jessenii
Pseudomonas resinovorans
Rhodococcus erythropolis
Pseudomonas fluorescens
Bacillus cereus

Zn, Cr, Ni, Co, Cd, Cu, Pb Alisi et al. (2009)

Bacillus sp.
Penicillium janthinellum
Trichoderma harzianum

Zn, Cu, Ni, Cd Chanda et al. (2017)

Pseudomonas alcaligenes
Pseudomonas mendocina
Bacillus pumilus
Ochrobactrum intermedium
Stenotrophomonas acidaminiphila

Zn, Pb, Mn, Hg, Cu, Cd, Ni, Cr, Al Jayanthi et al. (2016)

Bacillus methylotrophicus
Bacillus aryabhattai
Bacillus aryabhattai
Bacillus licheniformis

Zn, Cu, As, Pb Mesa et al. (2015)

Arthrocnemum macrostachyum
Vibrio kanaloae
Pseudoalteromonas distinct
Pseudoalteromonas prydzensis
Staphylococcus warneri

Zn, As, Cu, Pb Navarro-Torre et al. (2016)

Pseudomonas fluorescens
Pseudomonas putida

Zn, Cu, Cd, Ni Płociniczak et al. (2013)
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Even though zinc is one of the essential microele-
ments taking part in vital processes of organisms, it may
pose a threat to the soil environment, especially in
excess amounts. This results, most of all, in the deteri-
orated quality of soil as a consequence of changes in soil
microbiome and activity of soil enzymes (Boros et al.
2011; Wieczorek et al. 2015; Wieczorek et al. 2017;
Wyszkowska et al. 2017). The deteriorating condition of
the soil environment due to migration of contaminants
of anthropogenic origin, including also zinc, has led to
the search for novel and more effective solutions that
would enable restoring the homeostasis of soil ecosys-
tems. For this reason, a study was undertaken to evalu-
ate the effectiveness of soil remediation with the bio-
augmentation method in minimizing the adverse effect
of zinc on the microbiological and biochemical proper-
ties of soil. Additional analyses were conducted to de-
termine the effect of soil bioaugmentation with selected
strains of microorganisms isolated from the soil after
long-term exposure to zinc on the reduction of zinc
bioavailability in the soil.

2 Material and Methods

2.1 Soil Material

The soi l mater ia l used in the s tudy had a
granulometric composition of loamy sand with pH
5.6 and total organic carbon content of − 10.0 g kg−1

DM of soil. Its complete characteristics were provid-
ed in our previous work (Strachel et al. 2017). Loamy
sand was selected for the study considering a high
percentage of sandy soils in Poland (Bieganowski
et al. 2013). The soil material was the source of
autochthonous microorganisms isolated for the needs
of the study and then was used in the assessment of
bioaugmentation usability for minimizing adverse
effects of soil contamination with zinc.

2.1.1 Isolation of Microorganisms Resistant
to the Effect of Zinc

The soil material (100 g of air-dry soil) was transferred
into glass beakers and contaminated with zinc. An aque-
ous solution of zinc (ZnCl2) was added to beakers, at a
zinc dose of 1250 mg Zn2+ kg DM of soil. The soil
material was incubated at a temperature of 25 °C and
brought to 50% of capillary water capacity. After

12 months, the soil samples were subjected to microbi-
ological analyses. Growth of microorganisms was ob-
served on the culture media for organotrophic bacteria
(Bunt and Rovira 1955), yeast extract 1.0 g; peptone
1.0 g; KH2PO4 0.4 g; CaCl2 0.1 g; (NH4)2SO4 0.5 g;
MgSO4·7H2O 0.5 g; Mohr salt 0.03 g; agar 20.0 g;
MgCl2 0.2 g; FeCl2 0.01 g; soil extract 250 dm3; and
H2O 750 dm3, and for fungi (Martin 1950), peptone 5 g;
K2HPO4 1.0 g; glucose 10 g; MgSO4·7H2O 0.5 g; agar
20.0 g; H2O 1 dm3; 3.3 cm3 aqueous solution of Bengal
rose 1%; 25 cm3 aqueous solution of aureomycin
0.01%; and pH 5.9. Biological material was sampled
from the characteristic colonies and inoculated onto a
culture medium appropriate for a given group of micro-
organisms. Reductive inoculations were conducted five
times to achieve strains of desired purity.

2.1.2 Identification of Microorganisms

Microorganisms were identified based on the DNA
sequence of the 16S rRNA subunit in the case of bacte-
ria and of the ITS region in the case of fungi. The
following primers were used in the PCR method for
amplification of genetic material of bacteria, B-all For:
GAG TTT GAT CCT GGC TCA G, and B-all Rev:
ACG GCT ACC TTA CGA CTT, whereas the follow-
ing primers were used in the case of fungi, ITS1: TTC
GTA GGT GAA CCT GCG G and ITS4: TCC TCC
GCT TAT TGA TAT GC. The isolation of the genomic
DNA of microorganisms used for the bioaugmentation
of soil contaminated with zinc was performed by the
A&A Biotechnology company (Poland), whereas the
identification of microorganisms by the Macrogen com-
pany (The Netherlands). Genetic material was isolated
according to the procedure described in the work by
Baćmaga et al. (2015). The obtained DNA sequences of
the bacterial 16S rRNA subunit were compared using
the software available form BLAST database (Basic
Local Alignment Search Tool). In turn, the ITS regions
of fungi were compared with the use of Internal Tran-
scribed Spacer software. Phylogenetic analysis of bac-
teria (Fig. 1) and fungi (Fig. 2) is performed using
MEGA 7.0 software. An evolutionary distance matrix
was calculated by using the Kimura two-parameter dis-
tance model, and a phylogenetic tree was reconstructed
with the neighbor-joining method. The robustness of the
tree was examined by the bootstrap analysis of 1000
replicates for bacterial strains and 500 replicates for
fungal strains (Wang et al. 2011).
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Bacillus licheniformis KT986159.1
Bacillus paralicheniformis MK802111.1

Bacillus licheniformis MG428727.1

Bacillus licheniformis MG428781.1

Bacillus sonorensis JN999895.1

Bacillus licheniformis MG980062.1

Bacillus paralicheniformis MF321832.1

Bacillus licheniformis MG020097.1

Bacillus licheniformis KR909301.1

Bacillus licheniformis MK937815.1

Bacillus paralicheniformis KY694465.1

Bacillus muralis KY928096.1

Bacillus simplex KM888120.1

Sporosarcina FM173670.1

Brevibacterium frigoritolerans MF800956.1

Bacillus simplex FJ455076.1

Brevibacterium frigoritolerans JX841070.1

Bacillus simplex AJ628746.1

Bacillus simplex DQ275178.1

Bacillus sp. KF956639.1
Brevibacterium frigoritolerans KF956551.1

Gordonia amicalis KM113029.1
Gordonia amicalis EU427321.1

Gordonia amicalis AY771336.1

Gordonia amicalis GQ848235.1

Gordonia rubripertinctus AY277554.1

Gordonia westfalica MK634689.1

Gordonia alkanivorans MK182084.1

Gordonia nitida AF148947.1

Gordonia desulfuricans KY888689.1

Leifsonia lichenia MH432650.1

Leifsonia xyli HQ530518.1

Leifsonia aquatica JX010948.1

Leifsonia naganoensis KT934312.1

Leifsonia lichenia KY908321.1

Leifsonia shinshuensis KY292428.1

Leifsonia sp. KJ191763.1
Leifsonia shinshuensis KC345031.1

Leifsonia soli MH497612.1

Endophytic bacterium KX262694.1

Fig. 1 Phylogenetic tree of bacterial strains, prepared based on the
comparison of the 16S rRNA gene sequence by the neighbor-
joining method. Bootstrap values expressed as percentages of

1000 replications are given at branch points. Bar, 0.02 substitu-
tions per nucleotide position. Bacterial strains used for soil bio-
augmentation were indicated in navy blue color
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Penicillium ochrochloron MH858739.1

Penicillium cremeogriseum KU933446.1

Penicillium janthinellum AY373921.1

Penicillium griseopurpureum KF296408.1

Penicillium javanicum MH859170.1

Penicillium glaucoroseum KF296407.1

Penicillium simplicissimum MH858780.1

Penicillium ludwigii KF296409.1

Penicillium janthinellum AB293968.1

Penicillium raperi KC797647.1

Penicillium raperi AF033433.1

Penicillium brefeldianum AF033435.1

Penicillium levitum AF033436.1

Penicillium abidjanum MH858960.1

Penicillium daleae MH854984.1

Penicillium fuscum AF033411.1

Penicillium asperosporum AF033412.1

Penicillium glabrum LT558918.1

Penicillium rudallense LT558912.1

Penicillium thomii AF034460.1

Penicillium purpurascens HM469419.1

Penicillium spinulosum AF034461.1

Penicillium crocicola EU427290.1

Penicillium spinulosum LN901136.1

Penicillium glabrum KY025427.1

Hypocrea lixii HM176572.1

Trichoderma tawa MH625704.1

Trichoderma atroviride EF442080.1

Trichoderma citrinoviride MH651390.1

Trichoderma cerinum KP994910.1

Stagonosporopsis ligunicola MG195967.1

Trichoderma inhamatum AY154955.1

Trichoderma harzianum MK182420.1

Trichoderma harzianum KY031341.1

Trichoderma harzianum LN714612.1

Hypocrea lixii FR872742.1

Fig. 2 Phylogenetic tree of fungal strains, prepared based on the
comparison of the ITS region sequence by the neighbor-joining
method. Bootstrap values expressed as percentages of 500

replications are given at branch points. Bar, 0.05 substitutions
per nucleotide position. Fungal strains used for soil bioaugmenta-
tion were indicated in navy blue color
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2.1.3 Soil Bioaugmentation

The soil material was sieved through a screen with mesh
size of 2 mm. Then, 100 g samples of soil were weighed
into glass beakers. The samples were prepared in 3
replications. Doses of zinc (ZnCl2) added to beakers
corresponded to 0, 250, and 1250 mg Zn2+ kg−1 DM
of soil. In respective combinations, 1 cm3 of the follow-
ing media for the culture of microorganisms was added
to soil in the liquid form: the culture medium for
organotrophic bacteria (according to Bunt and Rovira
1955), the culture medium for fungi (according to
Martin 1950), and a mixed culture medium for
organotrophs and fungi. Subsequently, the soil samples
were inoculated with a respective consortium of micro-
organisms by adding 1 cm3 of a suspension of microor-
ganisms (which gave in total 109 cells/spores of a mi-
croorganism per 1 kg DM of soil). The soil samples
were thoroughly homogenized and incubated at a tem-
perature of 25 °C for 2 to 20 weeks. Their moisture
content was kept at 50% of the capillary water capacity
(using sterile deionized water). Strains of microorgan-
isms with 99% similarity of the nucleotide sequence of
the 16S rRNA subunit (in the case of bacteria) and ITS
region (in the case of fungi) were selected for bioaug-
mentation, which was conducted with the use of the
following bacterial strains, Bacillus licheniformis
KT986159.1, Bacillus sp. KF956639.1, Gordonia
amicalis KM113029.1, and Leifsonia sp. KJ191763.1,
and the following strains of fungi, Penicillium raperi
KC797647.1, Penicillium janthinellum AY373921.1,
Penicillium glabrum LT558918.1, and Trichoderma
harzianum LN714612.1, used as inoculums. Each
strain was multiplied on a liquid medium (with a
composition identical as that of the control medium
for bacteria and fungi) at a temperature of 28 °C for
72 h (INE 200–800 incubator, Memmert Perfect).
Afterward, cell number was determined according
to the method of breed and the number of fungal
spores using a Fuchs-Rosenthal chamber. Each inoc-
ulum (of bacteria or fungi) was composed of 4 spe-
cies of microorganisms (25% of each strain). The
following experimental variants were prepared: (1)
control soil without any bacteria; (2) soil with the
addition of bacteria consortium; (3) control soil for
fungi; (4) soil with the addition of fungi consortium;
(5) control soil for a mixture of bacteria and fungi;
and (6) soil with the addition of a consortium of
bacteria and fungi.

2.1.4 Microbiological, Biochemical,
and Physicochemical Analyses

Analyses were conducted to determine numbers of the
following groups of microorganisms: organotrophic
bacteria, actinomycetes, and fungi. Colony growth was
observed for 9 days to enable determining indices char-
acterizing changes in the soil microbiome (microorgan-
ism colony development index and index of ecophysio-
logical diversity of microorganisms). Biochemical anal-
yses included the determination of activities of the fol-
lowing enzymes: dehydrogenases, catalase, acid phos-
phatase, alkaline phosphatase, urease, and β-glucosi-
dase. The microbiological and biochemical analyses
were conducted according to methods described in the
work by Borowik et al. (2017). The soil samples were
also determined for the content of available zinc with the
method of flame atomic absorption spectrometry
(FAAS) (Harris 2006).

2.1.5 Computation of Indices and Statistical Analysis

The growth rate of the analyzed groups of microorgan-
isms was used to compute the colony development (CD)
index according to the formula provided by
Sarathchandra et al. (1997) and the index of ecophysio-
logical diversity (EP) of microorganisms based on the
formula provided by De Leij et al. (1993). In turn,
determining the enzymatic activity allowed calculating
the biochemical index of soil quality (BA), according to
Wyszkowska et al. (2013).

Results of analyses were subjected to statistical anal-
ysis in Statistica 12.0 software (StatSoft Inc. 2014) at a
significance level of p = 0.01. The percentage involve-
ment of factors of the observed variability was comput-
ed using the η2 index. Principal component analysis
(PCA) was conducted for microbial counts and enzy-
matic activity. Homogenous groups were distinguished
based on Tukey’s HSD test.

3 Results and Discussion

3.1 Changes in Microbiological Properties of Soil

Soil contamination with zinc had a significant effect on
changes in the counts of microorganisms (Fig. 3).
Among the analyzed groups of the soil microbiome,
zinc had the strongest impact on the number of fungi,
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except for the variant with soil bioaugmentation using
fungal strains, when it caused 59.85% in the prolifera-
tion of actinomycetes. Zinc had also a significant influ-
ence on the organotrophic bacteria, but not after soil
incubation with the bacterial inoculum and a mixture of
bacteria and fungi. In these two variants (inoculum of
bacteria and inoculum of bacteria and fungi), their count
was largely dependent on soil incubation time by
50.81% and 75.79%, respectively).

Considering microbial counts, it may be concluded
that the response of fungi to soil contamination with zinc
differed compared with that of the other groups of
microorganisms (Fig. 4). A zinc dose of 1250 mg Zn2+

kg−1 stimulated fungi proliferation but had an inhibiting
effect on the development of organotrophic bacteria and
actinomycetes. These dependencies are confirmed in
Fig. 4 by cases located around vectors describing these
groups of microorganisms. Importantly, in the variants
with 250 mg Zn2+ kg−1, the numbers of bacteria and
actinomycetes increased after soil inoculation with the
consortium of bacteria, as observed in the second week
of the experiment. Soil contamination with zinc may
upset the homeostasis of its microbiome (Strachel et al.
2017; Wyszkowska et al. 2013; Wyszkowska et al.
2016), which is manifested by a stimulated proliferation
of microorganisms caused by small amounts of zinc or

0%

20%

40%

60%

80%

100%

Org Act Fun Deh Cat Pac Pal Ure Glu

a b c a·b a·c b·c a·b·c errora

0%

20%

40%

60%

80%

100%

Org Act Fun Deh Cat Pac Pal Ure Glu

a b c a·b a·c b·c a·b·c errorb

0%

20%

40%

60%

80%

100%

Org Act Fun Deh Cat Pac Pal Ure Glu

a b c a·b a·c b·c a·b·c errorc

Fig. 3 Percentage of components
of the observed variability (η2)
after bioaugmentation with the
use of bacterial inoculum (A),
fungal inoculum (B), and
inoculum of bacteria and fungi
(C). a dose of Zn2+, b inoculum, c
incubation time; Org
organotrophic bacteria, Act
actinomycetes, Fun fungi, Deh
dehydrogenases, Cat catalase, Pac
acid phosphatase, Pal alkaline
phosphatase, Ure urease, Glu β-
glucosidase
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by the toxic effect of caused by the severe soil contam-
ination with this metal. The adverse impact of zinc may
be mitigated by bioaugmentation, which may increase
counts of microorganisms (Babu et al. 2015).

The analysis of the growth rate of microorganisms
enables concluding that the investigated species of fungi
were the fast-growing ones (r-strategists) (Fig. 5). Their
development was the most intense in the first 3 days.
Also the organotrophic bacteria were intensively devel-
oping in the first days, but their slowly growing species
could be observed as well. In turn, the development of
actinomycetes was the most stable in time. In the case of
organotrophs and actinomycetes, the long-term
(20 weeks) exposure to 1250 mg Zn2+ caused a signif-
icant increase in their CD index value comparedwith the
non-contaminated soil. In the 20th week of the experi-
ment, the value of the CD index computed for
organotrophic bacteria after soil contamination with this
dose of zinc ranged from 15.73 (soil inoculated with the
consortium of fungi) to 18.87 (soil inoculated with the
consortium of bacteria and fungi). In contrast, the value
of the CD index computed for actinomycetes ranged
from 11.45 (control soil) to 16.60 (soil inoculated with
the consortium of bacteria). This may be indicative of
the inhibited development of rapidly growing microor-
ganisms and the promoted development of the slowly
growing ones. An opposite dependency was observed in

the 20th week for fungi, except for the variants in which
soil was inoculated with the consortium of fungi and
with the consortium of bacteria and fungi, when the
value of the CD index decreased from 32.06 to 30.03,
as well as from 32.76 to 26.54, respectively. The devel-
opment of microorganisms tolerant to soil contamina-
tion with heavy metals may be associated with a few
mechanisms, including, e.g., decreased permeability of
cell walls, active transport and sequestration of metal in
a cell, enzymatic conversion of a metal to a less toxic
form, and extracellular binding of metals as a result of
the production of polymeric substances which reduce
metal mobility (Ashraf et al. 2017; Ojuederie and
Babalola 2017). Important are also interactions between
individual species of microorganisms. For instance, in a
study by Agnello et al. (2016), the bioaugmentation
caused a higher number of heterotrophic bacteria, which
was due to the high competition of the strains used with
autochthonous microorganisms.

In the present study, the values of the ecophysiolog-
ical (EP) diversity index range from 0.10 to 0.47 for
actinomycetes, from 0.13 to 0.41 for organotrophic
bacteria, and from 0.01 to 0.32 for fungi and are the
highest in the case of actinomycetes (Fig. 6). After
20 weeks of incubation of the non-contaminated soil,
the EP value calculated for organotrophic bacteria was
lower than after 2 weeks of incubation. The EP index
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value decreased in the range from 8.00 (soil inoculated
with the consortium of bacteria and fungi) to 61.11%
(control soil without bacteria). Contamination with zinc
contributed to changes in the ecophysiological diversity
of the soil environment. Diminished microbiome diver-
sity under exposure to heavy metals was also observed
by Fauziah et al. (2017). Soil contamination with zinc
significantly decreased the value of the EP index of
fungi in the 2nd and 20th week of the experiment,

especially after soil exposure to 1250 mg Zn2+

kg−1. However, after 20 weeks of incubation of the
soil exposed to this dose of zinc, soil bioaugmenta-
tion with the consortium of fungi and with the
consortium of bacteria and fungi contributed to the
EP index increase. When referring these data to the
earlier observations regarding the stimulating effect
of zinc on fungi multiplication, they may indicate
the development of species resistant to this metal.
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Fig. 5 Effect of soil bioaugmentation on microorganism colony
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Page 9 of 16 443



Water Air Soil Pollut (2020) 231: 443

After 20 weeks of incubation of the most contami-
nated soil (1250 mg Zn2+), its bioaugmentation with
bacterial strains caused an increase in the EP value
computed for actinomycetes, in contrast to the fungi
inoculum which decreased its value. In turn, the
consortium of bacteria and fungi had a positive
effect on the ecophysiological diversity of all
groups of microorganisms tested. A study

conducted by Wang et al. (2014) has suggested that
the microbiological diversity of soil is largely de-
pendent on conditions of microorganism inocula-
tion. The introduced strains have greater chances
for development and activity upon the use of an
additive rich in nutrients. This may result in the
enhanced multiplication of both the introduced
strain and the autochthonous microorganisms.
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Fig. 6 Effect of soil bioaugmentation on the ecophysiological
(EP) diversity index ofmicroorganisms. A control soil for bacteria,
B soil inoculated with the consortium of bacteria, C control soil for
mold fungi, D soil inoculated with the consortium ofmold fungi, E
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columns indicate standard error
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3.2 Changes in the Biochemical Properties of Soil

Changes in activities of the soil enzymes analyzed are
affected to the greatest extent by zinc dose (Fig. 3).
However, alkaline phosphatase activity was also signif-
icantly influenced by the soil incubation time, with the
most significant effect observed in the soil inoculated
with the consortium of bacteria and fungi. In turn, soil
inoculation with the consortium of microorganisms had
the most substantial effect on the activity of β-glucosi-
dase, by 6.84% (the consortium of fungi) to 24.76% (the
consortium of bacteria and fungi).

Soil contamination with 1250 mg Zn2+ kg−1 DM of
soil suppresses activities of the enzymes tested (Fig. 7).
Such observations were also made by other authors
(Borowik et al. 2014; Kucharski et al. 2011; Strachel
et al. 2017; Wieczorek et al. 2014; Wyszkowska et al.
2016). Based on the arrangement of vectors describing
biochemical properties of soil in Fig. 7, dehydrogenases,
catalase, and acid phosphatase respond similarly to the
analyzed factors, and their highest activities are deter-
mined in the non-contaminated soil. In a research con-
ducted by Agnello et al. (2016), bioaugmentation en-
hanced the activity of lipase, whereas in the study car-
ried out by Babu et al. (2015), soil inoculation with
Pseudomonas koreensis AGB-1 strain (resistant to zinc
contamination) contributed to the enhanced activities of

dehydrogenases (by 42%) and acid phosphatase (by
32%). Urease and alkaline phosphatase responded sim-
ilarly to changes in the soil environment; their activities
were stimulated by a zinc dose of 250 mg Zn2+ kg−1 DM
of soil. This effect was additionally intensified by soil
inoculation with the consortium of bacteria and fungi.
The response of β-glucosidase was opposite to the
other enzymes tested and manifested by its promot-
ed activity after soil contamination with 250 mg
Zn2+ kg−1 DM of soil and its inoculation with the
consortium of fungi. This is indicative of a strong
correlation between fungi count and activity of β-
glucosidase. As reported by Sørensen et al. (2013),
fungi are producers of many lignocellulosic en-
zymes, including β-glucosidase.

The responses of individual enzymes to the ex-
perimental factors may differ. Nevertheless, the bio-
chemical properties of soil are indicative of its fer-
tility. Enzymes are responsible for the rate of meta-
bolic transformations, including nutrients availabili-
ty. The soil fertility index (BA), proposed by
Wyszkowska et al. (2013), is based on the total
activity of a few enzymes, due to which it may, in
a simple way, depict the overall condition of the soil
environment. In the conducted experiment, we ob-
serve a toxic effect of soil contamination with zinc,
which was confirmed by the computed value of the
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Fig. 7 Activity of enzymes in zinc-contaminated soil subjected to
bioaugmentation (PCA). Deh dehydrogenases, Cat catalase, Pac
acid phosphatase, Pal alkaline phosphatase, Ure urease, Glu β-
glucosidase. A control soil for bacteria, B soil inoculated with the
consortium of bacteria, C control soil for mold fungi, D soil

inoculated with the consortium of mold fungi, E control soil for
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BA index (Fig. 8). The longer exposure time
(20 weeks) to experimental factors contributed to
its increased value. In this period, the BA ranged
from 1.29 (soil contaminated with 1250 mg Zn2+

kg−1 and inoculated with the consortium of bacteria
and fungi) to 7.91 (non-contaminated soil, inoculat-
ed with the consortium of fungi). This may point to
the effect of time on microbiological balance stabi-
lization in the zinc-stressed soil. After 2 weeks since
the inoculation of the bacterial consortium to the soil
contaminated with 250 mg Zn2+ kg−1 DM of soil,
the value of the BA index was observed to increase
(by 6.76% compared with the control soil for bacte-
ria). Its increase was also noted in the soil contam-
inated with 1250 mg Zn2+ kg−1 DM of soil and
inoculated with the consortium of fungi (increase
by 11.81% compared with the control soil for fungi)
and with the consortium of bacteria and fungi (in-
crease by 9.70% compared with the control soil for
bacteria and fungi). In the 20th week of the exper-
iment, an increase in BA value was determined in
the non-contaminated soil inoculated with the con-
sortium of bacteria and fungi and in the soil con-
taminated with 250 mg Zn2+ and inoculated with the
consortium of fungi strains.

3.3 Changes in Zinc Content in the Soil

The bioaugmentation treatment generally had no signif-
icant effect on the content of available zinc in the soil
(Table 2). Some regularity was observed in the case of
soil inoculation with fungi, which after 20 weeks of soil
incubation reduced zinc absorption. As reported by
Emenike et al. (2017), autochthonous microorganisms
are capable of “cleaning” the soil from heavy metals.
However, as underlined by these authors, under severe
soil contamination with heavy metals, the process of
reducing their availability should be aided by bioaug-
mentation with strains resistant to the effects of these
metals. Changes in the solubility of heavy metals in the
soil induced by microorganisms depend mainly on the
strains used for soil inoculation. A study conducted by
Braud et al. (2006) demonstrated both an increase and a
decrease in metal availability, as affected by the intro-
duced strain of microorganisms. Immobilization of
heavy metals prevents their migration in a soil solution,
thereby reducing contamination of larger soil areas
(Valentine et al. 1996).

Some of the strains used in our study were also
investigated by other authors for their effect on changes
in the availability of heavy metals: T. harzianum
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(Hoseinzadeh et al. 2017; Krantz-Rülcker et al. 1993),
P. janthinellum (Su et al. 2010), and B. licheniformis
(Hafez et al. 2002; Mesa et al. 2015; Zhou et al. 2007).
In the experiment conducted by Krantz-Rülcker et al.
(1993), Zn availability reduction by T. harzianum was
associated with the formation of complexing com-
pounds. Metals may be bound both on the surface and
inside cells of microorganisms (Su et al. 2010).
Biosorption is based on the interactions of ions with
functional groups of a cell wall (Das 2010). The cell
wall structure determines the effectiveness of heavy
metal ion binding by bacterial cells. In the Gram-
positive bacteria, a strong effect is ascribed to a pepti-
doglycan, while in the Gram-negative ones to a lipo-
polysaccharide. These structures of the cell wall are the
active sites of heavy metal binding by bacteria because
they act as ligands (Gupta et al. 2015). Gupta and Diwan
(2017) have reported the capability of bacterial to
bioaccumulate heavy metal ions in a cell to be associat-
ed with the presence of an exopolysaccharide, the chem-
ical structure of which allows for the non-specific bind-
ing of these elements. The protective action of
exopolysaccharides against the adverse effects of heavy
metal ions has been reported in such bacteria as
Alcaligenes faecalis, Xanthomonas campestris, and
Acetobacter xylinum (Donot et al. 2012). The capability
for heavy metal ion biosorption has also been demon-
strated by Saccharomyces cerevisiae yeast, but in their
case, the biosorption proceeds via the mechanism of ion
scavenging (Machado et al. 2010). In turn, increased
metal mobility is linked with the production of
biosurfactants, organic acids, and siderophores (Ma

et al. 2009). An excellent example, in this case, may
be B. licheniformis, which is capable of producing
biosurfactants (Simpson et al. 2011). In turn,
Desulfovibrio desulfuricans converts sulfate into bisul-
fate, which reacts with ions of heavy metals, forming
insoluble forms of metal sulfides (Chibuike and Obiora
2014). A change in solubility may also be caused by
changes in environment pH (Babu et al. 2015). Howev-
er, it is difficult to predict the effect of the treatments
applied in complex systems like, e.g., soil. In the present
study, soil inoculation with the autochthonous strains
resistant to zinc did not reduce its bioavailability.

4 Conclusions

Results of the conducted experiment demonstrated that
zinc applied in the dose of 1250 mg Zn2+ kg−1 DM of
soil had an adverse effect on microbiological and bio-
chemical parameters of loamy sand. However, its dose
of 250 mg Zn2+ kg−1 DM of soil was shown to stimulate
the proliferation of microorganisms and to enhance the
activity of selected enzymes. Soil inoculation with the
selected zinc-resistant autochthonous microorganisms
contributed to the alleviation of the adverse effects
evoked by soil contamination with this heavy metal.
This was associated with the upset microbiological and
biochemical homeostasis of the soil. Even though mi-
croorganisms are capable of reducing the availability of
heavy metals in the soil, the consortia of microorgan-
isms used in our experiment failed to bring the expected
effect, i.e., did not reduce zinc bioavailability.

Table 2 Content of available zinc (in mg kg−1 DM of soil)

mg Zn2+ kg−1

DM of soil
Type of inoculum

Bacteria Fungi Bacteria and Fungi

Control Inoculum Control Inoculum Control Inoculum

2 weeks

0 7.2 7.9 7.2 6.8 6.8 6.9

250 243.0 236.0 241.0 242.0 242.0 247.3

1250 1132.0 1156.0 1116.0 1230.0 1225.0 1209.9

20 weeks

0 4.7 5.9 5.5 5.3 5.5 6.5

250 241.3 231.3 241.5 217.3 235.0 232.8

1250 1272.0 1167.0 1147.0 1021.0 1327.0 1220.0
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