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Abstract: With the development of modern agriculture, the pollution caused by
the use of chemical fertilizers and pesticides has become a serious problem,
posing a threat to human health and the living environment. Bioremediation
technology is receiving more and more attention due to the safety of contam-
inated soil, non-secondary pollution, and low cost. In this study, white rot fungi
were immobilized by the adsorption method, and the functional plants suitable
for reducing carbofuran were screened by pot experiment. Based on a previous
study, a combined remediation technique was established. The results showed
that after 30 days, compared to the single bioremediation of carbofuran-con-
taminated soil, the degradation rate increased by 19 % through the corn—white
rot fungi combined remediation, and by 17 % using the sorghum—white rot
fungi combined remediation. The effect of the pesticide content in soil on the
combined remediation is mainly reflected in the significant difference in the
number of microorganisms (p < 0.05). Combined bioremediation may be a
better alternative to mitigate the impact of high pollution on microorganisms at
different pollutant concentrations compared to single microbial bioremediation
or phytoremediation.

Keywords: fungal; combined bioremediation; immobilization; adsorption.

INTRODUCTION

Carbofuran (2,2-dimethyl-2,3-dihydro-1-benzofuran-7-yl methylcarbamate)
is toxic to humans, animals and fish and is widely used in agriculture.!=3 It is
extremely toxic to humans and animals and is reported to be teratogenic and
embryotoxic. Hitherto, no reports have been made citing the effects of carbofuran
toxicity on human cells. Carbofuran is easily hydrolyzed in the environment, but
residues have been detected in groundwater due to its high fluidity and wide-
spread use in the soil.#5> The World Health Organization (WHO) has mentioned

* Corresponding author. E-mail: baojia@sut.edu.cn
https://doi.org/10.2298/JSC190301052L

111

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.




112 WANG et .

that the oral lethal dose (LDsg) values for rabbits, cats, rats, guinea pigs, mice
and dogs range from 3 to 19 mg/kg body weight.® The WHO classifies carbo-
furan as a “highly hazardous” insecticide.” It has been considered as a mutagen
after metabolic activation.-10 The carbamate pesticide has a high solubility in
water (351 mg L-1).1L.12

Currently, different methods are used to remove residual carbofuran from
soil, such as photodegradation,!3 adsorption!415 and bioremediation.!6-17 Envi-
ronmental biotechnologies are promising purification technologies that can res-
tore a contaminated toxic environment to a safe state with the help of natural
resources. As an environmentally friendly and cost-effective approach, environ-
mental biotechnology has been used to reduce growing hazardous sites.!8-20 It
describes how biological systems deal with ecological issues, such as environ-
mental remediation, pollution prevention, as well as detection and monitoring of
contaminants.?!

Immobilization technology is often used to improve the repair efficiency. In
an immobilization process, the microbial cells are encapsulated in a network of
natural polysaccharides or synthetic polymer gels (entrapment, encapsulated) and
attached to a solid carrier (adsorption or covalent bonding to the surface). Gener-
ally, immobilization limits or makes impossible or retards the free mobility of
biocatalysts with substantial loss of catalytic activity and providing the possi-
bility of reusing several times.22-24 Immobilized microbial cells play a major
role in the production of useful chemicals and the degradation of xenobiotics.
The material of the immobilized cells is easy to prepare and has good activity.
This method provides high cell density at the start of the bioreactor to prevent
cells and biomass rinsing in a continuous process.2> It also provides membrane
stabilization to have a better rate of degradation in immobilized cells.26

As a green bioremediation technology, phytoremediation requires plants to
remove organic pollutants (OCs).27 Previous studies have found that plant
growth has a positive impact on the removal of OCs such as polychlorinated
biphenyls, polycyclic aromatic hydrocarbons (PAHs) and pesticides.28:2% OC is
absorbed by plant roots and can be converted into plant constituents. Non-toxic
intermediates are stored in plant cells are converted to CO, and H,O by volatil-
ization or mineralization.30 In addition, the composition of the rhizosphere com-
munity is also an important factor for successful rhizosphere restoration. Plants
that are capable of selectively enriching OC at their rhizosphere perform better in
enhancing pollutant degradation.3!

In this study, white rot fungi were immobilized on straw and used for reme-
diation of soil contaminated with carbofuran. In addition, six plants were selected
and grown in soil modified with carbofuran to assess the efficiency of rhizo-
sphere bioremediation. A combination of the above two techniques is used to
study microbial remediation of pesticides.
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EXPERIMENTAL
Materials

Specific white rot fungi (Phlebia sp-C, Lenzites betulinus-Y) were domesticated and
cultured in the Microbiology Laboratory of Shenyang University of Technology. Carbofuran
(purity of 98 %) was purchased from Shandong Rongbang Pesticide Chemical Co., Ltd.
(China). The experimented plant species are given in Table I. Plantt seeds were purchased
from Shenyang East Asia Seed Co., Ltd. High-performance liquid chromatography (HPLC,
Agilent 1260, Singapore) was used to determine the degradation rate of carbofuran.

TABLE I. The experimented plant species

No. Name Latin name

1 Soybean Glycine max (Linn.) Merr.
2 Ryegrass Lolium perenne L.

3 Corn ZeamaysL.

4 Sorghum Sorghum bicolor (L.)

5 Paddy Oryza sativa

6 Pacesetter —

Soil sample collection

The soil without carbofuran came from the university campus. The soil contained trace
element, such as nitrogen and phosphorus. The method of collection was as follows: Soil
samples to a depth of 5cm were randomly selected from five different locations on the cam-
pus. After passing through an 8 mm mesh sieve, they were mixed for later use.

Immobilization procedure

Wheat straw was cut into a size of 3mm and used as a carrier for immobilizing white rot
fungi.32 Wheat straw (30 g) was accurately weighed and added to a culture dish. The culture
dish was then sterilized in a high-pressure steam sterilizer (1.01325x103 Pa, 121 °C) for 30
min. The activated white rot fungus was attached to the carrier by adsorption, and then placed
in an incubator (28 °C) for one week, and 5 mL of sterile water was added daily to retain
moisture.

Microbial degradation experiment

Carbofuran (80 mg kg'!) was added to a soil sample, sieved with a 0.35 mm sieve,
sterilized by high-temperature steam, and then naturally dried. Free C, free C+Y, immobilized
C, immobilized C+Y bacteria and only the carrier (as a blank) were added to the carbofuran-
-contaminated soil. It was then placed in an incubator (28 °C) and SnmL of sterile water was
added daily to maintain moisture. The pesticide components in the soil were analyzed using
HPLC on days 2, 4, 6, 8, 10, 12, 14, and 18. All experiments were performed in triplet.

Plant degradation experiment

Carbofuran (80 mg kg'!) was added to the soil sample, sieved with a 0.83 mm sieve, and
then naturally dried. The experimental soil (300 g) was placed in a flower pot having a
diameter of 10 cm, and seeds of the test plants were sown in the soil and marked. The pots
were kept in a sunny place. After 10 days of culture, the seedlings became thinner, leaving 10
seedlings in each pot. The location of the potted plants was randomly exchanged within two
days, and soil samples were collected for determination after 30 days. The experiments were
performed in triplet for each treatment.
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Combined remediation

Immobilization and plant culture of white rot fungi were the same as described above.
The amount of carbofuran was maintained at 100 mg kg™! but the number of white rot fungi C
added to the soil was changed. (Detailed processing is given in Table II). To investigate the
effect of different concentrations on remediation, 3 % immobilized white rot fungus C was
added to 40, 80 and 120 mg mL"! of the experimental soil. (Detailed processing is given in
Table III).

TABLE II. Treatment of the experimental design

No. Method

TO Plant

T1 Plant + 1 % immobilized C
T2 Plant + 3 % immobilized C
T3 Plant + 5 % immobilized C

TABLE III. Treatment of experimental design

No. Method

S Carbofuran concentration of the soil 40 mg kg'!
Carbofuran concentration of the soil 80 mg kg™!

T Carbofuran concentration of the soil 120 mg kg!

Ml Plant

M2 Immobilized C

M3 Plant + immobilized C

Deter mination of the number of bacterial colonies

Rhizosphere soil (1 g) and non-rhizosphere soil (1 g) were taken separately. The soil was
placed in a sterile tube, thoroughly shaken with 9 mL of sterile water to make a soil suspen-
sion, and then diluted 100 times. The diluted sample (1 mL) was placed in an aseptic culture
dish. The medium cooled to 50 °C was poured into a culture dish containing the diluted
sample and shaken rapidly to completely mix the water sample and the medium. The culture
dish was placed in an incubator at 37 °C. The number of bacterial colonies was determined
after 48 h.

Determination of the root—shoot ratio

The root—shoot ratio refers to the ratio of fresh weight or dry weight of the underground
and aerial parts of the plant, reflecting biomass allocation by plants.33 In this article, fresh
weight was used as a measure. The boundary is the soil surface, weighing the weight of the
aboveground plants and underground soil roots.

Sample pre-treatment

A 1 g soil sample was placed in a centrifuge tube and diluted with dichloromethane to a
final volume of 10 mL. The sample was then shaken for 5 min, ultrasonicated for 2 h and
centrifuged for 5 min (5000 rpm). The organic phase obtained after extraction was collected in
a beaker and completely evaporated. The dry content was dissolved in 3 mL of methanol.
After a constant volume of solution had passed through a 0.22 pum organic phase filter mem-
brane, it was injected into a high phase liquid bottle to be tested.
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The conditions of HPLC

The test conditions for carbofuran were as follows: The mobile phase was prepared with
alcohol and distilled water (55:45 volume ratio) at a rate of 1.0 mL min™!, the column tempe-
rature was 25 °C, and the wavelength of the UV detector was set at 275 nm. The sample size
was 10 pm and the retention time was about 11 min.

Data processing

Data analysis was performed by Origin software, and SPSS 19.0 software was used to

test for differences with p < 0.05 been considered a significant difference.

RESULTS AND DISCUSSION
Degradation of carbofuran in soil by the immobilized white rot fungi

The degradation rate of carbofuran by different forms of white rot fungi is
shown in Fig. 1. Whether it is free bacteria C or free bacteria C+Y, the degrad-
ation rate of carbofuran was about 50 %. However, the highest degradation rates
of immobilized C and immobilized C+Y reached 78 and 84 %, respectively,
which were 27 and 33 % higher than the free state, respectively. It could be obs-
erved that there is no significant difference between a single white rot fungus and
mixed white rot fungi. From the trend of degradation rate, the free state gradually
becomes stable, while the immobilized state shows an upward trend. Immobil-
ized microorganisms adapt to the contaminated substrate as a source of nutrients.
At the same time, the carrier can provide a stable environment for the growth of
microorganisms, and increase the density and biological activity of the bacteria.
In addition, it was found that the immobilized carrier has a certain adsorption
effect on carbofuran. Kadakol et al.34 separated Klebsiella sp. The strain ATCC
13883T was immobilized from the soil by the enrichment culture technique. The
results showed that the rate of degradation of the immobilized cells was higher
than that of the free cells, and the tolerance to changes in pH, temperature and
concentration was better.
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0 4 8 12 16 ferent forms of white rot fungi at the
Reaction time, day same time at the 0.05 level.
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The number of bacteria in the soil with different plants

The number of bacteria in the rhizosphere and non-rhizosphere soil of each
plant was determined, and the results are given in Table IV. The number of non-
root colonies was 5—10 times lower than that of the root—soil in the soil contain-
ing carbofuran. Studies3> have shown that plant rhizosphere bacteria species are
1.5 to 3 times more abundant than non-rhizosphere bacterial species, and that
there were significant differences between the rhizosphere microorganisms asso-
ciated with different plants. The number and population structure of rhizosphere
microorganisms may differ due to differences in the substances secreted by dif-
ferent species. In general, the number of colonies of microorganisms associated
with different plants from high to low is pancetta, corn, ryegrass, soybean, sorg-
hum and rice. Different plants affect microbial density and composition due to
the growth rate, root morphology, root exudate production, and oxygen trans-
fer.36 However, the extent to which plant species affect the composition of rhizo-
sphere microbial community remains unclear.3’

TABLE IV. Colony forming units (CFU) under different part

Plant Colonies number in Colonies number in
rhizosphere soil, CFU g1 non-rhizosphere soil, CFU g1
Soybean (3.1£1.5)x10° (6.7+£0.4) x10*
Ryegrass (3.5+1.2)x10° (9.1£1.2) x10*
Paddy (6.0+£0.9)x10% (4.0£1.5)x104
Sorghum (2.942.2)x10° (5.52.1)x10%
Corn (4.7£2.2)x105 (2.320.8)x10%
Pacesetter (5.5+0.2)x103 (1.1£0.6)x103

Degradation of carbofuran in soil by the plants

As shown in Fig. 2, the order of the root—shoot ratio is corn, rice, sorghum,
ryegrass, soybeans and pacesetter. Sorghum has the highest degradation rate,
followed by rice, with degradation rates of 59 and 54 %, respectively. Ryegrass
has the lowest degradation rate with a degradation rate of only 30 %. Comparing
the degradation rate and the root - shoot ratio, the relationship between them is
basically positive, i.e., the greater the root—shoot ratio is, the better is the degrad-
ation efficiency. Although the degradation rate of corn is not the highest, the ratio
of root to shoot is the highest, which could provide more room for the growth of
microorganisms. In general, sorghum and corn were selected as functional plants
for the next step in plant-microbial remediation experiments. Roots are part of
the direct contact between plants and soil, so root effects should be considered
more when studying plant degradation. The roots secrete many inorganic acids,
bases, and some organic compounds, which are beneficial to the conversion of
soil contaminants and provide nutrients to the soil. The root zone (rhizosphere) is
the most important and active reaction zone in the constructed wetlands. The
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interaction between plants and soil, microorganisms and pollutants lead to phys-
ical, chemical and biological processes in the rhizosphere.38 Plants absorb pollu-
tants and provide organic matter and additional sources of oxygen for bacteria
growth as biofilms on plant surfaces to remove pollutants.3?
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Fig. 2. Degradation of carbofuran in the investigated soil by different plants.

The degradation rate of carbofuran by the amount of immobilized white rot fungi

The effect of different doses on the degradation of carbofuran is shown in
Fig. 3. The combined remediation of corn—white rot fungi significantly increased
the degradation rate of carbofuran by adding microbial agents (p < 0.05). When
the fungi were not added to the bacteria, it increased by 18 % (the bacterial dose
was 3 %), to 45 %.

When the dose of the bacteria was 1 %, the combination of sorghum and
microorganisms did not show much advantage in the degradation of carbofuran
compared to the control of the blank plants. However, when the number of bac-
teria reached 3 %, the degradation rate of the composite repair increased from 55
to 67 %. However, regardless of whether corn or sorghum was used, there was no
significant increase in the investment as the number of bacteria increased. After
two days of planting, all sorghum seeds had germinated and were growing well,
but only some of the corn seeds germinated. After 10 days, the corn grew well.
Among them, the corn grown with 3 % white rot fungus was the best. At this
point, some sorghum appeared yellowing, and there was no significant difference
in different doses. Sixteen days after planting, 1 % corn was withered. The other
doses were very good. It shows that microbes provide some help for plants to
absorb nutrients. After 20 days of planting, the roots of sorghum became rotten,
greatly reducing the absorption of water by the soil. Plants have been shown to
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induce and stimulate the growth of specific bacterial populations and produce
distinct bacterial communities around the rhizosphere, resulting in enhanced bio-
mass and activity of the rhizosphere microorganisms compared to microorg-
anisms in the bulk soil.40

722 T
80 5 Tl
T2
1E5T13

Degradation rate, %

o
o

Corn Sorghum

Fig. 3. The influence of dosage to combined bioremediation degradation of carbofuran.
Different lowercase letters (a, b and c) represent significant differences of different methods at
the 0. 05 level, the same as below. TO, T1, T2 and T3 are methods mentioned in Table II.

The influence of initial concentration on the degradation rate of carbofuran

Corn—white rot fungi degradation of carbofuran. The degradation rate of the
combined repair system under different carbofuran levels is shown in Fig. 4. As
the concentration increased, the combined repair system significantly improved
the degradation of carbofuran. Compared to the blank plants, the degradation rate
of the composite repair was increased by 26 % at a concentration of 120 mg kg1,
and the degradation rate of the combined repair was increased by 17 % at a con-
centration of 80 mg kgL.

At low concentrations, the degradation rate of white rot fungi was basically
the same in the different treatments, but there was a significant difference in high
concentrations (P < 0.05). With the addition of highly efficient microbial agents,
the soil is rich in microorganisms. In addition, immobilized fungi can gradually
adapt white rot fungi to the original environment and help their growth and rep-
roduction in the soil. The formation of a rich micro-ecological environment in the
roots of plants makes the joint repair system stand out in high concentration pol-
luted environments. The immobilized carrier used in this experiment was not
only used for soil organic matter, but also for the growth of microorganisms to
provide nutrition. Zhang et al.#! combined Pennisetum and Arthrobacter sp.
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strain DNS10 to repair atrazine-contaminated soil. The results show that the
interaction between plants and microorganisms has a good degradation effect.
Planting has a positive effect on improving soil microbial growth and activity,
leading to higher microbial diversity.
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Fig. 4. The influence of the initial concentration to corn—white rot fungus degradation of
carbofuran. S, D, T, M1, M2 and M3 are methods mentioned in Table III; C1, C2 and
C3 are colony numbers of M1, M2 and M3 (10° CFU g'!), the same as below.

Sorghum—white rot fungi degradation of carbofuran. The degradation rate of
sorghum at different concentrations of carbofuran was not significant (p > 0.05)
(Fig. 5), which was about 60 %. At a concentration of 120 mg kg1, the highest
degradation rate can reach 66 %. The effect of concentration on bacterial col-
onies was not as pronounced as that with corn. When the concentration was 80
mg kg1, the degradation rate and the number of colonies were relatively stable,
indicating that 80 mg kg~! is the best repair concentration when using sorghum to
repair carbofuran. Through the study of bacterial colonies under different treat-
ment conditions, it was found that an increase in the pollutant concentration had a
great impact on the biomass.

Although organic pollutants bring about the carbon and nitrogen sources
needed for bacterial growth, they are toxic to microorganisms when the concen-
tration is increased to 80 mg kg~!. Due to the increase in concentration to accel-
erate the metabolic rate of microorganisms, some secondary metabolites have a
certain inhibitory effect on the metabolism of microorganisms. The reduction in
the number of soil microorganisms has a negative impact on the degradation rate.
A study by Ribeiro et al.#? aimed at assessing the potential of plant-microbial
associations for the dissipation of petroleum hydrocarbons in estuarine salt
marshes. The results showed that plants promoted the development of the mic-
robial populations of the rhizosphere hydrocarbon degradation, aiming to affect
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the microbial communities in salt marshes. Studies have shown that plant-micro-

bial combination technology has a positive impact on hydrocarbon removal in
estuarine environments.
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Fig. 5. The influence of the initial concentration on sorghum—white rot fungus degradation of
carbofuran.

CONCLUSIONS

This study indicates that the application of combined bioremediation techno-
logy in the bioremediation of carbofuran contaminated soil is a successful stra-
tegy. Based on the results of this study, it could be concluded that the immobi-
lized microorganisms increased the removal rate of carbofuran from the soil sys-
tem by 30 % compared to the un-immobilized system. Corn and sorghum are
able to take carbofuran from root soil to improve the quality of the soil environ-
ment. They could, therefore, be used to remediate soil contaminated with carbo-
furan. In summary, the rate of bioremediation is higher than that of phytoreme-
diation. However, both processes are very susceptible to the environmental con-
ditions. The effect of phytoremediation on soil is stable, but is affected by factors
such as plant growth, geography, etc. Two types of remediation techniques can
be combined to maximize the remediation effect. Due to the complexity of the
soil environment, various factors, such as cross-contamination of different pes-
ticides, geographical location, and climatic conditions, should be considered in
soil pollution control. Despite these limitations, environmental biotechnology is
becoming an attractive approach for widespread pollution mitigation.
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U3BOJ
PA3TPAIHA KAPBO®YPAHA Y KOHTAMUHUPAHOM 3EM/BUIITY KOMBMHOBAHOM
TEXHOJIOTUJOM BUJBKA-MHUKPOOPTAHU3AM

XIN WANG', ZHAOXING L1', MENGQIN YAO?, JIA BAO' u HUIWEN ZHANG®

!College of Science, Shenyang University of Technology, 110870 Shenyang, China, “Chengdu Institute of
Organic Chemistry, Chinese Academy of Sciences, 610041 Chengdu, China u *Institute of Applied Ecology,
Chinese Academy of Sciences, 110016 Shenyang, China

Pa3Bojem caBpeMeHe TOJBONIPUBpeLe, 3araheme U3a3BaHo kopultheweM xemujckux hydprsa
U IeCTULH/IA TI0CTasIo je 030ubaH IpOdIEeM, KOjU YIpoxaBa 34paB/be JbyoU U )KUBOTHY CPENUHY.
Cee Beha makma NOKIaka Ce peMenujauiju, 300T CUTYPHOCTH 3eMJBMINTA Off KOHTaMHUHALMje,
usberasama CEKyHIApHOT 3arahema 1 EKOHOMUYHOCTH. Y OBOj CTYZIWjH, IVbHUBHLIE DEJle TPYJIEXH Cy
Bune umobuucane ancopnuyjoM, a GyHKIMOHATHE OH/bKe TOTOfHE 3a pasrpanmy kapdodypaHa,
UCIIUTaHE Cy CKPUHUHIOM, EKCIIEPUMEHTOM Yy mocynu. Ha OCHOBY NpDETXOfHE CTyAuje YCTaHOB-
JbeHa je kKoMOMHOBaHa MeTofa peMearjauuje. PesynraTy cy nokasanu ja je HakoH 30 maHa Sp3uHa
pasrpanme, y OTHOCY Ha jeIHOCTpaHy SropeMenujaliijy 3eM/bHILITa KOHTaMUHUPaHOT kapdodypa-
HoM, Owita Beha 3a 19 % y cyuajy koMOMHOBaHe peMenujaunje KyKkypys3—IJbrBe Oejie Tpysexu, a
3a 17 % y cny4ajy kuHecka mehepHa Tpcka—I/prBe Oere Tpy/exu. YTHLQj canpikaja HecTHuusa y
3eMJBMILITY Ha KOMOWHOBaHy peMelvjalljy yIJIaBHOM Ce OIjiefia y 3HavyajHOj pasiulu y Opojy
mukpoopranuzama (p < 0,05). KomduHoBaHa dropemenujaurja Mmoxe OUTH Dorba anTepHaTHBA 3a
ybnaxxaBame edekara BUCOKOT 3araherma Ha MUKPOOPraHU3Me MPY Pa3IiuATUM KOHIIEHTpaLHjamMa
NOJIyTaHTa Hero jeJHOCTpaHa MUKPODOHooLKa OHopeMenrjanya win (UTopeMenrjanyja.

(ITpumibero 1. MapTa, peBUAUpaHo 2. jyHa, npuxsaheHo 3. jyHa 2019)
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