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Abstract

Phenol and its derivatives behave as mutagens, teratogens and carcinogens inducing adverse physiological effects and are
considered environmental hazards. The present study focuses on high concentration phenol utilization by Aspergillus niger
FP7 under various physicochemical parameters. The soil remediation potential of the culture for reducing phenol toxicity against
Vigna radiata L. seed germination was also evaluated along with the extent of phenol utilization using high-performance liquid
chromatography. Aspergillus niger FP7 showed phenol tolerance up to 1000 mg/l, beyond which there was a sharp reduction in
phenol utilization. Supplementation of the mineral salt medium with glucose and peptone and application of a 100 rpm agitation
rate enhanced phenol utilization (up to 88.3%). Phenol utilization efficiency decreased (up to 29.6%) when cadmium and
mercury salts were present, but the same improved (59.4—75.5%) by the incorporation of cobalt, copper and zinc salts. Vigna
radiata L. seeds sown in the non-augmented soil revealed a 3.27% germination index, and with fungal augmentation, the
germination index improved (97.3%). The non-augmented soil demonstrated 3.1% phenol utilization, while for the augmented
soil, the utilization was 79.3%. Based on the phytotoxicity study and chromatographic analysis, it could be inferred that
Aspergillus niger FP7 significantly enhanced phenol utilization in soil. In the future, Aspergillus niger FP7 could be of potential
use in bioremediation of sites polluted with high concentrations of phenol.
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Introduction

Phenol is a volatile aromatic compound, widely distributed as
an environmental pollutant. Phenol along with its derivatives
is commonly present in the effluents of many industrial pro-
cesses: ceramic plants, coal conversion process, food indus-
tries, pharmaceuticals and oil refineries at a range from 1 to
several hundred mg/l (Al Hashemi et al. 2015). Besides the
high bioaccumulation rate along the food chain, phenolic
compounds being lipophilic represent a serious threat against
the natural environment and human health since they behave
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as mutagens, teratogens and carcinogens and induce adverse
haematological and physiological effects (Zhou et al. 2017).
In pollution management, biological processes involving
microorganisms and their metabolites facilitate a substitute
to the existing physical/chemical technologies since the for-
mer is economical and environment friendly (Aracic et al.
2015). Numerous bacteria and fungi are known to utilize phe-
nol aerobically as a source of energy and carbon (Pradeep
et al. 2015). However, due to their capacity to grow under
extreme conditions of nutrient deficiency, low pH, limited
water supply etc. and being able to tolerate and utilize a range
of xenobiotics, fungi may be preferred over bacteria in bio-
degradation of phenol and phenolic compounds (Yordanova
et al. 2013). Filamentous fungi can mediate phenol degrada-
tion since they frequently inhabit wood where phenolic struc-
tures are abundant. Under such growth conditions, phenol
degradation is mediated by enzymes (phenol hydroxylase
and catechol 1,2-dioxygenase) that are commonly found in
fungi (Sharma et al. 2016). Fungi such as Penicillium sp.,
Aspergillus sp., Fusarium sp., Graphium sp., Phanerochaete


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-13947-x&domain=pdf
http://orcid.org/0000-0001-7920-3609
mailto:sourav3011@rediffmail.com

Environ Sci Pollut Res (2021) 28:64030-64038

64031

sp., Trametes sp. and Pleurotus sp. have the potential to de-
grade phenol and its derivatives (Carabajal et al. 2016).

Degradation of phenol by fungi under natural conditions is
reported to be restricted by the high concentration of the con-
taminant, nutrient availability, adverse environmental condi-
tions or non-availability of suitable microorganisms (Al-
Khalid and El-Naas 2012). Although many phenol-utilizing
fungi have been documented, available scientific literatures on
physicochemical factors influencing utilization of phenol at
higher concentrations are scanty. Keeping these points in the
forefront, the present study explores utilization of high con-
centrations of phenol by fungi native to phenol-contaminated
pharmaceutical effluent, analyses the factors influencing
phenol utilization and checks the potency of the isolate
to remediate phenol contamination in soil under labora-
tory conditions.

Materials and methods
Chemicals and reagents

Analytical grade chemicals and dehydrated media from
HiMedia (Mumbai, India) were used.

Isolation of fungi

Pharmaceutical effluent (100 ml) was sampled from the Jigani
Industrial Area (12.46° N, 77.38° E), Bangalore, India. In the
laboratory, the effluent was stored under aseptic condition
until used. To obtain pure fungal cultures, the sample was
diluted (dilutions 10" to 1077) and plated on potato dextrose
agar (PDA). Plates were incubated (28 + 2 °C, 5 days) and
checked for the appearance of fungal colonies.
Morphologically distinct cultures were inoculated on PDA
slants and preserved at 4 °C.

Selection of potent fungal culture

The modified mineral salt medium of Bhattacharya et al.
(2011) (composition g/l: (NH4),SOy4, 0.244; CaCl,-2H,0,
0.015; FeCl;-6H,0, 0.054; KH,POy, 0.42; K,HPO,, 0.375;
MgS0O,47H,0, 0.05; and NaCl, 0.015; pH 6.0 = 0.2) was
autoclaved. Sterile broth was then spiked with phenol (100
mg/l). A spore suspension (1 ml, 107 spores/ml) of the respec-
tive fungal isolate was inoculated in the sterile mineral salt
medium taken in separate flasks. Uninoculated broth was con-
sidered ‘control’. The inoculated flasks and control were in-
cubated (28 + 2 °C, 5 days). Following incubation, a potent
isolate was chosen based on the extent of phenol utilization.
Assessment of phenol utilization by the respective culture
involved the 4-aminoantipyrine method (Campuzano et al.
2003). NH4OH solution (0.5 N, 70 ul) was mixed with the

cell-free supernatant, and the pH was adjusted (7.9 + 0.1)
using 1 M phosphate buffer. Subsequently, 4-
aminoantipyrine solution (30 pl) and K5Fe(CN)g solution
(30 ul) were added. After incubation in the dark (15 min),
the absorbance of aliquots was monitored against the blank
at 500 nm. The uninoculated media served as control. The
percentage of phenol utilization was calculated as:

{M

c } % 100 (1)

where C; = initial phenol concentration and Cy= final concen-
tration of phenol.

Molecular identification

The genomic DNA of the selected isolate was extracted using
the Fungal Genomic DNA Spin-50 isolation kit (Chromous
Biotech Pvt. Ltd., India). PCR amplification of the 18S rRNA
gene sequence was performed with universal forward and re-
verse 18S rRNA primers (5-GTAGTCATATGCTTGTCTC-
3" and 5'-GAAACCTTGTTACGACTT-3’, respectively).
Genetic Analyzer (ABI 3500 XL, Applied Biosystems,
USA) and the SeqScape software (version 5.2) were used for
sequencing the PCR amplicon (Bhattacharya et al. 2020).
Using BLASTn, the nucleotide sequence was aligned with
other sequences available in the NCBI database (Altschul
et al. 1990). The nucleotide sequence was submitted to
GenBank (NCBI, USA) and provided an accession number.

Optimization of factors influencing phenol utilization

For estimating the phenol concentration that supports maxi-
mum utilization, the isolate was cultured with different phenol
concentrations (200 to 2000 mg/l, with an increment of 200
mg/l). Phenol utilization was studied by evaluating the effect
of co-substrates (1.0% w/v: glucose, fructose, maltose, su-
crose or soluble starch), nitrogen supplements (1.0% w/v:
peptone, beef extract, tryptone, yeast extract, (NH,4),SOy,
NH4Cl1 or NH4NO;), heavy metal salts (0.01% w/v: CdCl,,
CoCl,, CuSQO,4, HgCl, or ZnSO,) and agitation rate (0, 50,
100, 150 or 200 rpm).

Phytotoxicity study

Vigna radiata L. seeds were procured from an outlet of the
Horticultural Producers’ Cooperative Marketing and
Processing Society, Bangalore, India. The seeds were authen-
ticated by Dr. Sundara Rajan S. (retired professor and head,
Post Graduate Department of Botany, St. Joseph’s College,
Bangalore). The voucher specimen was deposited in the her-
barium of the Department of Botany and Microbiology, JAIN
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(Deemed-to-be University), Bangalore, India, with the refer-
ence number JU/DBOMB/2015-1218/S30.

The phenol toxicity on germination of Vigna radiata L.
seeds was assessed following the protocol of Krogmeier and
Bremner (1989). V. radiata L. seeds were selected for
analysing phenol toxicity because these are an important test
species for evaluating the phytotoxicity of environmental pol-
lutants. Besides being an erect or semi-erect legume with a
well-developed root system (a trait valued in studying the
effect of xenobiotics on plant growth), V. radiata L. often
inhabits open wastelands, where it may come in contact with
harmful aromatic compounds (Kannan and Upreti 2008).

The experimental conditions maintained were as follows:
(1) control (garden soil moistened with 5 ml water + seeds),
(2) non-augmented soil (garden soil moistened with 5 ml wa-
ter containing 1000 mg/l phenol + seeds), (3) augmented soil
(garden soil moistened with 5 ml water containing 1000 mg/1
phenol + heavy metal salt solution containing heavy metal
mix (0.01% w/v: CdCl,, CoCl,, CuSOy4, HgCl, or ZnSOy) +
fungal spore suspension + seeds), and (4) augmented soil
(garden soil moistened with 5 ml water containing 1000 mg/
1 phenol + selected co-substrate and nitrogen supplement at
1.0% w/v + fungal spore suspension + seeds). Prior to the
experimentation, the garden soil was found to be devoid of
any phenol contamination and constituted clay (10%), sand
(55%), silt (35%), organic matter (24.1% dry weight), total
organic carbon (5.6% dry weight) and pH 6.1.

Under each set of experimental conditions, garden soil (50
g) was taken in paper cups (5 cm rim diameter). Prior to
sowing, all healthy V. radiata L. seeds were surface sterilized
using HgCl, (0.1% w/v). Subsequently, the seeds (5 seeds per
cup) were sown in the cups. Paper cups to be seeded with the
fungal culture received spore suspension of the culture (1 ml,
107 spores/ml). All the cups were maintained at 28 + 2 °C in
dark for 7 days. Sterile distilled water (5 ml) was regularly
added to maintain the soil moisture. The germination index
was calculated by the equation

La
Gl =GP x — 2
XLc 2)

where GP = number of germinated seeds expressed as a per-
centage of control values, La = root length average in
the ‘test’ and Lc = root length average in the control
(Wolski et al. 2012).

HPLC analysis

For residual phenol estimation, both the non-bioaugmented
and bioaugmented soils (2 g each after 144 h incubation) were
centrifuged (12,000 x g, 4 °C, 10 min) in methanol (5 ml) and
the supernatant was subjected to filtration using a nitrocellu-
lose membrane filter (0.25 wm). Eluates (20 ul) were injected
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into the HPLC system (Waters, USA, model number 2487
with a UV-Vis detector and a binary pump system, model
number-1525). A Symmetry C-18 column (4.6 x 150 mm,
5 um particle size) was used. The mobile phase was composed
of acetonitrile:water (30:70 v/v). The flow rate was main-
tained at 1 ml/min. The UV-Vis detector was set at 270
nm. The percentage of utilization was calculated by recording
the area under the peak of the ‘non-augmented’ and ‘augment-
ed’” samples and comparing that with the area under the peak
of the aqueous phenol solution (1000 mg/l) (Singh et al.
2009).

Statistical analysis

Experiments were conducted in triplicate (n = 3). The data was
presented graphically (mean + standard deviation of the mean
(SD)). Microsoft Excel 2010 was used for data analysis. The
analysis of percentage of phenol utilization was statistically
evaluated by Student’s #-test (paired, 2-tailed); p-values <0.05
were considered statistically significant.

Results and discussion

Isolation and screening of potent phenol-utilizing
fungi

Mineral salt medium spiked with phenol (100 mg/1) supported
the isolation of ten phenol-utilizing fungi that were designated
FP1 to FP10. Following incubation in mineral salt broth
spiked with phenol, isolate FP7 demonstrated maximum phe-
nol utilization (27.5%) and was chosen for the study.

Molecular identification

The PCR amplicon (~ 1.5 kbp) was obtained. Using BLASTn,
the resulting nucleotide sequence (696 bp) when compared
with 18S rRNA gene sequences in the NCBI database
matched with a cluster containing Aspergillus sp. A similarity
in sequence (96%) with Aspergillus niger strain TR-H was
recorded. Hence, it was designated as Aspergillus niger FP7.
This ribosomal sequence was provided an accession number
(KR869888) by GenBank (NCBI, USA).

Effect of phenol concentration

The complete mineralization of phenol under oxygenic con-
dition is generally a preference for wastewater treatment.
Phenol being recognized as an inhibitory substrate at relative-
ly low concentrations (100 mg/l) is an excellent model for
kinetic studies related to the utilization of aromatic com-
pounds (Pradeep et al. 2015). In the present study, the extent
of phenol utilization by A. niger FP7 (after 5 days of
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incubation at 28 + 2 °C) was inversely proportional to the
increase in phenol concentration. Beyond 1000 mg/1 of phe-
nol, there was a sharp reduction in utilization; hence, this
concentration was used for rest of the study (Fig. 1). The
decrease in phenol utilization indicates that at high concentra-
tion, phenol presents an inhibitory effect on the metabolism of
A. niger FP7.

Atthe cellular level, the lipophilic nature of phenol initiates
its membrane-directed toxicity. This is correlated with the
logarithm of its partition coefficient with water and n-octanol
(log Pow of 1.46), thereby facilitating its high affinity for
cellular membranes (Ruelle 2000). The inhibitory effect of
phenol on microbial cells is governed by its molecular struc-
ture, where the non-polar part mediates transit across the cell
membrane and a hydroxyl group (combined with a system of
delocalized electrons) confers an acidic character, thereby
destabilizing the cell membrane (Rao et al. 2010).

While evaluating the phenol biodegradation in an aerobic
batch culture, phenol concentrations of 1000 mg/l was degrad-
ed by A. niger in more than 140 h to achieve a negligible
biomass growth (Tebbouche et al. 2016). Earlier, the
A. niger ATCC-16404 strain showed phenol tolerance up to
300 mg/l (Supriya and Nechar 2014). Other studies showed
that within < 2 weeks, three A. fumigatus strains could
completely degrade phenol (500 mg/l) as a single carbon
source (Gerginova et al. 2014).

Effect of co-substrates

The organopollutants’ utilization rate can be increased by in-
volving co-metabolism: transformation of a non-growth sub-
strate (one that cannot support cell division) in the presence of
a growth substrate or another transferable compound. The
growth substrate provides energy for microbial growth and
maintenance, besides providing reducing equivalent/power
(allowing utilization of non-growth substrates) (Bhattacharya
et al. 2020).
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Fig. 1 Effect of phenol concentration on its utilization by A. niger FP7.
Data represent mean + SD (n = 3); p < 0.05

Addition of co-substrates like glucose, starch, malt-
ose, fructose or sucrose had a positive impact on phenol
utilization by A. niger FP7 (incubated for 5 days at 28
+ 2 °C), wherein the monosaccharide glucose supported
the highest utilization (44.5%). The data indicated that
though A. niger FP7 utilized phenol as an energy and
carbon source, the efficiency of phenol utilization was
enhanced owing to co-metabolism (Fig. 2a). The impact
of glucose as a co-metabolite for phenol uptake may be
summarized in two points: glucose promoted better cel-
lular growth and enhanced the utilization of the non-
growth substrate like phenol. Simultaneously, it acted
as a co-substrate in co-metabolism and might have in-
duced the highest production of catabolic enzymes due
to its simple structure (Prabu and Udayasoorian 2005).

Glucose, at a wide range of concentration, has been used as
a carbon source for fungal growth concomitant with phenol
biodegradation because it increased the tolerance of microbial
cells to substrate inhibition (Loh and Tan 2000). The influence
of glucose on phenol degradation was evaluated, indicating
that a mixed substrate (phenol and glucose) facilitated better
phenol degradation (Pradeep et al. 2015).
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Fig. 2 Effect of nutrient supplements on phenol utilization by A. niger
FP7. a Phenol utilization under the influence of co-substrates. b Phenol
utilization under the influence of nitrogen supplements. Data represent
mean + SD (n = 3); p <0.05
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Effect of nitrogen supplements

Nitrogen is a key component in many compounds necessary
for life, such as amino acids and nucleic acids. However, the
effect of available nitrogen had shown mixed results on the
ability of fungi to express catabolic enzymes. Many
investigators had earlier shown the importance of nitro-
gen supplements to improve phenol utilization
(Chandrasekaran et al. 2018).

In the present study, following incubation at 28 +2 °C for 5
days, A. niger FP7 showed varied levels of phenol utilization
under the influence of different organic and inorganic nitrogen
sources. Peptone was the most preferred nitrogen source,
yielding the maximum utilization (56.6%). On the other hand,
least utilization was obtained in the presence of (NH,4),SO,
and NH4NO; (40.5%). The complete absence of a nitrogen
source from the medium reduced the efficiency of phenol
utilization (39%) (Fig. 2b).

Peptone being the water-soluble portion of enzymatically
digested meat contains a high concentration of amino acids
such as tryptophan required by fungi to form biomass and
secrete oxidative enzymes (polyphenol oxidase etc.) responsi-
ble for phenol degradation (Viswanath et al. 2014). The pro-
duction of polyphenol oxidase by Trametes pubescens was
improved by peptone (Galhaup et al. 2002). Peptone was the
best nitrogen source for polyphenol oxidase accumulation and
degradation of phenol by Pleurotus ostreatus 98 and
P. ostreatus 108, respectively (Mikiashvili et al. 2006).

Effect of heavy metals

Co-contamination of polluted sites with high concentrations
of heavy metals may be a bottleneck for in situ biodegradation
of xenobiotics. Heavy metals (chromium, copper, manganese,
nickel and zinc) are naturally existent in the environment and
act as micronutrients for cellular metabolism. However, cer-
tain heavy metals (cadmium, lead and mercury) devoid
of any biological function are toxic to living organisms
and aggregate in the environment due to anthropogenic
activities (Ma et al. 2018).

In the present study, usage of heavy metals was undertaken
to understand the phenol utilization capacity of A. niger FP7 in
the presence of individual heavy metal. Phenol utilization was
not affected by the existence of copper, cobalt and zinc salts.
However, cadmium and mercury salts decreased the utiliza-
tion efficiency drastically. The pattern of phenol utilization by
A. niger FP7 (incubated for 5 days at 28 + 2 °C) in the pres-
ence of heavy metal salts is illustrated in Fig. 3a.

Increase in phenol utilization by A. niger FP7 following the
addition of copper salt may be attributed to increased poly-
phenol oxidase production as copper acts as a strong inducer
of the enzyme in fungi (Patel and Gupte 2016). While char-
acterizing polyphenol oxidase from Myrothecium verrucaria

@ Springer

Q
8

80 -
70 -
60

50 -
40 -
30 -
20
10 -
0 - T T T T

HgCl2 CuSO4 CdCi2
Heavy metal salts (0.01% wiv)

_I_

Percentage of utilization

Control ZnSO4 CoCl2

100

80 -
70
60 -

40
30 -
20
10 -

Percentage of utilization

0 50 100 150 180
Agitation speed (rpm)

Fig. 3 Effect of environmental parameters on phenol utilization by

A. niger FP7. a Phenol utilization under the influence of heavy metals.

b Phenol utilization under the influence of agitation conditions. Data
represent mean = SD (n = 3); p < 0.05

NF-05, the resultant enzyme activation in the presence of cop-
per was due to type 2 copper-binding sites being filled (Zhao
et al. 2012). Cadmium is a non-essential heavy metal whose
presence severely affected A. niger FP7 probably due to in-
duction of oxidative stress across the cell membrane. Parallel
to the present result, when salts of cadmium, lead, mercury
and silver were added (earlier than 12 days), degradation of
phenol derivatives (due to polyphenol oxidase) declined
(Baldrian and Gabriel 2002). Phenol utilization by A. niger
FP7 severely decreased when mercuric salt was present, ow-
ing to the high affinity of mercury towards thiol groups in the
active site of enzymes involved in phenol utilization, thereby
resulting in their irreversible inactivation (Rubino 2015).

Effect of agitation

As microbial metabolism of phenol is generally an oxidative
reaction, optimization of the agitation speed was required to
correlate the role of aeration in phenol utilization. Agitation
had a positive effect on A. niger FP7—-mediated phenol degra-
dation wherein the highest (88.3%) was reported for 100 rpm
and the least (39.6%) for static culture when incubated for 5
days at 28 + 2 °C (Fig. 3b).
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Faster agitation of the broth culture of A. niger FP7 prob-
ably facilitated better hyphal formation due to better distribu-
tion of nutrients and temperature and reduced oxygen tension.
However, under the highest agitation, phenol utilization de-
creased possibly due to the less contact time between the cells
and phenol. Agitation increased not only phenol solubility but
also the dissolved oxygen levels (an important step for aerobic
degradation of phenol), wherein the dissolved oxygen pro-
ceeds in a series of chemical reactions that facilitate hydrox-
ylation of phenol (Melo et al. 2005). When molecular oxygen
was available in plenty, A. niger FP7 could enzymatically
(possibly through polyphenol oxidases) incorporate oxygen
more efficiently in the aromatic nucleus of phenol and bring
about initial ring oxidation, a rate-limiting step in biodegrada-
tion of phenol (Gu et al. 2016).

A Saudi Arabian isolate of A. niger resulted in highest
phenol degradation at 100 rpm, and a lower or higher speed
decreased phenol degradation (Ibrahim and EL-Gamdi 2019).
Other investigators used different shaking speeds ranging
from 50 to 200 rpm for investigating phenol degradation and
reported 125 rpm to favour the highest degradation of phenol
by A. niger (Sharma and Gupta 2012).

Phytotoxicity study

A phytotoxicity test was conducted with V. radiata L. seeds
over a period of 7 days at 28 + 2 °C. All the control seeds
germinated well (100%) under the laboratory conditions and
had an average root length of 3.66 cm. Seeds sown in non-
augmented soil had an average root length of 0.12 cm and
revealed a 3.27% germination index (Fig. 4).

Seeds sown in augmented soil (containing 0.01% w/v:
CdCl,, CoCl,, CuSOy, HgCl, or ZnSO,4) had an average root
length of 1.8 cm and revealed a 50.1% germination index. The
extent of phytotoxicity recorded is due to the combined effect
of phenol and heavy metals that probably resulted in denatur-
ation of phytohormones and enzymes mediating seed germi-
nation. Literatures suggest that heavy metals like chromium,
copper, manganese, nickel and zinc act as micronutrients for
cellular metabolism and are naturally present in the environ-
ment (Ma et al. 2018). While the presence of copper salt might
have improved polyphenol oxidase production (as copper acts
as a strong inducer of the enzyme in fungi), the same might
have been nullified to a certain extent by cadmium (due to
induction of oxidative stress across the cell membrane) and
mercury (owing to its high affinity towards thiol groups in the
active site of enzymes involved in phenol utilization), thereby
severely affecting A. niger FP7 metabolism (Rubino 2015;
Patel and Gupte 2016). In corroboration to the present result,
the study conducted by Baldrian and Gabriel (2002) reported
that when salts of cadmium, lead, mercury and silver were
added (earlier than 12 days), degradation of phenol derivatives
(due to polyphenol oxidase) declined.

Fig. 4 Effect of phenol on germination index of V. radiata L. seeds. a
Control. b Non-augmented soil. ¢ Augmented soil (with 1% w/v glucose
and peptone)

In the present study, seeds sown in augmented soil (with
1.0% w/v glucose and peptone) had an average root length of
3.56 cm and revealed a germination index of 97.3% (Fig. 4).
This clearly indicated a promising reduction in germination
inhibition which may be correlated with the degradation of
phenol by the fungal isolate, thus reducing the phenol toxicity
on seed germination. The positive effect of glucose as a co-
metabolite for phenol uptake may be due to glucose promot-
ing better cellular growth and enhancing the utilization of the
non-growth substrate like phenol. Simultaneously, it acted as
a co-substrate in co-metabolism and might have induced the
highest production of catabolic enzymes (phenol oxidases)
due to its simple structure (Prabu and Udayasoorian 2005).
The amino acid tryptophan present in peptone is a requirement
for fungi to synthesize biomass and oxidative enzymes (poly-
phenol oxidase etc.) responsible for phenol degradation
(Viswanath et al. 2014). Addition of peptone greatly improved
polyphenol oxidase production by Trametes pubescens
(Galhaup et al. 2002). The highest accumulation of polyphe-
nol oxidase supporting phenol degradation by P. ostreatus 98
and P. ostreatus 108 was recorded in the presence of peptone
(Mikiashvili et al. 2006). The literature suggests that GI values
> 80% indicate less phytotoxicity, while values between 50
and 80% indicate moderate phytotoxicity and values < 50%
indicate high phytotoxicity (Osma et al. 2010).

Earlier, results of phytotoxicity showed that seed germina-
tion was 100% for wheat in the liquid mineral salt medium
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Fig. 5 HPLC chromatogram of
phenol utilization. a Non-
augmented soil. b Augmented
soil (with 1% w/v glucose and
peptone. Arrow indicates the peak
for phenol
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used as a control, 95% for seeds treated with the degradation
products of phenol and 6.25% for 400 mg/1 of phenol. No root
lengthening was reported in the last case. Seeds in the control
and in contact with phenol degradation products demonstrated
similar root elongation, about 14 + 7.1 mm. Therefore, GI
values were 100% for both, while phenol (400 mg/l)-treated
seeds showed a GI value of 0.4% (Wolski et al. 2012).

HPLC analysis

When tested for residual phenol, non-augmented soil demon-
strated 3.1% phenol utilization while the same for augmented
soil was 79.3%. Chromatograms for the HPLC analysis of
phenol utilization under non-augmented and augmented con-
ditions are illustrated in Fig. 5.

The capability of A. niger FP7 to utilize phenol (present ata
highly toxic level) in augmented soil indicates the involve-
ment of specific robust metabolic pathways for phenol ring
cleavage. It is well established in the literature that filamentous
fungi of the genus Aspergillus metabolizes phenol to a non-
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toxic intermediate by the 3-oxoadipate/ortho-pathway (aro-
matic ring monohydroxylation at the o-position). This cata-
bolic mechanism involves four cytoplasmic enzymes, namely,
phenol hydroxylase (catalyses the hydroxyl group attachment
at the ortho-position of the phenol ring to liberate catechol),
catechol 1,2-dioxygenase (incorporates molecular oxygen di-
rectly in the aromatic ring of catechol, liberating cis,cis--
muconate), cis,cis-muconate lactonizing enzyme (transforms
cis,cis-muconate to muconolactone) and 3-oxoadipate enol-
lactone hydrolase (transforms 3-oxoadipate enol-lactone to
3-oxoadipate and water) (Krastanov et al. 2013). Such mini-
mal phenol utilization in the non-augmented soil possibly re-
sulted from the auto-oxidation of phenol, besides its adsorp-
tion on soil organic matter.

Conclusion

The present investigation reflects that A. niger FP7 displayed
tolerance towards higher concentrations of phenol.
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Supplementation of the growth medium by co-substrates and
nitrogen supplements enhanced the phenol utilization. The
presence of cobalt, copper and zinc salts in the broth improved
the utilization process. Post soil inoculation, A. niger FP7
retained its phenol utilization potential and greatly reduced
the toxicity of phenol towards V. radiata L. seed germination.
It is worth mentioning that in the future, A. niger FP7 could be
of potential use in bioremediation of sites polluted with high
concentrations of phenol.
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