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Abstract

The bioremediation of the simulated lead (Pb)-contaminated soils by incubating with Phanerochaete chrysosporium and straw was studied at
laboratory-scale. The soil pH, Pb concentration, soil microbial biomass, microbial metabolic quotient, microbial quotient and microbial biomass
C-to-N ratios were monitored. The above indicators were to study the stress of Pb on soil and the microbial effects during the bioremediation
process. It was found that the soils treated with P. chrysosporium and straw showed a much lower concentration of soluble-exchangeable Pb, lower
metabolic quotient and biomass C-to-N ratios (0 mg kg~! dry weight soil, 1.9 mg CO,-C mg~' biomass carbon and 4.9 on day 60, respectively) and
higher microbial biomass and microbial quotient (2258 mg kg~! dry weight soil and 7.86% on day 60, respectively) compared with the controls. In
addition, the kinetic parameters in the model based on logistic equation were calculated by the BIOLOG data. By analyzing those kinetic parameters
some information on the metabolic capacity of the microbial community could be obtained. All the results indicated that the bioavailability of Pb
in contaminated soil was reduced so that the potential stress of Pb was alleviated, and also showed that the soil microbial effects and the metabolic

capacity of microbial community were improved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metal contamination in soil becomes a widespread
problem. Lead (Pb) has been recognized as one of the most
hazardous heavy metal among environmental pollutants. The
primary sources of Pb-contamination come from the mining and
smelting activities, combustion of leaded gasoline, land applica-
tion of sewage sludge, battery disposal and Pb-bearing products
[1]. Such irregular inputs of Pb result in the high concentrations
of Pb in soils. Lin et al. [2] reported that soils with Pb concen-
tration higher than 1000 mg kg~! occurred in the south-western
part of Falun, Sweden, where large amount of the industrial
wastes was deposited. Buatier et al. [3] found that the Pb con-
centrations were 460-2670 mgkg ™! in the surface horizons of
a polluted site in France. The toxicity and bioavailability of Pb
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are affected by soil pH, redox potential and Pb species. It is
commonly accepted that Pb compounds in soil mainly exist in
exchangeable, carbonate-bound, Fe/Mn oxide-bound, organic
and residual phases [4,5]. The serious negative impacts of Pb in
the soluble and exchangeable phases easily leached out of soils
on groundwater and surface water and even crops have been
observed, while Pb in the organic and residual phases is inac-
tive due to the strong binding capacity of organic matter and
sulfides, especially in the heavily contaminated soils [5,6]. Con-
sequently, active Pb in soluble and exchangeable phases poses
more threat to environment, ecosystem and human, compared
with immobilized Pb in other phases, and how to reduce active
Pb effectively receives much more concerns in the remediation
of Pb-contaminated soils [6].

Comparing with conventional physico-chemical approach,
bioremediation is a technology not to aggravate other environ-
mental problems but to remediate the polluted soil partially or
fully to the original state, which relies on the natural soil commu-
nity or addition of exogenous organism (plant or microorganism)
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with exceptional metal-binding capacity to remove the heavy
metals from soil or alleviate the toxicity of metals by reduc-
ing the bioavailability and mobility of metals largely. Previous
studies focused on the bioremediation of soils contaminated with
heavy metals (such as Pb, Cd, Cr and so on) by phytoremediation
[7,8], however, little information is available on the application
of inoculum of microorganism to stabilize metal-contaminated
soils. But in fact, heavy metals are non-biodegradable pollu-
tants and not easily removed from soils by regular treatments
under some conditions, so the total metal content is difficult to
decrease greatly. To prevent metal ion in soil from entering food
chain or groundwater, microorganisms adsorbing and accumu-
lating metal ion are expected to be applied to immobilize metals
in soils. In previous studies, it was proved that P. chrysospo-
rium was good at absorbing metal from dilute solutions by its
mycelium and less Pb ion transferred [9]. P. chrysosporium are
capable of accumulating metal ions in their cells by intracellular
uptake, as many researchers validated, and can also be chelated
with metal ions by the carboxyl, hydroxyl or other active func-
tional groups on cell (including the dead cell) wall surface [10].
Meanwhile P. chrysosporium is able to grow in both solid and
liquid environment and degrade a wide range of xenobiotic effec-
tively even in the nutrient-limited condition [11]. So it could be
adapted to complex polluted environment and grow better than
other microorganisms after inoculation into soils. As a result,
it is of its own advantage to be applied to the bioremediation
of metal-contaminated soil. But there are few reports about its
application to inactivate metals in soils.

The aim of this study was to inoculate P. chrysosporium as the
exogenous microorganism, together with some straws, into Pb-
contaminated soil for reducing the solubility and bioavailability
of Pb and improving the soil microbial activity. The changes of
Pb content and microbial indices that took place in bioremedia-
tion process were analyzed systematically, all of which were
used to evaluate the remediation effects on Pb-contaminated
soils by incubating with and without inoculum of P. chrysospo-
rium. These results are expected to provide useful references
on alleviating the environmental impact of metal-contaminated
soils by inoculation with P. chrysosporium and straw.

2. Materials and methods
2.1. Microorganisms preparation

The white-rot basidiomycete, P. chrysosporium strain BKM-
F-1767 was used. Stock cultures were maintained on malt extract
agar slants at 4°C. Spore suspensions were prepared in ster-
ile distilled water. The fungal concentration was measured and
adjusted to 2.0 x 10 CFUmI~!.

2.2. Soil properties and preincubation

Uncontaminated soils were collected from about 100cm
underground on the unfrequented hillside of Yuelu Mountain
(Changsha, China), from which gravels and large organic scraps
were removed. The soil was air-dried and ground to pass through
a 2 mm nylon screen, and its main physico-chemical character-
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Fig. 1. Schematic diagram of experimental apparatus.

istics were measured and listed as follows (dry weight): 39% of
clay, an organic C content of 0.83%, total N of 0.059%, a pH
value of 4.9, and the total contents of Cu, Cd, Pb were 11.5, 0
and 17.9mgkg~!. Then this soil was mixed and homogenized
with Pb(NO3), solution for adding Pb>* 400 mg kg ! dry weight
soil, which was preincubated for 5 weeks so that the stimulated
Pb-contaminated soil became relatively stabile.

2.3. Experimental design

The experimental apparatus used for this research consisted
of a lab-scale column reactor, a CO;, removal trap, a humidifier,
and a trap for collecting CO; generated in biodegradation as
shown in Fig. 1. Blower was used for aeration, and the air flow
was controlled at 0.1 m> h~! by flow meter. CO, was removed
from the incoming air by reacting with an alkali solution of 2M
sodium hydroxide (NaOH) so that the collected CO; was entirely
from decomposition [12]. The humidifier containing distilled
water was used to prevent any aspirated alkali solution from
entering the compost reactor, and to raise the moisture content
of the incoming air. Air-tight glass vessel of 51 was used as
reactor. The air with CO; removed and being humidified entered
the reactor from bottom through perforated plastic plate. Emitted
CO; was continuously trapped in a solution of 2 M NaOH which
was renewed every 3 days. Two identical sets of experimental
apparatuses were prepared and labeled as Reactors A and B.

Each reactor was set up by adding 1.5kg of the contami-
nated soil as prepared above. Equal straws were put into each
reactor to mix thoroughly with soil in the ratios of 1:6, and
this mixture was adjusted to 60% water content. The spore sus-
pension prepared as above was inoculated in the weight ratio
of 2% into the mixture in Reactor B, and Reactor A without
inoculum was performed as control. Contaminated soil with-
out P. chrysosporium was co-incubated with the added straws
in Reactor A, while the contaminated soil with inoculum of P,
chrysosporium was co-incubated with the added straws in Reac-
tor B. The addition of straws could enhance soil porosity for
better aeration and offer metabolizable substrate as necessary
nutriments for microorganisms. The additional control reactor
with soil and P. chrysosporium only was prepared and labeled as
Reactor C. The Reactor D was also prepared with the contami-
nated soil, but without inoculum and straw, and is thus, another
control. Such two controls were used for better indication of the
intrinsic immobilization of Pb in soil. Both soils were incubated
60 days in this study.
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Five individual 10 g fresh samples were taken from different
sites in the reactor periodically and mixed together homoge-
neously for routine analysis. Some of the samples were air-dried,
loosed, and passed through a 2 mm nylon sieve. After removal
of the straw the samples were used for Pb content measure-
ment. On days 0 and 60, additional samples (three 10 g samples)
were taken from reactor and subjected to homogenization for
BIOLOG analysis. All the analyses were performed in dupli-
cate.

2.4. Soil pH and Pb content determinations

Soil pH value was measured in 1:10 sample-H>O extract
after shaking for 30 min [13]. Because the toxicity of metal was
associated with metal bioavailability, the soils were analyzed
for Pb-fractions according to the continual extract procedure of
Tessier et al. [14]. Five fractions of Pb were extracted in turn as
follows:

(1) Soluble-exchangeable: The 1 g dry soil was extracted for 1 h
with 8 ml of 1 M MgCl; (pH 7.0) with continuous agitation.

(i1) Bound to carbonates: The residue from (i) was extracted for
5 h with 8 of 1 M NaOAc adjusted to pH 5.0 with acetic acid
(HOAC).

(iii) Bound to Fe—Mn oxides: The residue from (ii) was extracted
for 6 h with 20 of 0.04 M NH,OH-HCl in 25% (v/v) HOAc
at 96 °C with occasional agitation.

(iv) Bound to organic matter: The residue from (iii) was added
3 0of 0.02M HNOj3 and 5 of 30% H,O; adjusted pH 2 with
HNOs3, and the mixture was heated to 85 °C for 2h with
occasional agitation. A second 3 ml aliquot of HyO, (pH
2 with HNO3) was then added and the sample was heated
again to 85 °C for 3 h with intermittent agitation. After cool-
ing, 5 of 3.2M NH4OAc in 20% (v/v) HNO3 was added,
and the sample was diluted to 20 and agitated continuously
for 30 min.

(v) Residual: The residual Pb was calculated by subtracting the
other four fractions from total Pb. Additional 1 g dry soil was
digested with a 5:1 mixture of hydrofluoric and perchloric
acids for total Pb measurement.

Between each successive extraction, separation was effected
by centrifuging and Pb concentrations in the supernatant were
determined by an atomic absorption spectrometer (Agilent 3510,
USA). The distribution coefficient y; of each Pb-fraction showed
the ratios of Pb content in the different fractions and was calcu-
lated as follows:

L

S
In Eq. (1), f; and frepresent content of each Pb-fraction and total
amount of Pb in soils, respectively.

ey

2.5. Microbial physiological indices analysis

Studies on soil microbial biomass carbon (Cjc), microbial
metabolic quotient (¢CO2), microbial quotient (Cpyic/Corg) and

microbial C-to-N ratio (Cpic/Nmic) can provide information on
the biochemical processes occurring in the soil, and there is
growing evidence that soil biological parameters may be of great
potential as the early and sensitive indicators of soil ecological
stress and restoration [15—-17]. So we analyzed these microbial
physiological indices listed above.

The Cyyic and biomass N (Ny;c) were measured by fumigation
of the sample with ethanol-free chloroform and extraction with
0.5M K3SO0y4, according to Brooks et al. [18] and Vance et al.
[19]. The soil gCO; was the ratio of CO; produced by soil basal
respiration and Cp;c [20]. The CO, production was measured
by titration with 1 M HCI after adding an excess of barium chlo-
ride and phenolphthalein indicator to the alkali solution trapping
CO; as previously described. The samples were dried to con-
stant weight in the oven at 80 °C, and then ignited in muffle
at 550 °C for 5h. Afterwards, the organic carbon (Corg) could
be estimated from the organic matter content calculated by the
weight loss on ignition, as described by Huang et al. [21]. The
microbial quotient was calculated by the ratio of Cyic to Corg
(Cmic/Corg)~

2.6. BIOLOG community-level physiological profiling

The potential metabolic diversity of soil microbial commu-
nities was assessed using BIOLOG plates as described by Kell
and Tate [22], which showed the sole carbon source utilization
of soil biota. Fresh soil equivalent to 5 g dry weight was added
to 100 sterile water in a flask and shaken with a rotary shaker for
10 min, and 10-fold serial dilution was made for this soil suspen-
sion. The 1073 dilution (150 wl) was then used to inoculate into
each well of BIOLOG GN plate. These plates were incubated
at 25 °C for 156 h. Color development was measured as optical
density (OD) at 590 nm, and the OD59g was read for each well
at 12 h intervals. The ODsgg of control well containing no car-
bon source was subtracted from the ODsgg of each of the other
wells. The average absorbance (average well color development,
AWCD) was then calculated for each plate at each reading time
[23] and plotted against time to give AWCD curves. To evalu-
ate AWCD of each soil sample, kinetic model parameters and
curves fitting to the color development time-course data were
also considered.

2.7. Statistical analysis

For each treatment, three parallel sets of experimen-
tal reactors were run. The results to be presented were
mean value for the three reactors, and the standard devi-
ations were used to summarize experimental data. Statis-
tical analyses were performed on the kinetic parameters
obtained from BIOLOG analysis, which used the software
package SPSS 12.0 for Windows (SPSS, Germany). These
tests included: (1) non-linear regression analysis performed
to describe the AWCD of each soil sample for showing the
kinetic parameter value and suggesting a density-dependent
logistic growth curve and (2) a one-way analysis of variance
(ANOVA) for the single time-point OD value and kinetic model
parameters.
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Fig. 2. pH changes in A and B soils during incubation: (A) control without
inoculum and (B) treatment with inoculum and straw. The bars represent the
standard deviation of the means (n=3).

3. Results
3.1. Soil pH changing with incubation

In the early stages of soil incubation, pH of samples from
Reactors A and B decreased slightly. After 9 days, the pH val-
ues of both samples increased significantly and later tended to
stabilize (Fig. 2). On day 60, pH turned to be 6.7, 7.3 for the
Reactors A and B, respectively. The pH value in B soil was
neutral and higher than that in A soil (Fig. 2).

3.2. Soil Pb concentrations and distribution coefficient (y;)

Pb concentrations in all soils varied during incubation
(Table 1). The soluble-exchangeable Pb content in A—C soils dis-
played the highest value on day 6, and then remarkably decreased
with incubation. After 60 days of incubation, the concentration
of soluble-exchangeable Pb in B soil even dropped to 0 mgkg ™",
while that in A soil and C soil remained 100.5 and 77.0 mgkg ™",
respectively. It was shown that in D soil a slight decrease on
the content of soluble-exchangeable Pb and a few changes in
the other four Pb-fractions. The carbonate-bound Pb, organic-
bound Pb and residual Pb in A—C soils increased obviously after
6-day incubation, whereas Fe—Mn oxides-bound Pb were found
to increase after 18 days. Compared with the control soils, the
highest concentration of carbonate-bound Pb, organic-bound
Pb and residual Pb, and the lowest concentration of soluble-
exchangeable Pb were found in B soil after incubation (Table 1),
which offered the evidence for the lowest mobility and bioavail-
ability of Pb in B soil.

The higher the distribution coefficient (y;) of each Pb-
fraction, the more the corresponding Pb-fraction will be. The
y; of soluble-exchangeable Pb on day 0 was the highest among
all y; of Pb-fraction on day 0 in both A and B soils, which showed
Pb existed mainly in the soluble-exchangeable form in both soils
before remediation (Fig. 3). After 60-day incubation, in both A

and B soils, the y; of soluble-exchangeable Pb reduced, whereas
that of the other four forms increased, which showed one form
of Pb had been transformed into another (Fig. 3). It can be also
observed that the order of abundance of the five fractions of Pb
in B soil on day 60 was residual Pb > organic-bound Pb > Fe-Mn
oxides-bound Pb > carbonate-bound Pb > soluble-exchangeable
Pb. These results revealed that the active Pb in B soil had been
transformed into inactive Pb indicating the alleviation of Pb-
contamination after 60-day remediation with P. chrysosporium
and straw.

3.3. Microbial physiological indices

Microbial biomass, being the living part of soil organic mat-
ter, can be a good index for comparing the toxicity of Pb in
soil. The Cpy;c changed significantly during the incubation period
(Table 2). It was also observed that the Cp,jc was much higher
in B soil relative to that in A soil throughout after 6 days of
incubation (Table 2). The gCO,, as calculated by the CO,-C-
to-Cpic ratio, was higher in A soil compared to that in B soil
throughout after 12-day incubation (Table 2). After 6-day incu-
bation, the Cpic/Corg, being the ratio of the Cpy;c to soil organic
carbon, was much lower in A soil than that in B soil. And
the Cpyic/Corg in B soil displayed the highest value on day 24
(Table 2). The change of Cpic/Nmic in A and B soils was simi-
lar, which showed a downtrend on the whole during incubation.
Much lower Cpic/Npjc ratio throughout incubation process was
found in A soil (Table 2), compared with that in B soil.

3.4. Kinetic model and parameters

The samples” AWCD determined by BIOLOG were non-
linear with the incubation time for microplates inoculated with
the soil samples, and the shape of the color development curve
was generally sigmoidal (Fig. 4), which can be described by the
kinetic model based on the density-dependent logistic growth
equation. We used the equation modified by Lindstrom et al. [24]

0.8 4 B Soluble-exchangeable Pb
W Carbonate Pb

B Fe-Mn oxides Pb

B Organic Pb

O Residual Pb

0.6 4

0.4 1
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F T AN

0.2 4

Distribution coefficient of Pb in soil

B (0d) A (60 d) B (60
Soil sample

)

Fig. 3. Distribution coefficient (y;) of Pb in A soil on day 0, B soil on day 0, A
soil on day 60 and B soil on day 60, respectively: (A) control without inoculum
and (B) treatment with inoculum and straw.
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Table 1

Pb content of five fractions in A-D soils during incubation
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Pb-fractions  Time (days)

0 6 12 18 24 30 36 42 50 60
Soluble-exchangeable Pb (mgkg™")2
A 254.7(1.5) 259.0(1.9) 2384(2.1) 213.1(12) 183.6(l7) 1629(42) 137.9(3.8) 121.1(0.5 1045(0.8)  100.5(1.3)
B 2589 (1.8)  266.7(1.1) 200.5(2.0) 154.3(1.1) 96.2 (1.7) 54.4 (1.3) 29.3 (1.0 12.5 (0.7) 0.0 (0.2) 0.0 (0.1)
C 260.1 (2.6) 2613(24) 236.6(25) 192.1(2.6) 1553(1.9) 131.3(2.0) 112427  935(1.2)  81.2(0.9)  77.0(L7)
D 259.4 (2.1) 2602 (1.3) 2524(3.1) 2409(2.3) 231.3(22) 220234 211.5@3.6) 203.5(238) 201.7(23) 200.1(2.2)
Carbonate-bound Pb (mgkg~!)*
A 16.7 (0.4) 8.4(0.2) 12.6 (0.3) 29.3(0.1) 33.4(0.3) 45.9 (0.2) 50.2 (0.2) 41.8 (0.1) 29.3(0.1) 25.1(0.2)
B 12.5(0.3) 42(0.1) 37.6 (0.4) 62.6 (0.6) 87.8 (0.9) 66.9 (0.3) 71.1(1.2) 66.9 (1.1) 54.2(0.5) 45.9(0.8)
C 18.0 (0.6) 12.1(0.3) 17.4 (0.6) 31.4(0.8) 34.0 (0.7) 32.2(0.4) 33.2(0.3) 34.9 (0.5) 28.7 (0.6) 24.1(0.5)
D 17.2 (0.4) 15.7 (0.5) 17.0 (0.4) 18.2 (0.5) 19.9 (0.6) 18.4 (0.2) 19.1 (0.1) 20.7 (0.2) 19.6 (0.4) 19.1 (0.4)
Fe—Mn oxides-bound Pb (mg kg~!)?
A 79.3 (1.4) 87.7 (1.6) 75.3(0.9) 66.9 (1.2) 70.9 (1.3) 83.5(1.9) 1003 (1.6) 1169(2.1) 1295(23) 134.0(1.0)
B 793(0.7) 100.0(1.8)  71.0(1.2)  459(0.4)  62.7(0.8) 87.8(14) 87.9(0.6) 96.1(1.3) 104.2(25 108.5(1.2)
C 80.3 (2.2) 88.0 (2.1) 71.8 (1.5) 64.1(1.3) 76.0 (1.6) 86.4 (1.5) 87.4 (2.0 92.4(1.9) 96.4 (1.4)  100.3 (1.5)
D 80.9 (2.0 82.2(1.7) 80.6 (1.4) 81.0 (1.8) 79.9 (1.3) 83.2(1.9) 83.5(1.2) 85.0 (1.5) 86.2 (1.0) 86.9 (1.1)
Organic-bound Pb (mg kg~™1)?
A 54.3(0.2) 46.0 (0.6) 46.0 (0.4) 50.1 (0.9) 58.4 (1.0 62.6 (1.4) 71.0 (1.9) 752 (1.5) 83.6 (1.6) 87.9 (0.8)
B 58.5(0.5) 37.5(0.1) 45.9(0.3) 54.2(0.7) 66.9 (1.1) 83.7(1.8) 104.6(2.0) 112.8(1.9) 1209(23) 121.0(1.3)
c 53.7(04)  512(02) 57.1(0.6)  659(L.1)  787(13)  848(2.0) 1005(22) 10642.1) 1137(25) 116.3(1.2)
D 52.0(0.3) 50.9 (0.4) 50.7 (0.3) 52.4(0.8) 55.7(1.1) 57.8(1.2) 58.2(0.9) 60.8 (1.4) 61.9(1.2) 62.3(0.8)
Residual Pb (mgkg~!)?
A 12.5 (0.1) 16.7 (0.2) 46.0 (0.5) 58.5(1.6) 70.9 (1.3) 62.6 (1.7) 58.5(1.2) 62.6 (1.4) 71.0 (1.1) 71.2 (0.9)
B 8.4 (0.1) 8.3(0.2) 62.6(0.9) 100.1(1.3) 1045(1.1) 1255(1.8) 1255(2.1) 129.6(22) 137.5(24) 1419(1.7)
C 9.1(0.3) 8.9 (0.1) 39.2 (0.6) 68.1 (1.2) 772 (1.7) 86.8 (1.4) 87.5(1.6) 93.3(1.1) 100.8(1.2) 103.2(1.0)
D 10.1 (0.2) 10.8 (0.4) 19.0 (0.5) 27.2(0.9) 32.9 (0.6) 40.0 (0.5) 47.4(0.7) 49.6 (0.9) 50.4 (0.8) 51.2(0.6)

(A) Control without inoculum; (B) treatment with inoculum and straw; (C) control without straw; (D) control without inoculum and straw.
2 Values are means (n =3) with standard deviation in parentheses.

as below, which is a form providing parameters being interpreted underlying microbiological behavior driving its shape. In Eq.
more readily with respect to the shape of the OD kinetic curve (2), K represents the asymptote (y = K) approached by the mean

and to: test well OD curve that means the highest OD in the culture
course, the unitless coefficient r determines the exponential
K rate of OD change, and ¢ is the time following inoculation
y = ODsgppm = Tr e (2)  of the microplate, the exponential parameter s in the denom-
N s
Table 2
The microbial parameters of A and B soils during incubation
Time (days) Biomass carbon (mgkg™! soil)? Metabolic quotient (mg CO,-Cmg™! Cppic)? Biomass C/organic C (%)* Biomass C/N?®
A B A B A B A B
0 979 (10) 1034 (34) - - 2.12 (0.18) 2.27(0.24) 7.5(1.1) 8.9(1.2)
3 840(8) 763 (17) 4.2(0.5) 4.5(0.4) 1.89 (0.22) 1.71 (0.13) 7.9 (0.9) 9.3 (1.5)
6 892(12) 991 (26) 4.4(0.4) 5.1(0.9) 2.23(0.29) 2.44(0.18) 8.3(1.2) 10.2 (0.5)
9 965 (15) 1535(79) 4.5(0.8) 5.5(0.7) 2.55(0.35) 3.99 (0.49) 8.9 (0.7) 10.3 (0.4)
12 1158 (31) 1714(51) 54(1.1) 3.9(0.2) 2.98 (0.38) 4.57(0.33) 8.1 (0.6) 9.5(0.3)
15 1397 (54) 1935(76) 4.6 (1.0) 3.3(0.2) 3.65 (0.42) 4.96 (0.48) 6.8 (0.5) 8.7 (0.7)
18 1547 (55) 2473 (93) 3.7(0.7) 2.7(0.4) 3.91(0.31) 6.20 (0.54) 5.9(0.8) 8.2 (0.6)
24 1364 (67) 2789 (68) 3.7(0.3) 2.1(0.1) 3.43 (0.42) 8.46 (0.73) 6.4 (0.7) 7.4 (0.8)
27 1276 (62) 2271(72) 4.0 (0.6) 2.5(0.3) 3.34 (0.26) 7.25 (0.70) 6.6 (0.9) 7.7(0.2)
30 1331(59) 2171(80) 3.7(0.4) 2.6 (0.5) 3.78 (0.23) 6.60 (0.55) 5.7(0.3) 6.6 (0.4)
36 1301 (48) 2090 (55) 3.5(0.5) 2.2(0.1) 3.69 (0.36) 6.10 (0.44) 6.1 (0.4) 6.8 (0.5)
42 1379(75) 2297 (83) 3.2(0.3) 2.0(0.2) 4.04 (0.40) 6.82 (0.67) 4.9(0.2) 5.6 (0.3)
50 1351 (64) 2287 (69) 31(04) 1.9(0.3) 431(0.19)  7.47 (0.36) 450.1)  5.1(0.3)
60 1311(73) 2258 (81) 3.1(0.2) 1.9 (0.1) 4.50 (0.25) 7.86 (0.43) 4.2(0.2) 4.9 (0.1)

(A) Control without inoculum and (B) treatment with inoculum and straw.
2 Values are means (n=3) with standard deviation in parentheses.
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inator is the time to the midpoint of the highest mean OD
(when y=K/2).
Each plot in Fig. 4 presented the mean OD change over

time in the blank-corrected test wells of the three replicate
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plates. The curve fitting technique fitted the time-course OD
data for microplate test wells closely and was useful for estimat-
ing kinetic parameter data that reflect the response of culturable
organisms in the microplate inoculum. All kinetic parameter
values from fit curves fitting to the OD time-course provided a
good (R?>0.99) fit to the sigmoidal kinetics of color develop-
ment data (Fig. 4). The parameters K and r values estimated for
A soil and B soil on day 60 were much higher than those on day
0, and the parameter K for B soil increased more than that for A
soil. The parameter s for A and B soils was reduced from days 60
t029.4 and 30, respectively, compared with that on day O (Fig. 4),
which meant much less time needed to reach the midpoint of the
highest mean OD in B soil after bioremediation. These results
showed the improvement of the metabolic activity of microbial
community in A and B soils by remediation, and the microbial
community in B soil was of better metabolic capacity after biore-
mediation with P. chrysosporium and straw, compared with that
in A soil as control (Fig. 4). One-way ANOVA was performed to
the OD time-course data and the kinetic parameters generated
by the model. It is found that there was significant difference
(P <0.05) between the kinetic model parameters K and s in A
soil on day 60 and those in B soil, whereas the OD time-course
data and the r in A soil on day 60 was not significantly different
from (P=0.128 and 0.293, respectively) those in B soil.

4. Discussion

Previous studies have shown that the total amount of heavy
metals cannot reflect the mobility and bioavailability of metals
well, whereas the effective concentration of metal has signif-
icant relationships with the toxicity and plant availability of
metal [25,26]. To the same kind of heavy metal, soluble salt
in exchangeable phase is the easiest to be assimilated by plants
and as a result the toxicity of Pb in soil to environment can be
evaluated by observing in which phase the metal existed [27].
The bioavailability and transfer ability of heavy metal is reduced
with the turn of extraction [14]. After 60-day bioremediation the
Pb in B soil was mainly bound to residual fraction and organic
fraction with less mobility and activity, while the Pbin A soil was
mainly bound to Fe—-Mn oxides fraction and soluble-exchange
fraction. Our results showed the least toxicity of Pb to living
organisms, the least stress from Pb on environment for the sig-
nificant reduction of active Pb in B soil by co-incubating the
soil with P. chrysosporium and the added straws, compared with
those in the control soils (Fig. 3 and Table 1). Reasons for these
results could be as follows: (i) white-rot fungi inoculated into
B soil can be chelated with Pb by the carboxyl, hydroxyl or
other active functional groups on cell wall surface to reduce Pb
activity [9] and (ii) white-rot fungi could improve the organic

Fig. 4. Kinetics of average well color development for A and B soils: (A) control
without inoculum and (B) treatment with inoculum and straw on days 0 and 60.
Absorbance values (—@—) are the measured values. Bars are standard deviation
of the means (n=3). The solid line (—) is a plot of the equation fit to the mean
absorbance data. Kinetic model K, r and s parameter data for the fit equation
are presented along with the R? value of the fit to the absorbance data for each
curve.
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matter decomposition and nutrient cycling, as reported previ-
ously [21], which promoted the formation of humus, while that
Pb was chelated with humus is the mechanism responsible for
Pb immobilization.

Another mechanism that could account for the lower Pb activ-
ity in B soil after bioremediation was the higher pH in B soil
(Fig. 2). The pH of the original soil (no addition) was only 4.9.
The pH is known to affect the ionic form and chemical mobility.
A high pH may facilitate the decrease of the solubility of metals
in the medium [28], which was also validated by the findings in
our research that the less soluble-exchangeable Pb concentration
was found as the pH in both soils increased (Table 1 and Fig. 2).
The lower active Pb concentrations in soil with higher pH might
be due to the increasing pH, which facilitates the cationic heavy
metal retention to soil surfaces via adsorption, inner sphere sur-
face complexation, and/or precipitation and multinuclear type
reactions [29]. Guttormsen et al. [30] found that soil pH affected
metal hydrolysis, ion-pair formation, organic matter solubility,
as well as surface charge of iron and aluminum oxides, organic
matter, and clay edges. Appel and Ma [31] reported that soil
pH plays a major role in the sorption of heavy metals as it
directly controls the solubilities of metal hydroxides, as well
as metal carbonates and phosphates, and as a result the higher
pH facilitates the precipitation and immobilization of metals.
The solubilization of the ammonia formed by organic nitro-
gen ammonification led to the formation of ammonium and an
increase in the pH values in soil. This might explain the increas-
ing pH observed in both A and B soils during incubation time
(Fig. 2). The pH in B soil increased more than that in A soil
(Fig. 2), the reason for which might be that P. chrysosporium
in B soil facilitated the degradation of organic matter [21] and
the solubilization of ammonia or the volatilization of organic
acid. The effective concentration of Pb in B soil was lower
than the controls (Table 1), which benefited the reduction of
toxicity.

Brookes [32] suggested that the relative effects of heavy-
metal contamination of soils on ecosystem function can be
evaluated by comparing microbial parameters, and an increasing
body of evidence suggests that soil microflora plays an important
role in ecosystemlevel nutrient cycling processes and microor-
ganisms are far more sensitive to heavy metal stress than soil
animals or plants growing on the same soils [33-35]. So we
analyzed some microbial parameters to evaluate the growth of
microorganisms and the microbial activity in our study. Micro-
bial biomass is a much more sensitive indicator of changing soil
conditions than is the total organic matter content, and micro-
bial biomass synthesis is inhibited in heavy metal-contaminated
soils generally [36]. Long-term exposure of soil microflora to
high heavy metal concentrations would decrease the Cric/Corg,
because the toxicity of metal reduced microbial biomass and
metabolic efficiency [37,38]. So the reduction of Pb stress on
soil microflora could facilitate the growth of microorganisms
and might be responsible for the increase of Cpyic and Ciic/Corg
in A soil and B soil (Tables 1 and 2). The increasing Cpjc and
Cmic/Corg in both soils during incubation (Table 2) indicated
that the metabolic efficiency in the conversion of carbon sub-
strates into biomass increased. Our data also showed the Cp;c

and the Cy,;c/Corg were higher obviously in B soil than those
in A soil (Table 2), which suggested the higher metabolic effi-
ciency in carbon mineralization in B soil. With the addition of
P. chrysosporium, the total amount of soil microorganisms in B
soil increased (Table 2). The inoculated P. chrysosporium could
accumulate metal on cell wall and deposited metal intracellu-
larly [10], and as a result the toxicity of metal was reduced
so as to provide a condition favorable to the growth and the
carbon utilization of the soil microorganisms. The above two
reasons might be responsible for the higher Cyic and Cyic/Corg in
B soil.

There is accumulating evidence that the higher gCO; is
observed in most of metal-contaminated soil, and the gCO; was
about 2.0 times greater in contaminated soil than that in uncon-
taminated soil [32,39]. Dai et al. [40] also found that the gCO,
decreased with the alleviation of metal toxicity. The gCO; in
both soils decreased markedly after 12 days of bioremediation
(Table 2), which might indicate the Pb toxicity in both soils was
alleviated. The gCO; in A soil was about 1.6 times greater than
that in B soil after remediation. Microbial metabolic efficiency
was inhibited in the presence of metals, and more energy was
required for microbial synthesis. Microorganisms mainly uti-
lized organic carbon in soil as maintenance energy for growth
under metal contamination, so the CO, release increased and
the conversion of organic carbon into biomass decreased. On the
contrary, microorganisms could convert substrates into biomass
effectively with less or no metal contamination. These findings
might explain the change of the gCO; observed in our study, the
similar results were also shown by Dai et al. [40].

The microorganisms (such as fungus and bacteria) with dif-
ferent C/N ratio contributed to the biomass C/N ratio for soil.
Generally, there is the dominance of fungi in polluted soils and
bacteria in the uncontaminated soils, due to the tolerance of fungi
to metal [41]. Because of the difference among the C/N ratios
of microorganisms (e.g. fungi, bacteria, etc.) the biomass C/N
ratio in soil varied with the unequal growth of different microor-
ganisms. The Cpic/Npic in the samples displayed a decrease
when the Cpjc increased (Table 2), which might be because the
microorganisms with low C/N ratio increased faster than those
with high C/N ratio. Joergensen et al. [42] also confirmed that
large microbial biomass C/N ratios were caused by increased
fungal to microbial biomass ratios under metal contamination,
and they reported that C/N ratio for bacteria was as low as 3.5:1
and fungi, from 10 to 15:1. Although the Cpjc/Npic in B soil
decreased more than that in A soil during incubation, our results
showed the lower Cpic/Nmic in A soil with higher contamination
level and the higher Cpic/Np;c in B soil with lower contamina-
tion level on day 60 (Tables 1 and 2), which was opposite to the
previous studies and the conclusions we obtained above. The
Chic/Nmic Was not suitable to be used as an index for estimat-
ing metal toxicity and contamination level in contaminated soil
with inoculation of microorganism, which might be because the
Chic/Nmic from the inoculated microorganism would affect this
estimation.

The microbial indices mentioned above just reflect the dif-
ference of growth of soil microorganisms and microbial activity
under Pb-contamination, but not show the changes in microbial
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community status. The BIOLOG procedure is a useful method
for the characterization of the metabolic capacity of soil micro-
bial communities. The differences between the metabolic activ-
ities of microbial communities can be assessed by analyzing the
utilization of carbon sources in BIOLOG plates [43,44]. The
higher K and the lower S were observed in B soil after remedi-
ation (Fig. 4), which showed the co-incubation method adopted
in our study improved the utilization of carbon sources by soil
microflora. It was also observed that there was a significant dif-
ference between kinetic parameters K and S fitted to logistic
growth curve in A soil and those in B soil, while no significant
difference between the AWCD in A soil and that in B soil was
found (Fig. 4). The above results indicated the kinetic parame-
ters were more sensitive to the changes of metabolic capacity of
microbial community than the AWCD, which was used to eval-
uate microbial community activity and soil ecological status, in
accordance with the previous reports [24].

5. Conclusions

In conclusion our results showed that incubating contami-
nated soil with the inoculated P. chrysosporium, together with
the added straws as nutrient, could reduce the active Pb, alleviate
the Pb stress, and stabilize the Pb-contaminated soil. In addition,
the treatment improved the remediation of the soil in comparison
to the controls. All these results might be because the Pb ion was
absorbed by the mycelia of P. chrysosporium and chelated by
the humus formed in the incubation process. However, further
studies are needed to investigate and confirm the immobiliza-
tion mechanisms of Pb, because the mechanisms were not very
certain in this study. The traditional bioremediation technol-
ogy relying on plants might be difficult to remediate some lean
soil contaminated with heavy metal because the soil conditions
are unfavorable to the growth of the plants. In addition, when
soil microflora had deteriorated, conventional physico-chemical
approach could not improve soil microbial activities effectively
but only removed metal from contaminated soils. The approach
used in our study could not only immobilize Pb ions in soils,
but also effectively improve soil microbial activities and the
metabolic capacity of microbial community. However, metal
ions were just immobilized for complexation and not removed
from soil in our study, so the approach needs improvements and
deserves further researches.

Acknowledgements

The study was financially supported by the National Natural
Science Foundation of China (Nos. 50,179,011 and 70,171,055),
Chinese National 863 High-Tech Program (2001AA644020,
2003AA644010 and 2004AA649370), the National Basic
Research Program (973 Program) (2005CB724203), Chinese
National Natural Foundation for Distinguished Young Scholars
Project (No. 50225926), Research Award Program for Outstand-
ing Young Teachers in Higher Education Institutions of Ministry
of Education (MOE), P.R.C. 2000, the Doctoral Foundation of
MOE of China (No. 20020532017).

References

[1] D.C. Adriano, Trace Elements in Terrestrial Environments: Biogeochem-
istry Bioavailability and Risks of Metals, second ed., Springer, New
York, NY, 2001.

[2] Z.X. Lin, K. Harsbo, M. Ahlgren, U. Qvarfort, The source and fate of
Pb in contaminated soils at the urban area of Falun in central Sweden,
Sci. Total Environ. 209 (1998) 47-58.

[3] M.D. Buatier, S. Sobanska, F. Elsass, TEM-EDX investigation on
Zn- and Pb-contaminated soils, Appl. Geochem. 16 (2001) 1165-
1177.

[4] N.L. Dollar, C.J. Souch, G.M. Filippelli, M. Mastalerz, Chemical frac-
tionation of metals in wetland sediments: Indiana Dunes National
Lakeshore, Environ. Sci. Technol. 35 (2001) 3608-3615.

[5] C.E. Halim, J.A. Scott, R. Amal, S.A. Short, D. Beydoun, G. Low,
J. Cattle, Evaluating the applicability of regulatory leaching tests for
assessing the hazards of Pb-contaminated soils, J. Hazard. Mater. B 120
(2005) 101-111.

[6] M. Chen, L.Q. Ma, S.P. Singh, R.X. Cao, R. Melamed, Field demon-
stration of in situ immobilization of soil Pb using P amendment, Adv.
Environ. Res. 8 (2003) 93-102.

[7]1 Y.H. Chen, X.D. Li, Z.G. Shen, Leaching and uptake of heavy metals by
ten different species of plants during an EDTA-assisted phytoextraction
process, Chemosphere 57 (2004) 187-196.

[8] A. Fritioff, L. Kautsky, M. Greger, Influence of temperature and salinity
on heavy metal uptake by submersed plants, Environ. Pollut. 133 (2005)
265-274.

[9] U. Yetis, A. Dolek, EB. Dilek, G. Ozcengiz, The removal of
Pb(Il) by Phanerochaete chrysosporium, Water Res. 34 (2000) 4090-
4100.

[10] P. Baldrian, Interactions of heavy metals with white-rot fungi, Enzyme
Microb. Technol. 32 (2003) 78-91.

[11] D. Boyle, C. Wiesner, A. Richardson, Factors affecting the degrada-
tion of polyaromatic hydrocarbons in soil by white-rot fungi, Soil Biol.
Biochem. 30 (1998) 873-882.

[12] E.Y. Hwang, W. Namkoong, J.S. Park, Recycling of remediated soil for
effective composting of diesel-contaminated soil, Compost Sci. Util. 9
(2001) 143-148.

[13] K. Gento, O. Hiroshi, The kinetics of reactions between pyrite and O;-
bearing water revealed from in situ monitoring of DO, Eh and pH in a
closed system, Geochim. Cosmochim. Acta 64 (2000) 2585-2601.

[14] A. Tessier, P.G.C. Campbell, M. Bisson, Sequential extraction procedure
for the speciation of particulate trace metals, Anal. Chem. 51 (1979)
844-851.

[15] K. Vig, M. Megharaj, N. Sethunathan, R. Naidu, Bioavailability and
toxicity of cadmium to microorganisms and their activities in soil: a
review, Adv. Environ. Res. 8 (2003) 121-135.

[16] G. Renella, M. Mench, D. van der Lelie, G. Pietramellara, J. Ascher,
M.T. Ceccherini, L. Landi, P. Nannipieri, Hydrolase activity, microbial
biomass and community structure in long-term Cd-contaminated soils,
Soil Biol. Biochem. 36 (2004) 443-451.

[17] G. Renella, M. Mench, L. Landi, P. Nannipieri, Microbial activity
and hydrolase synthesis in long-term Cd-contaminated soils, Soil Biol.
Biochem. 37 (2005) 133-139.

[18] P.C. Brookes, A. Landman, G. Puden, D.S. Jenkinson, Chloroform fumi-
gation and the release of soil nitrogen: a rapid direct extraction method
to measure microbial biomass nitrogen in soil, Soil Biol. Biochem. 17
(1985) 837-842.

[19] E.D. Vance, P.C. Brookes, D.S. Jenkinson, An extraction method for
measuring microbial biomass carbon, Soil Biol. Biochem. 19 (1987)
253-258.

[20] W.J. Wang, R.C. Dalal, PW. Moody, C.J. Smith, Relationships of soil
respiration to microbial biomass, substrate availability and clay content,
Soil Biol. Biochem. 35 (2003) 273-284.

[21] D.L. Huang, G.M. Zeng, T.J. Hu, G.H. Huang, Preliminary study on
the application of Phanerochaete chrysosporium in composting of lignin
waste, in: Proceedings of EnerEnv’2003 Conference, Science Press, Bei-
jing and New York, 2003, pp. 907-912.



276 D.-L. Huang et al. / Journal of Hazardous Materials B134 (2006) 268-276

[22] J.J. Kell, R.L. Tate, Use BIOLOG for the analysis of microbial commu-
nities from zinc-contaminated soil, J. Environ. Qual. 27 (1998) 601-608.

[23] J.G. Zak, Functional diversity of microbial communities: a quantitative
approach, Soil Biol. Biochem. 26 (1994) 1101-1108.

[24] J.E. Lindstrom, R.P. Barry, J.F. Braddock, Microbial community anal-
ysis: a kinetic approach to constructing potential C source utilization
patterns, Soil Biol. Biochem. 30 (1998) 231-239.

[25] X. Xan, Effect of chemical form of cadmium, zinc and lead in polluted
soils on their uptake by cabbage plant, Plant Soil 113 (1989) 257-261.

[26] N.T. Basta, J.A. Ryan, R.L. Chaney, Trace element chemistry in residual-
treated soil: key concepts and metal bioavailability, J. Environ. Qual. 34
(2005) 49-63.

[27] 1. Maiz, M.V. Esnaola, E. Millan, Evaluation of heavy metal availability
in contaminated soils by a short sequential extraction procedure, Sci.
Total Environ. 206 (1997) 107-115.

[28] EX. Xing, S. Gholamhossin, Effect of pH on chemical forms and plant
availability of cadmium, zinc and lead in polluted soils, Water Air Soil
Pollut. 45 (1989) 265-273.

[29] M.A. Stewart, P.M. Jardine, M.O. Barnett, T.L. Mehlhorn, L.K. Hyder,
L.D. Mckay, Influence of soil geochemical and physical properties on
the sorption and bioaccessibility of chromium(III), J. Environ. Qual. 32
(2003) 129-137.

[30] G. Guttormsen, B.R. Singh, A.S. Jeng, Cadmium concentration inveg-
etable crops grown in a sandy soil as affected by Cd levels in fertilizer
and soil pH, Fertil. Res. 41 (1995) 27-32.

[31] C. Appel, L. Ma, Concentration, pH, and surface charge effects on
cadmium and lead sorption in three tropical soils, J. Environ. Qual. 31
(2002) 581-589.

[32] P.C. Brookes, The use of microbial parameters in monitoring soil pol-
lution by heavy metals, Biol. Fertil. Soils 19 (1995) 269-279.

[33] K. Chander, J. Dyckmans, R.G. Joergensen, B. Meyer, M. Raubuch, Dif-
ferent source of heavy metal and their long-term effects on soil microbial
properties, Biol. Fertil. Soils 34 (2001) 241-247.

[34] U. Rost, R.G. Joergensen, K. Chander, Effects of Zn enriched sewage
sludge on microbial activities and biomass in soil, Soil Biol. Biochem.
33 (2001) 633-638.

[35] S. Klose, K.D. Werneckel, F. Makeschin, Microbial activities in forest
soils exposed to chronic depositions from a lignite power plant, Soil
Biol. Biochem. 36 (2004) 1913-1923.

[36] L.M.D. Leita, G. Enobili, C. Muhlbachova, Bioavailability and effects
of heavy metals on soil microbial biomass survival during laboratory
incubation, Biol. Fertil. Soils 19 (1996) 103-108.

[37] A. Karaca, D.C. Naseby, J.M. Lynch, Effect of cadmium contamination
with sewage sludge and phosphate fertiliser amendments on soil enzyme
activities, microbial structure and available cadmium, Biol. Fertil. Soils
35 (2002) 428-434.

[38] H.Y. Yao, J.M. Xu, C.Y. Huang, Substrate utilization pattern, biomass
and activity of microbial communities in a sequence of heavy metal-
polluted paddy soils, Geoderma 115 (2003) 139-148.

[39] K.E. Giller, E. Witter, S.P. McGrath, Toxicity of heavy metals to micro-
organisms and microbial processes in agricultural soils: a review, Soil
Biol. Biochem. 30 (1998) 1389-1414.

[40] J. Dai, T. Becquer, J.H. Rouiller, G. Reversat, F. Bernhard-Reversat,
P. Lavelle, Influence of heavy metals on C and N mineralisation and
microbial biomass in Zn-, Pb-, Cu-, and Cd-contaminated soils, Soil
Biol. Biochem. 25 (2004) 99-109.

[41] J. Kozdroj, J.D. van Elsas, Structural diversity of microorganisms in
chemically perturbed soils assessed by molecular and cytochemical
approaches, J. Microbiol. Methods 43 (2001) 197-212.

[42] R.G. Joergensen, T.H. Anderson, V. Wolters, Carbon and nitrogen rela-
tionships in the microbial biomass in soils of beech (Fagus sylvatica L.)
forest, Biol. Fertil. Soils 19 (1995) 141-147.

[43] J.B. Guckert, G.J. Carr, T.D. Johnson, B.G. Hamm, D.H. Davidson,
Y. Kumagai, Community analysis by BIOLOG: curve integration for
statistical analysis of activated sludge microbial habitats, J. Microbiol.
Methods 27 (1996) 183-197.

[44] R.J. Ellis, B. Neish, M.W. Trett, J.G. Best, A.J. Weightman, P. Morgan,
J.C. Fry, Comparison of microbial and meiofanual community analy-
ses for determining impact of heavy metal contamination, J. Microbiol.
Methods 45 (2001) 171-185.



	Bioremediation of Pb-contaminated soil by incubating with Phanerochaete chrysosporium and straw
	Introduction
	Materials and methods
	Microorganisms preparation
	Soil properties and preincubation
	Experimental design
	Soil pH and Pb content determinations
	Microbial physiological indices analysis
	BIOLOG community-level physiological profiling
	Statistical analysis

	Results
	Soil pH changing with incubation
	Soil Pb concentrations and distribution coefficient (gammai)
	Microbial physiological indices
	Kinetic model and parameters

	Discussion
	Conclusions
	Acknowledgements
	References


