
R

E
f

M
C
F
a

b

a

A
R
R
1
A
A

K
P
H
S
E
B
L

1

b
w
s
c
u
r
t
a
a
o

d

H
f

(

1
h

Biochemical Engineering Journal 84 (2014) 9– 15

Contents lists available at ScienceDirect

Biochemical  Engineering  Journal

jou rna l h om epage: www.elsev ier .com/ locate /be j

egular  Article

ffect  of  Pb2+ on  the  production  of  hydroxyl  radical  during  solid-state
ermentation  of  straw  with  Phanerochaete  chrysosporium

in  Chenga,b,  Guangming  Zenga,b,∗,  Danlian  Huanga,b,∗, Liang  Liua,b, Meihua  Zhaoa,b,
ui  Laia,b,  Chao  Huanga,b,  Zhen  Weia,b,  Ningjie  Lia,b,  Piao  Xua,b, Chen  Zhanga,b,
angling  Lia,b,  Yang  Lenga,b

College of Environmental Science and Engineering, Hunan University, Changsha, Hunan 410082, China
Key Laboratory of Environmental Biology and Pollution Control (Hunan University), Ministry of Education, Changsha, Hunan 410082, China

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 16 September 2013
eceived in revised form
0 December 2013
ccepted 23 December 2013
vailable online 2 January 2014

eywords:

a  b  s  t  r  a  c  t

Hydroxyl  radical  (•OH)  is  a  radical  species  highly  destructive  for  lignin  during  solid-state  fermentation
(SSF)  of  straw  with  Phanerochaete  chrysosporium  (Pc). The  production  of •OH  at  different  initial  Pb2+

concentrations  during  SSF  of  straw  with  Pc was  investigated.  The  results  showed  that  a modest  amount
(under  200  mg kg−1) of Pb2+ could  enhance  the  production  of •OH,  while  a  higher  Pb2+ concentration
resulted  in  inhibition.  The  content  of •OH reached  the  peak  value  at  day  12 in  the whole  tested  samples,
and  the  maximal  content  of •OH was  obtained  at initial  Pb2+ concentration  of 100  mg kg−1.  It was  also
found  that  the  production  of •OH  was  connected  to enzymatic  activity  and  oxalate  content  in  some  degree,
b
ydroxyl radical
olid-state fermentation
nzymes
iodegradation
ignin

in particular,  a significant  positive  correlation  was  found  between  oxalate  concentration  and  production
of •OH.

We  found  that low  concentration  of  Pb2+ can  promote  the  degradation  of lignin,  and  the  higher  initial
Pb2+ concentration  (400  mg  kg−1)  resulted  in  inhibition.  In addition,  it appeared  that  there  was  no  sig-
nificant  correlation  between  lignin  degradation  rate  and  the production  of •OH  when  Pb2+ concentration
was  taken  into  account.

© 2014 Published by Elsevier B.V.
. Introduction

Rice straw, as one of the most important lignocellulosic
iomasses available and a major agricultural by-product, has been
idely used as raw materials to produce value-added products by

olid-state fermentation (SSF) technique [1]. However, rice straw
ontains a good amount of lignin, which makes it very hard to be
tilized effectively [2]. Lignin is the most abundant organic mate-
ial on earth after cellulose, whose main function is to cement
he cellulose fibers in plants [3]. It was reported that lignin is

 three-dimensional phenylpropanoid polymer mainly linked by
rylglycerol ether bonds between monomeric phenolic units most

f which are not readily hydrolyzable [4].

White-rot fungi are characterized by their unique ability to
egrade lignin mainly due to the secretion of low-specificity phenol

∗ Corresponding authors at: College of Environmental Science and Engineering,
unan University, Changsha, Hunan 410082, China. Tel.: +86 731 88822754;

ax: +86 731 88823701.
E-mail addresses: zgming@hnu.edu.cn (G. Zeng), huangdanlian@hnu.edu.cn

D. Huang).

369-703X/$ – see front matter ©  2014 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.bej.2013.12.014
oxidase enzymes whose natural function is degrading lignin. In par-
ticular, the representative species Phanerochaete chrysosporium (Pc)
has been most extensively studied and proved to be able to degrade
a wide range of organic substrates [5]. However, during SSF pro-
cess, ligninolytic enzymes are not able to diffuse into the intact cell
walls because the enzymes are too large to penetrate the pores of
the cell walls [6]. Hydroxyl radical (•OH) produced by ligninolytic
enzymes, is a radical species highly destructive for cellulose and
lignin [7], and is proposed as a principal low molecular mass oxi-
dant that erodes wood cell walls to enhance the accessibility of the
extracellular enzymes of white-rot fungi to wood cell wall com-
ponents [8]. Besides, previous studies showed that the generation
of •OH in cultures of white-rot fungi is proportional to the rate of
lignin degradation [9,10], in contrast, ligninolytic enzymes activ-
ity in cultures is not necessarily correlated with the rate of lignin
degradation [11].

Heavy metals pollution is one of the most important ecolog-
ical problems on a world scale. Agricultural waste in the heavy

metal-polluted area contains a good amount of heavy metals
[12–15]. In recent years, more and more studies concerning heavy
metals effects on biotechnological processes performed by white-
rot fungi. Lead, as one of the most hazardous heavy metals

dx.doi.org/10.1016/j.bej.2013.12.014
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2013.12.014&domain=pdf
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o white-rot fungi, has attracted particular attention. In previ-
us studies [16–19], most attention has been paid to the Pb2+

oxicity toward extracellular enzymes, but rarely details on the
b2+ toxicity toward the production of •OH have been reported
n literature so far. This study will help us to understand how
b2+ affect the production of •OH, which would provide useful
nformation for the development of fungi-based technologies to
mprove the degradation of heavy metal-polluted lignocellulosic

astes.
In this study, we investigated the production of •OH and soluble-

xchangeable Pb2+ content at different initial Pb2+ concentrations
uring SSF of straw with Pc.  The production of two main ligninolytic
nzymes including lignin peroxidase (LiP) and manganese perox-
dase (MnP), oxalate, a low-molecular-weight compound which is
ncluded in lignin biodegradation and also plays an important role
s a metal chelator, and the superoxide anion (O2

•−) were detected
o analyze the probable mechanism of heavy metal interactions
ith the production of •OH. To determine whether the genera-

ion rates of •OH is proportional to lignin degradation rates, lignin
egradation rates were also detected.

. Materials and methods

.1. Microorganism cultivation and inoculum preparation

The fungus Pc strain BKMF-1767 was obtained from China Cen-
er for type Culture Collection (Wuhan, China). Fungal cultures were

aintained on potato dextrose agar (PDA) slants at 4 ◦C, and then
ransferred to PDA plates at 37 ◦C for several days. The spores on the
gar surface were gently scraped and blended in the sterile distilled
ater as spore suspension. The spore concentration was measured

nd adjusted to 2.0 × 106 CFU per mL.

.2. Solid-state fermentation conditions and sampling

The straw obtained from suburban areas of Yuelu District
Changsha, China) was air-dried and cut into small pieces about

 mm.  The concentration of total Pb in the straw was 2.1 mg  kg−1.
SF was carried out in 500 mL  flasks containing 30 g of straw and
18 mL  basic nutrient solution. Flasks were labeled as A (control), B
50), C (100), D (200) and E (400), respectively, was  supplemented
nd mixed thoroughly with Pb(NO3)2 solutions by adding total Pb2+

, 50, 100, 200, and 400 mg  kg−1 (dry straw). They were used to sim-
late different degrees of Pb pollution. Each flask was stoppered
nd autoclaved twice for 20 min  at 121 ◦C. Then 2 mL  spore sus-
ension was inoculated at room temperature. The fermentation
xperiments were performed at 37 ◦C for 40 days. The humidity
as maintained at the initial level (85%) in the entire fermenta-

ion period. To avoid the effects of sampling on fermentation, 5
like conical flasks for each concentration were prepared in the
ame way. After inoculation, fermented straw was harvested from
ifferent sites in the flask periodically (0, 4, 8, 12, 20, 30 and 40
ay) and mixed together homogeneously for routine analysis. All
xperiments were performed in three replicates.

.3. Soluble-exchangeable Pb content determinations

0.5 g sample was extracted for 1 h with 20 mL  of deionized

ater with continuous agitation, then filtered through 0.45 �m
lter paper. The filtrate was decanted and the equilibrium con-
entration of each solution was measured by an atomic absorption
pectrometer (AAS, Agilent 3510, USA).
eering Journal 84 (2014) 9– 15

2.4. Extracellular enzymes activity assays

1 g sample was  suspended at a 1:20 (w/v) ratio of sample-to-
distilled water on a rotary shaker at 200 r min−1 for 30 min  and then
centrifuged at 3500 r min−1 for 15 min. The supernatant fluid was
filtered through 0.45 �m filter paper. Substrate filtrate was  used
for ligninolytic peroxidase activity analyses with a Shimadzu 2550
UV–vis spectrophotometer. LiP activity was  measured as described
by Tanaka et al. [20], one unit (U) of LiP activity was  defined as the
amount of the enzyme required to produce 1 M veratryl aldehyde
from the oxidation of veratryl alcohol per minute. MnP  activity was
measured as described by Zhao et al. [21], and one unit (U) of MnP
was defined as the amount of enzyme required for producing 1 M
Mn3+ from the oxidation of Mn2+ per minute.

2.5. Extraction and analysis of oxalate

The extraction process was carried out in an ultrasound bath
sonicator. Fermented straw was  firstly incubated with deionized
water (10 mL  g−1 sample) for 30 min. Water extracted straw was
further extracted with 1.5 M HCl (5 mL g−1 sample) for 15 min.
Aqueous and acid extracts were collected, mixed together and fil-
tered through 0.45 �m filter paper. The mixed filtrate was  analyzed
by HPLC (Agilent 1100) equipped with UV–vis variable wavelength
detector (VWD). Oxalate concentration was measured as described
by Li et al. [22].

2.6. Analysis of superoxide anion and hydroxyl radical

1 g sample was  suspended at a 1:20 (w/v) ratio of sample-to-
distilled water on a rotary shaker at 180 r min−1 for 30 min  and
then centrifuged at 5000 r min−1 for 10 min. 1 mL  supernatant fluid
was mixed with phosphate buffer solution (pH 7.8) and hydroxy-
lamine hydrochloride (0.1 mL,  10 mmol−1), then warm bathed at
25 ◦C for 30 min, reacted with 0.5 mL  �-naphthylamine for 20 min
at 25 ◦C. At last, 4 mL  ether was  added to the mixture, centrifuged at
1500 r min−1 for 5 min. The supernatant fluid was measured with
a Shimadzu 2550 UV–vis spectrophotometer at 530 nm.

The improved thiobarbituric acid (TBA) method was  used to
assay •OH [23]. TBA-reactive substances (TBARS) were determined
as follows. The rest of the sample leach liquor from analysis of O2

•−

was collected and filtered through 0.45 �m filter paper, 0.0022 g
2-deoxy-d-ribose was  added into 4 mL  filtrate and incubated at
37 ◦C for 1 h, then TBA (Sigma, 0.25%) and trichloroacetic acid (0.7%)
were added, and the mixture was heated at 100 ◦C for 15 min. The
absorbance at 532 nm was measured. The control was  the same
reaction mixture with no sample leach liquor added. The reduc-
tive activity of •OH was  indicated by the decrease of absorbance at
532 nm compared to that of the control.

2.7. Analysis of lignin degradation

To determine the lignin degradation ability of Pc under different
content of •OH, the contents of lignin was analyzed. Acid detergent
lignin (ADL) was determined according to the procedures outlined
by Van Soest et al. [24]. Lignin was estimated as the difference
between ADL and ash content. Lignin degradation ratios were cal-
culated by the following formula:

m0 − m40
D =
m0

× 100% (1)

where m0 and m40 represent the total amount of lignin in untreated
straw and that in fermentation substrate at day 40, respectively.
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Fig. 1. Soluble-exchangeable Pb content in the control without Pb addition and
in  treatments with Pb addition (50, 100, 200 and 400 mg  kg−1 dry straw, respec-
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Fig. 2. Activities of lignin peroxidase (a) and manganese peroxidase (b) during SSF
of  straw with Phanerochaete chrysosporium in the control without Pb addition and in

activities was  observed, especially when the initial Pb2+ concentra-
ively) during SSF of straw with Phanerochaete chrysosporium. The bars represent
he standard deviations of the means (n = 3), *p < 0.05 vs. the control.

.8. Statistical analysis

Data are presented as the means of three replicates, and
he standard deviations were used to analyze the experimen-
al data. Statistical analyses were performed using the software
ackage SPSS (version 18.0). One-way analysis of variance (ANOVA)
as used for testing difference among the content of soluble-

xchangeable Pb, the production of oxalate and the content of
adical, differences were considered statistically significant at

 < 0.05. Correlation analyses were used to determine the relation-
hips between the production of •OH with enzymatic activity, the
roduction of •OH, oxalate content and O2

•− concentration.

. Results and discussion

.1. Soluble-exchangeable Pb content

The changes of Pb2+ concentrations are shown in Fig. 1. It was
ound that most of soluble-exchangeable Pb2+ was  immobilized
n the flask even at the initial Pb2+ concentration of 400 mg  kg−1

ry straw, and a fast decline of Pb2+ content was  observed in
very flask from day 0 to day 12. We  also found that after 30
ays of fermentation, Pb2+ concentrations in B (50) and C (100)
ecreased to undetectable level (Fig. 1), however, about 28% of
oluble-exchangeable Pb2+ still existed in E (400) even after 40 days
f fermentation.

Free forms of metals in solution are generally supposed to be
ore toxic to micro-organisms than complexed or sorbed forms

15]. The results in this study revealed that most of the active Pb
ons had been transformed into inactive Pb forms, which indicated
he reduction of toxicity of Pb2+ after 40 days SSF. The tolerance of Pc
o heavy metals has been studied for decades, and it was  postulated
hat the defense is usually based on immobilization of heavy metals
sing extracellular and intracellular chelating compounds, one of
he typical metal chelators produced by Pc is oxalate, another group
f heavy metal-binding compounds produced by fungi which are
henolic molecules associated with the cell wall, besides, there are
ome less important metal-binding compounds such as ligands and
eptides [25]. In this study, after 40 days SSF, soluble-exchangeable
b2+ content of all the 5 systems except E (400) were decreased to
 very low level is likely attributable to the extracellular and intra-
ellular immobilization. One possible explanation for the lower
b2+ immobilization efficiency in E (400) is that a high Pb2+
treatments with Pb addition (50, 100, 200 and 400 mg kg−1 dry straw, respectively).
Enzyme activities are expressed in relation to the dry weight of fermented straw.
The  bars represent the standard deviations of the means (n = 3).

concentration in the medium causing extensive damage to the Pc
cells and leading to a decrease in cellular bioactivity.

3.2. Dynamic changes of enzyme activities

Fig. 2 demonstrates dynamic changes of LiP and MnP activities
during SSF of straw with different initial Pb concentrations. The
highest LiP activity (1.02 U g−1 dry straw) was  found in C (100) on
day 12. Besides, it was shown that the LiP activities of all the five
systems reached the peak on day 12, except that in E (400) did not
reach 0.67 U g−1 until day 20 (Fig. 2a). After 30 days fermentation,
LiP activities decreased significantly and maintained at relative low
values. MnP  activity in A (0), B (50) and C (100) displayed the high-
est level (7.57, 8.71 and 10.76 U g−1, respectively) on day 8, and
that in D (200) reached the peak (7.79 U g−1) on day 12. Peak value
(7.50 U g−1) in E (400) was  found on day 20 (Fig. 2b). As a whole,
C (100) showed the highest MnP  activity, while E (400) presented
the lowest.

These results indicated that Pc could maintain good activities
of ligninolytic enzymes (LiP and MnP) under Pb stress. These data
were in good agreement with the Pb-resistant character of Pc.  The
earlier study has shown that Pc is able to survive and grow at con-
centration of Pb2+ in Czapek-Dox medium up to 400 mg  mL−1 [26].
In this study, low or no inhibition of Pb2+ to ligninolytic enzymes
tion was under 200 mg  kg−1 dry straw, which might be because that
a considerable amount of the soluble-exchangeable Pb was immo-
bilized during the SSF (Fig. 1). The result also showed that under low
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Fig. 3. The concentrations of oxalate detected in extracts during solid-state fermen-
tation of straw with Phanerochaete chrysosporium in the control without Pb addition
and in treatments with Pb addition (50, 100, 200 and 400 mg  kg−1 dry mass, respec-
t
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ively). Oxalate concentrations are expressed in relation to the moisture content of
ermented straw (in units per liter). The bars represent the standard deviations of
he means (n = 3), *p < 0.05 vs. the control.

b2+ concentrations the enzymes activities even increased, which
ight be because a modest amount of Pb2+ could stimulate fungi to

ecrete some small molecule like oxalate to increase enzymes activ-
ties. The activities of LiP and MnP  decreased under 400 mg  kg−1 of
b2+ (Fig. 2), which was probably because the influence of high
oncentration of Pb2+ in the extracellular environment, since they
re not protected by the cell-associated metal-detoxication mech-
nisms. This could be the rational explanation for that the enzyme
ctivities in D (200) and E (400) did not reach the peak value until
he Pb toxicity was decreased after several days of SSF by Pc.

.3. Oxalate production at different initial Pb2+ concentrations

As shown in Fig. 3, oxalate productions varied with different
nitial Pb2+ concentrations during the SSF. Only a small amount of
xalate was found in the extracellular fluid during primary growth
day 0 to day 4). However, on day 8 the highest oxalate concentra-
ions (15.76 mM)  was found in extract from C (100), the maximum
xalate concentrations of A (0), B (50), D (200) detected on day 8
ere 11.57, 13.71 and 15.50 mM,  respectively, and the peak value

14.48 mM)  of E (400) was detected on day 12. Oxalate produc-
ions increased rapidly during the initial stage followed by the fast
ecline along with the time shift. We  also observed that D (200)
nd E (400) present higher oxalate concentrations after 10 days of
rowth.

It was reported that oxalate was produced extracellularly by
c. Oxaloacetase and glyoxylate oxidase had been reported to be
he two enzymes involved in the biosynthesis of oxalate from the
ricarboxylic acid (TCA) cycle and glyoxylate cycle by white-rot
ungi [27]. Oxalate is a secondary metabolite of Pc,  and takes an
mportant part in degrading of lignocellulose, a significant amount
f oxalate has previously been found during SSF of straw with Pc
22]. In this study, the productions of oxalate in low initial Pb2+

oncentrations (50, 100 and 200 mg  kg−1) were a little higher than
hat in control. It is suggested that Pc formed a better environment
or oxaloacetate and glyoxylate oxidase to carry out the catalysis
o secrete more oxalate under a moderate Pb2+ concentration. The
eason may  be that the presence of Pb2+ can interfere with the car-
on and energy supplying system of oxalate biosynthesis. It was
lso noticed that a higher Pb2+ concentration (400 mg  kg−1) could
ot only decrease the oxalate production but also delay the peak

f oxalate. This is likely attributed to the high Pb2+ concentrations
estrained the growth and reproduction of Pc.  After 12 days fer-
entation, quite a number of Pb2+ was immobilized (Fig. 1), Pb

oxicity dropped so the oxalate production restored to a certain
eering Journal 84 (2014) 9– 15

extent. Oxalate concentrations in D (200) and E (400) surpass the
others in the latter stage of the fermentation. We  presume that is
mainly due to constant stimulation of the higher concentration of
soluble-exchangeable Pb2+ (Fig. 1). Besides, the fungi growths in
the other flasks were slower since more nutrients consumed in the
earlier stage could be another possible reason.

3.4. The production of superoxide radical

The productions of free radicals were shown in Fig. 4. Both
O2

•− and •OH were evaluated by measuring the absorbance of the
extract, and the concentration of free radicals was proportional to
the absorbance. Fig. 4a shows the absorbance corresponding to the
concentration of O2

•−. It appeared that the concentration of O2
•−

in all 5 flasks except the control one reached a very high level at
the very beginning of the fermentation, with absorbance of 0.112,
0.135, 0.145 and 0.101, respectively. Then most of them sharply
dropped and decreased to undetectable level after 40 days SSF. It
is observed that A (control) presented the lowest production, and
higher productions were detected in D (200) and E (400).

The result indicated that the production of O2
•− could be stim-

ulated by a higher concentration of Pb2+. The production of O2
•−

sharply dropped from day 4 to day 8. The following two reasons
may  account for this phenomenon: (i) Pb toxicity reduced since
most of the soluble-exchangeable Pb has been chelated as shown
in Fig. 1; (ii) Pc increased the production of superoxide dismutase
(SOD), which could convert superoxide to hydrogen peroxide. A rel-
atively lower production was  found in E (400) on day 4, and reached
the peak value on day 12, which maybe because the higher Pb2+

toxicity decreased the fungal growth rate. In the control group, the
production has been rising during the first period, peaked on day
12, and then a larger reduction was  observed. We  speculate that this
maybe affect by LiP activity which also peaked on day 12 (Fig. 2).
LiP was  demonstrated taking an important part in the produce of
O2

•− [28]. In this case, veratryl alcohol was oxidized to cation radi-
cal by LiP in the first step, then the cation radical oxidize oxalate to
CO2

•−, CO2
•− convert O2 to O2

•−. Almost no O2
•− was  detected at

the end of the SSF, maybe for the reason that few fungal exist due
to the insufficient of nutrient.

3.5. The production of hydroxyl radical

Fig. 4b demonstrates the absorbance corresponding to the con-
centration of •OH. As it happens for all systems, the highest
concentration of •OH was observed on day 12, and the maximum
absorbance (0.45) was found in C (100). Despite the presence of
higher concentration Pb2+, very large enhancements of •OH  pro-
ductions are seen: it is obviously that the productions of •OH in
flasks C (100), D (200) and E (400) were higher than the others. As
we shall see, •OH production rapidly increased from day 0 to day
8, maintained a high production in the next two weeks, and then
a significant decrease was  observed, after 40 days SSF the average
production dropped to 24% of that detected on day 12.

In biological systems, •OH is thought to be generated in
two types of reactions: Fenton reaction and Haber–Weiss
reaction [29]. In the Fenton reaction, H2O2 is reduced by
Fe2+ to produce •OH. In the iron-catalyzed Haber–Weiss
reaction, superoxide (O2

•−) reduces Fe3+ to Fe2+ which in turn
reduces H2O2 to form •OH.

3.5.1. Connection between hydroxyl radical and LiP
Comparing Fig. 2 with Fig. 4, we shall see that both LiP activ-
ity and •OH production peaked on day 12. In addition, they both
present high value from day 8 to day 20. In these respects, there
could be some internal relations between LiP activity and •OH
production. In order to acquire a precise understanding of the
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ig. 4. Effects of different initial concentrations of Pb2+ on O2
•− (a) and •OH (b) 

stimated as TBARS formation from 2-deoxyribose. Results are mean values of tripl

onnection between LiP activity and •OH production, the correla-
ion of them was analyzed (Fig. 5). It turns out that the LiP activity
nd •OH production were well correlated (R2 = 0.945) in the control

roup (Fig. 5a). These data suggest that LiP could be the main fac-
or that promotes the •OH production when no Pb2+ was added in
he flask. Ligninolytic enzymes (LiP and MnP) have previously been
ound not able to directly catalyze the formation of •OH, however,

ig. 5. Correlation between Phanerochaete chrysosporium lignin peroxidase (LiP) activity, 

adical  (•OH) production (estimated as TBARS formation from 2-deoxyribose) in differen
ith  Pb addition (400, 100, 200 and 400 mg  kg−1 dry mass, respectively).
ctions by Phanerochaete chrysosporium during SSF of straw. •OH production was
and the standard deviations are below 5% (n = 3), *p < 0.05 vs. the control.

LiP was  demonstrated taking an important part in Haber–Weiss
reaction by initiate the produce of O2

•− [28]. As shown in Fig. 5a′, it
is also found significant correlation between production of •OH and

O2

•−, that confirmed our speculation in some degree. On the other
hand, the correlation coefficient decreased when the higher Pb2+

concentration was  taken into account, when the initial Pb2+ con-
centration was 400 mg  kg−1, no obvious relationship was observed

superoxide anion radical (O2
•−) concentration, oxalate concentration and hydroxyl

t medium. (a and a′) In the control without Pb addition; (b, b′ , c, d) in treatments
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R2 = 0.327) (Fig. 5b). These observations suggest that when
nitialed with Pb2+ (especially under high concentrations), there

ust be other pathway existence to stimulate the •OH production.

.5.2. Connection between hydroxyl radical and superoxide
adical

As described above, O2
•− could increase the production

f •OH by reduce Fe3+ to Fe2+, moreover, O2
•− dismutation

O2
•− + HO2

• + H+ → O2 + H2O2) was a way to provide Fenton’s
eagent H2O2 [30]. It is expected that a higher concentration of O2

•−

ould bring about a higher •OH production, however, apparently
hen under Pb2+ stress, the productions of O2

•− and •OH were not
ell correlated (Fig. 4): O2

•− concentration in most flasks sharply
ecreased from day 4 to day 12, while a dramatic increase was
bserved on •OH production. We  speculate that the possible reason
s the O2

•− content was sufficient, but other factors restricted •OH
roduction, such as H2O2 reduced by catalase and the insufficient
f Fe2+ chelating agent.

.5.3. Connection between hydroxyl radical and oxalate
In this study, •OH production was found not quite correlated

ith oxalate concentration, however, a similar significant increase
rend was observed during the primary growth phase (Figs. 3 and 4).
his comes about because oxalate leads to the production of Fe2+-
xalate, whose involvement in the reduction of H2O2 to •OH has
een previously reported [30]. It was also demonstrated that in
he presence of oxalate and Mn3+, H2O2 production could be pro-

oted [31,32]. Under this circumstances, Mn3+ was  reduced to
n2+ by oxalate (Mn3+ + oxalate → Mn2+ + CO2

•− + CO2), Mn2+ then
educe O2

•− to H2O2 (Mn2+ + O2
•− → Mn3+ + H2O2 + 2H+). We have

lready speculated that O2
•− was abundant at this stage, therefore

t is very reasonable that the rapid increase of •OH production was
ainly contributed to the high concentration of oxalate. Increase

ate of •OH slowed down from day 8 to day 12 (Fig. 4b) which is
ikely due to the concentration of oxalate declined (Fig. 3). Higher
OH productions were detected in flask D (200) and E (400), same
esults were found in oxalate concentration. The correlations were
nalyzed, as shown in Fig. 5c, a relatively good linear correlation
R2 = 0.783) between •OH productions and oxalate concentration
as observed in D (200). Furthermore, here was a significant

orrelation (R2 = 0.902) between them when the initial Pb2+ con-
entration was 400 mg  kg−1 (Fig. 5d). These observations suggest
hat oxalate makes a good contribution to •OH production during
he fermentation when initiated with Pb2+.

.6. Connection between hydroxyl radical and lignin degradation

After 40 days SSF, lignin in all the 5 flasks was  biodegraded
t different levels, with the degrading rates of 33.4 ± 0.8% (A 0),
9.6 ± 1.1% (B 50), 42.9 ± 0.4% (C 100), 37.5 ± 0.9% (D 200) and
1.90 ± 0.5% (E 400), respectively. The result showed that low con-
entration of Pb2+ can promote the degradation of lignin, and the
igher initial Pb2+ concentration resulted in inhibition. The reason
ight be Pb2+ affected the carbon and energy supplying system

f ligninase [25]. Previous studies showed that the generation of
OH in cultures of white-rot fungi was proportional to the rate of
ignin degradation [9,10]. However, correlations between •OH pro-
uction and lignin degradation rate were not observed when Pb2+

oncentration was taken into account. In our study D (200) showed
he highest •OH productions (Fig. 4), however, the highest lignin
egradation rate was found in C (100). Furthermore, the correla-

ion between lignin degrading rate and the total production of •OH
TBARS) was analyzed, no obvious linear correlation (R2 = 0.331)
as found between them. Reasons for these results could be as

ollows: (i) a high •OH concentration would restrain enzymatic

[
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activities and fungal growth as well, and (ii) high Pb2+ concentra-
tion disturbed the function of the regulators of lignin degradation,
for example “Pc reducer” which was  reported to be able to regulate
•OH in selective lignin biodegradation [33].

4. Conclusions

The results showed that an appropriate increase of initial Pb2+

concentration could enhance the production of •OH during the
solid-state fermentation. The probable reason was  that a higher
Pb2+ concentration leads to a higher generation of oxalate and
O2

•−, both of which were beneficial to the generation of •OH. How-
ever, when the initial Pb2+ concentration reached 400 mg  kg−1, a
decrease of •OH production was observed, which might be due to
the inhibition of fungal growth under this condition. In the present
of Pb2+, no correlation between •OH production and lignin degra-
dation were observed, and the related mechanism needed further
studies.
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[1] E.B.N. Graminha, A.Z.L. Gonç alves, R.D.P.B. Pirota, M.A.A. Balsalobre, R. Da Silva,
E.  Gomes, Enzyme production by solid-state fermentation: application to ani-
mal  nutrition, Anim. Feed Sci. Technol. 144 (2008) 1–22.
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