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bstract

Mixtures of a sandy soil and wheat straw were doped with the organochlorine insecticide lindane in glass tubes and were inoculated with the
olypore fungus, Ganoderma australe. An evaluation of bioremediation process effectiveness was searched and five parameters identified for the
olid-state system. Fungi growth is a function of temperature and requires moisture for a proper colonization. These microorganisms need inorganic
utrients such nitrogen and phosphorus to support cell growth and it is also appropriate to know the range of concentration and toxicity of the
sed insecticide. Thus, an orthogonal central composite design (CCD) of experiments was used to construct second order response surfaces. Five
esign factors, namely temperature, moisture, straw, lindane content and nitrogen content and seven optimization parameters (responses), namely
ag time, propagation velocity, biomass growth rate, biodegradation rate, biodegradation/biomass, biomass/propagation and biomass content were

nalyzed. The optima of the responses of the adequate models were found to be the following: propagation velocity 4.25 mm/day, biomass growth
ate 408 mg/day, biodegradation/biomass 56.9 �g/g, biomass/propagation 250 mg/mm and fungal biomass content in solid mixture 260 mg/cm3.
he most important response for bioremediation purposes is biodegradation/biomass which is maximized at the factors levels: temperature 17.3 ◦C,
oisture 58%, straw content 45%, lindane content 13 ppm and nitrogen content 8.2 ppm.
2006 Elsevier B.V. All rights reserved.
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. Introduction

One of the major problems facing the industrialized world
oday is the contamination of soils, ground water, sediments,
urface water, and air with hazardous and toxic chemicals. While
egulatory steps have been implemented to reduce or eliminate
he production and release to the environment of these chem-
cals, significant environmental contamination has occurred in
he past and will probably continue to occur in the future [1].
somers of 1,2,3,4,5,6-hexachlorocyclohexane (HCH) have been
he most extensively used broad-spectrum organochlorine pes-
icides against a wide range of soil-dwelling and plant-eating
phytophagous) insects. A number of publications depict the
ealth effects of HCH isomers on animals and humans and the

ccurrence of residues in soil, water, air, plants, plant products,
nimals, and food commodities. Although the widespread use
f lindane and technical-grade HCH has been discontinued for a

∗ Corresponding author. Tel.: +30 2107723267; fax: +30 2107723163.
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ong time, the problem of their residues, due to the lengthy per-
istence of these chemicals in many soils, exists. Adverse health
ffects associated with HCH isomers include neurological prob-
ems and immunosuppression in humans and liver cancer in rats
nd mice [2].

Among fungi, white rot species show high efficiency in degra-
ation of a wide range of lignocellulosic substances, this ability
eing of great interest for the development of environmentally
riendly biotechnological processes to be applied in food pro-
uction, medical application and bioremediation purposes [3–7].
pplication of fungal technology for the cleanup of pollutants
epends upon the ability of white rot fungi like Phanerochaete,
rametes, Bjerkandera and Pleurotus to degrade lignin (and

ignin-like substances) through production and secretion of a
roup of highly potent, non-specific extracellular enzymes [8,9].
he production and activity of these enzymes in contaminated
oil under field conditions are two prerequisites for successful

pplication of white rot fungi in soil bioremediation [10].

Beyond introduction of white rot fungi in natural soil,
nhanced degradation of pesticide molecules requires effective
rowth and competition with indigenous microorganisms [11].

mailto:rigasf@central.ntua.gr
dx.doi.org/10.1016/j.jhazmat.2006.09.035
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ince the fungal bioremediation process depends on the extent to
hich the fungal inoculant succeeds in colonizing the contami-
ated soils, an interesting approach is to assess fungal growth in
oil. However, this is difficult, because of the problems of quan-
ification which occur when trying to measure the growth of
lamentous fungi in such heterogeneous environments. There-
ore, in studies with wood rot fungi, indirect methods are often
sed [12].

A number of methods has been described to estimate fungal
iomass in soil including the use of specific biochemical com-
onents of fungal cells (chitin, ergosterol, phospholipids-fatty
cids), measurement of metabolic activity (selective respiratory
nhibition), viable counts and direct microscopic counting [13].
revious studies have shown that enzymatic activity and ergos-

erol amount vary during fungal growth. Nutrient consumption
an only be applied in axenic conditions. On the other hand,
he measurement of the cell wall constituent glucosamine is an
ndicator well adapted to the estimation of fungal development
14].

The ability of the fungi to degrade a wide variety of com-
ounds has been attributed, at least in part, to the action of
igninolytic enzymes. The primary carbon source of the fungi is
rees and other plants cellulose, which is protected by the com-
lex biopolymer known as lignin. The lignin degrading enzymes
lignin peroxidases, manganese peroxidases and laccases) are
hus essential for the fungal survival. Nevertheless, enhancing
ungal growth and generation of the ligninolytic enzymes in the
oil environment has proven to be difficult [15].

There are many studies on degradation of organochlorine,
rganophosphorus and pyrethroid insecticides by ligninolytic
ungi [8,12,16]. Early experiments have demonstrated the ability
f white rot fungi and particular Phenerochaete chrysosporium
o degrade the organochlorine insecticide DDT [8]. In an other
ork, the ability of this fungus to degrade six insecticides dield-

in, aldrin, heptachlor, chlordane, lindane and mirex has been
nvestigated in both liquid culture and soil corncob matrices.
mong the insecticides, only lindane and chlordane underwent

ignificant biodegradation [17]. Recently [12] also showed that
hese species were able to degrade DDT, lindane and atrazine.

ost of the studies on the degradation of organopollutants
y white rot fungi have been concentrated on Phanerochaete
hrysosporium, Pleurotus ostreatus and a few other fungi, which
epresent only a small part of many hundreds of similar species
xisting in nature [18].

Fungal bioremediation is subject to the prevailing tempera-
ure, moisture and soil conditions [19]. The soil pH, water avail-
bility, nutritional status and oxygen levels vary and may not
lways are optimal growth of white rot fungi [20,21] or extracel-
ular enzyme production for pollutant transformation [12]. Thus,
he kinetics of pesticides degradation in the soil is commonly
iphasic with a very rapid degradation rate in the beginning
ollowed by a very slow prolonged dissipation. The remaining
esidues are often quite resistant to degradation [22]. Among

nvironmental parameters, the availability of water in soil may
e a very important factor affecting the success of bioreme-
iation, since water availability affects oxygen supply and thus
ungal growth and enzyme production [23,24]. Besides affecting
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m
t
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icrobial behaviour, water availability affects pesticide binding
nd distribution in the soil. The behaviour of organic compounds
n water plays a very significant role in their availability for

icrobial utilization in the environment [25]. Other factors that
an contribute to pesticide degradation in soils include chemi-
al nature, concentration of the pesticide, soil type and amount
f soil organic matter and microbial community structure and
ctivity [26]. Degradation of a diverse group of organopollu-
ants has been reported to be dependent on the non-specific and
on-stereoselective ligninase, which is produced under substrate
imiting growth conditions, yet not induced specifically by the
ollutants [27].

The bracket-like polypore fungus, Ganoderma australe has
een previously studied for its potential to degrade lindane in liq-
id agitated cultures [28]. However, the potential of this fungus
o degrade various organopollutants in soil systems has not been
xtensively studied yet. One of the important aspects of Gano-
erma spp. relates to the use of its ligninolytic potential. Studies
f ligninolytic enzymes with this fungus are still not completely
nown. The enzymes produced by these fungi are lignin peroxi-
ase, manganese peroxidase, and laccases, which are frequently
eferred to as lignin-modifying enzymes (LMEs), presence of
heat bran induced a high production of the enzymes. Gener-

lly, laccases and MnP are more widely distributed among white
ot fungi than LiP recent work detected genes intimately related
o the LiP in two Ganoderma species: G. applanatum and G.
ustrale [29].

Thus, the purpose of this work is to contribute to the study of
ioremediation of lindane by G. australe in contaminated soils
tilizing a multi-parametric design of experiments.

. Materials and methods

.1. Isolation and culture conditions

G. australe usually grows flat against a woody substrate,
orming a skin-like upside crust. The fungal strain used in this
ork was isolated from a Pinus pinea stump in Athens/Greece

nd has been described for its ligninolytic potential previously
30]. The stock cultures were grown on potato dextrose agar
t 4 ◦C, with periodical sub-culturing. Cultures were aseptically
aintained at 25 ◦C on potato dextrose agar (PDA), composed of

g/L): peeled potatoes 200, dextrose 20, and agar 15. The inocu-
um was prepared by transferring four agar plugs (1 cm diameter)
rown on PDA into 100 mL Erlenmeyer flasks containing 50 mL
alt extract broth (MEB) and incubated at 25 ◦C under sta-

ionary conditions. After 6 days of growth, the culture was
omogenized for 30 s and further used as inoculum in the soil-
traw environment for the estimation of lindane degradation and
iomass level in the solid-state system.

.2. Media and growth conditions
The growth medium used was silicious sand and milled wheat
traw, both of particle size <1 mm, at a total quantity of 10 g. The
ixture of soil and straw was put into large test tubes (diame-

er 3.5 cm, length 24 cm), sterilized in an autoclave (121 ◦C,
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Table 1
Coded and natural values of design factors (coded values are dimensionless and
shown in bold)

Effects Design factors −� −1 0 +1 +�

A X1: temperature (◦C) 10.1 15 23 31 35.8
B X2: moisture (% in total 10 g) 50.4 58 70.5 83 90.5
C X3: straw content (% in total 10 g) 20.2 26 35.5 45 50.7
D
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0 min) and inoculated with 150 mg homogenized inoculum.
ll cultures and controls in the study were run in duplicate

ncluding the biodegradation experiments. Ammonium nitrate
as used as a nitrogen source. The insecticide lindane (�-
exachlorocyclohexane), purity 99% (GC), was obtained from
igma–Aldrich. Fungal growth was estimated by measuring

he propagation of the fungus in the straw-soil columns (mm)
nd by the N-acetylglucosamine determination (in mg dry
iomass).

.3. Biomass determination

Direct quantitation of fungal biomass in solid substrate
s not possible because of the difficulty in isolating fungal
yphae from the substrate [31]. Fungal chitin hydrolysis into N-
cetylglucosamine was used to determine the biomass according
o the method described by Scotti et al. [14]. Thus, 5 g of the
olid-state system (soil-straw-mycelium) was treated at 25 ◦C
ith 5 mL of 72% H2SO4 on a rotary shaker at 130 rpm for
0 min. After dilution with 54 mL deionized water, the hydroly-
is was carried out by autoclaving the mixture for 2 h at 121 ◦C.
he hydrolyzate was neutralized to pH 7.0 with initially 10 M
nd then 0.5 M NaOH solution. Glucosamine was assayed with
he following colorimetric method. After the sample neutralized
o pH 7.0 a sample of 1.5 mL extracted and an equal volume
f (1.5 mL) 5% (w/v) NaNO2 and 5% KHSO4 added. Then
tirred the solution for 15 min and centrifuged at (1500 × g,
min, 2 ◦C), then two samples (1.5 mL) of the supernatant
ere removed. To each of them 0.5 mL of 12.5% NH4SO3NH2
as added, shaking for 5 min and added to the solution 0.5 mL
f 0.5% 3-methyl-2-benzothiazolone hydrazone hydrochloride
MBTH) (prepared daily). The mixture was heated in a boiling
ater bath for 3 min, cooled and 0.5 mL of 0.5% FeCl3 (stored

t 4 ◦C and discarded after 3 days) was added. After standing
or 30 min, the absorbance at 650 nm was read. The blank was
he medium just before inoculation.

.4. Analysis of lindane in soil

The extraction of lindane was conducted according to the
rocedure given by Rigas et al. [7], modified for a solid-state
ystem. Half of the soil-straw incubated mixture (5 g) was dried
nd added into a 100 mL volumetric flask. Hexane (80 mL) was
dded in the solid-state and agitated on a rotary shaker at 130 rpm
or 30 min. After standing for 15 min to allow soil settlement, a
mL aliquot was removed and suspended with 4 mL deionized
ater, and cleaned from any straw residues. The upper phase
as collected and stored at 4 ◦C. The same extraction procedure
as repeated five times for each test tube.
Aldrin was used as an internal standard and the samples

nalyzed in gas chromatograph (Shimadzu GC-17A) equipped
ith an electron capture detector and 30 m × 0.32 mm Optima-
Column. The injector, detector and column temperatures
ere 270, 280 and 100 ◦C, respectively, and 1 �L sample
as injected each time for analysis. For all the procedures

he chemicals and solvents used were of the highest purity
vailable.

t
v
c
p

X4: lindane content (ppm in soil) 5.1 7 10 13 14.8
X5: nitrogen content (ppm in soil) 5.2 8 12.5 17 19.7

.5. Statistical design of experiments

The orthogonal central composite design 25−1 plus star with
wo central points was applied to study the effect of five design
actors, namely temperature (X1), moisture (X2), straw (X3), lin-
ane content (X4), and nitrogen content (X5). The column of the
ffects interaction ABCD was used to create the column for
actor X5 plus the star points. The coded levels and the natural
alues of these factors set in the statistical experiment are shown
n Table 1.

The design consisted of 28 trials and two replicates were
erformed for each trial giving 56 runs totally, as calculated by
he following equation:

= F + T = 2k−1 + 2k + nc = 25−1 + 2 × 5 + 2 = 28

(1)

here N is the total number of runs, F the number of factorial
xperiment, T the number of the additional star points, k the
umber of factors, and nc is the number of central points.

The distance of the axial points from the center of the design
star distance, α) was calculated [32] by the equation:

=
[

(NF )1/2 − F

2

]1/2

=
[

(28 × 16)1/2 − 16

2

]1/2

= 1.607

(2)

he selected optimization parameters or responses are the fol-
owing:

Y1, lag time (days); Y2, propagation velocity (mm/day); Y3,
iomass growth rate (mg/day); Y4, biodegradation rate (�g/day);
5, biodegradation/biomass rates (�g/g); Y6, biomass growth
ate/propagation velocity (mg/mm).

Lag time is the time needed after inoculation of the soil system
or the fungus to adapt in the new medium and start propa-
ating in it. The propagation velocity of the fungal mycelium
ront in the soil was measured visually on the sides of the test
ubes immediately after the lag time. Biomass growth rate and
iodegradation rate were also determined after the lag time had
lapsed. All values of the optimization parameters were deter-
ined for the total quantity of the soil-straw systems, which was

lways equal to 10 g of soil and wheat straw.
The results of the statistical experiment were treated by
he software Design-Expert and StatGraphics to determine the
arious components of analysis of variance (ANOVA). The
orresponding quadratic models for the above optimization
arameters were first computed, from which the outliers
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statistically unacceptable measurements) were found and
xcluded from the subsequent calculations. The insignificant
ffects (factors and interactions) having p-values higher than
.05 were then excluded, and those with p-values lower than
.05 were further used being statistically different from zero
t the 95% confidence level. The statistics used to determine
hether the so constructed models were adequate to describe

he experimental data were significance of models, lack-of-fit
est, and adequate precision statistic.

. Results and discussion

.1. Regression models and statistical testing

After running the 56 trials of the central composite design,
he results of the statistical experiment were treated with regard
o the coded design matrix. The statistically distant values of
he responses were excluded using the outlier t-test. This is a

easure of how many standard deviations the actual value devi-
tes from the value predicted after deleting the point in question.
bnormal runs were identified and excluded when found to devi-

te more than plus or minus 3.5 standard deviations.
The significant effects of the responses were then found test-

ng the statistical significance of each effect by comparing the
ean square against the estimate of the corresponding error. The

ignificant effects having p-values less than 0.05, thus indicating
hat they are significantly different from zero at the 95% confi-
ence level, are the following ranking from the more significant
o the less significant effects:

esponse Effects

1 AA, A, AB, E, BE, AD, DE, AE, C, BD, CE, BB, AC, B, D

2 A, C, AC, AA, DD, D

3 AA, CE, BD, D, BB, B, AD, E, A, C

4 AA, BB, DE, AC, E, AB, CE, AD, BC, CD, BE, CC, D, DD,
EE, AE, BD, B, C, A

5 B, BB, CC, D, C

6 A, AA, BE, CD, AE, BB, B, E, AB, D, C

The reduced second order regression models fitted to the data
or the coded values of factors after having excluded the insignif-
cant effects are the following:

1 = 3.27 − 1.21X1 − 0.17X2 − 0.47X3 + 0.08X4 − 1.05X5

+ 1.05X2
1 + 1.33X1X2 − 0.66X1X3 + 1.22X1X4

+ 0.62X1X5 + 0.37X2
2 + 0.56X2X4 − 1.27X2X5

+ 0.84X3X5 − 1.03X4X5 (3)

2 = 2.76 + 1.01X1 + 0.42X3 + 0.13X4 − 0.23X2
1

2
+ 0.28X1X3 − 0.23X4 (4)

3 = 55.47 − 19.34X1 + 26.90X2 + 6.41X3 + 38.46X4

− 26.14X5 + 71.23X2
1 − 32.24X1X4 + 34.149X2

2

+ 45.79X2X4 − 50.52X3X5 (5)

a
a
f

v
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4 = −0.42 − 0.01X1 − 0.47X2 − 0.08X3 + 0.84X4

− 1.63X5 + 3.55X1X3 + 3.01X1X4 − 0.80X1X5

+ 2.44X2
2 + 1.75X2X3 − 0.61X2X4 − 1.54X2X5

+ 0.90X2
3 − 1.92X3X4 + 3.03X3X5 + 0.69X2

4

− 4.44X4X5 + 0.50X2
5 (6)

5 = 12.87 − 16.07X2 − 0.63X3 + 5.91X4

+ 11.64X2
2 + 11.02X2

3 (7)

6 = 22.42 − 52.67X1 + 10.29X2 − 0.56X3 − 3.10X4

+ 10.09X5 + 52.60X2
1 − 8.74X1X2 − 16.89X1X5

+ 12.22X2
2 + 31.46X2X5 − 29.87X3X4 (8)

he complete models (all factors included) as well the reduced
odels (those including only the significant effects) were tested
ith the statistics: model significance, lack-of-fit and adequate
recision.

The model significance test, checks whether the model F-
alue occurs due to noise. To do this, the probability of sensing
he observed F-value (prob > F-, or p-value) is used to test if
he null hypothesis is true. The p-value is the proportion of the
rea under the curve of the F-distribution that lies beyond the
bserved F-value. Small p-values dictate rejection of the null
ypothesis, meaning that if a p-value is less than 0.05 the model
s significant at the 95% confidence level.

The lack-of-fit test is designed to determine whether the
elected model is adequate to describe the observed data, or
hether a more complicated model should be used. The test is
erformed by comparing the variability of the current model
esiduals to the variability between observations at replicate set-
ings of the factors. A model is considered adequate (significant)
t the 95% confidence level, if the p-value of the lack-of-fit test
s higher than 0.05.

The adequate precision test measures the signal to noise ratio.
t compares the range of the predicted values at the design points
o the average prediction error. A ratio greater than 4 indicate
dequate model discrimination and then the model can be used
o navigate the design space.

The results shown in Table 2 indicate that all models comply
ith the desired values of the statistics model significance and
dequate precision. Moreover, the reduced models give better
est values for these statistics than the complete ones, due to
he elimination of the insignificant factors. Yet, concerning the
ack-of-fit test the models Y1 and Y4 prove to be inadequate.

More precisely, the model for response Y1 (lag time) is not
dequate, because the p-value of lack-of-fit is null for both, the
omplete and the reduced models. This may be explained by the
ndefinable factors that would influence the adaptation time of
living organism, till the moment it decides to colonize a new

nd hostile (due to lindane) medium. Thus, this model cannot

urther be used to investigate the factors space.

On the contrary, the model for response Y2 (propagation
elocity) is adequate for both the complete and the reduced mod-
ls, because the lack-of-fit test gives p-values greater than 0.05.
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Table 2
Statistics used to test the adequacy of the complete (all effects included) and reduced (only significant effects) models

Response Model significance
(desired p-value < 0.05)

Lack-of-fit (desired p-value > 0.05) Adequate precision
(desired ratio > 4)

Complete Reduced Complete Reduced Complete Reduced

Y1 0.0033 0.0001 <0.0001 <0.0001 5.600 6.948
Y2 <0.0001 <0.0001 0.0037 0.0988 10.954 19.185
Y3 0.0005 <0.0001 0.0680 0.3935 9.665 13.121
Y4 <0.0001 <0.0001 <0.0001
Y5 0.0059 <0.0001 0.0792
Y6 <0.0001 <0.0001 0.0313

Fig. 1. The estimated response surface of propagation velocity (Y2) in mm/day
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(ppm) with the other factors kept at their basic levels (tempera-

◦

lotted against temperature (X1) (◦C) and straw content (X3) (%) with the other
actors kept at their zero levels (moisture 70.5%, lindane content 10 ppm, nitro-
en content 12.5 ppm).

hus, the reduced model can now be used to investigate the
ffects of the significant factors on propagation velocity start-
ng from the end of the lag phase. Temperature, straw content
nd lindane content were the factors found to be significant in a
uadratic model including the effects A, C, AC, AA, DD and D.
evertheless, in a second order model the effects of factors on
ptimization parameters are not obvious. To visualize the effects
f a quadratic model only two factors at a time can be plotted
gainst one response. This is shown in Fig. 1, where the prop-
gation velocity (Y2) in mm/day is plotted against temperature
◦C) and straw content (%) with the other factors kept at their
ero levels (moisture 70.5%, lindane content 10 ppm, nitrogen
ontent 12.5 ppm).

The complete as well the reduced model for response Y3
biomass growth rate) are adequate as tested with the lack-of-fit

est. All factors appear in the reduced model as expected in a
uadratic model including the effects AA, CE, BD, D, BB, B,
D, E, A, C. In Fig. 2, the estimated response surface of biomass

ig. 2. The estimated response surface of biomass growth rate (Y3) in mg/day
lotted against moisture (X2) (%) and straw content (X3) (%) with the other
actors kept at their zero levels (temperature 23 ◦C, lindane content 10 ppm,
itrogen content 12.5 ppm).

t

i

F
p
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c

<0.0001 13.847 13.847
0.2718 6.112 9.718
0.2648 14.178 20.329

rowth rate (Y3) in mg/day is plotted against moisture (%) and
traw content (%) with the other factors kept at their zero levels
temperature 23 oC, lindane content 10 ppm, nitrogen content
2.5 ppm).

The complete as well as the reduced model of response Y4
biodegradation rate) are not adequate as is evident from the null
-values of their lack-of-fit tests shown in Table 2. In addition
he effects AA, BB, DE, AC, E, AB, CE, AD, BC, CD, BE,
C, D, DD, EE, AE, BD, B, C, A are confounded. This inade-
uacy may be attributed to the differing biomass contents in the
oil-straw system of the 56 experimental runs producing differ-
nt quantities of ligninolytic enzymes. Consequently, while the
iodegradation rate is inadequate the biomass growth rate would
ectify the problem and this is attempted with the next trans-
ormed response Y5 = Y4/Y3 (biodegradation/biomass), which
s the rational function of biodegradation rate to the biomass
rowth rate.

Indeed, response Y5 yields an adequate model for both the
omplete and the reduced model as concluded from the higher
han 0.05 p-values of the lack-of-fit test. Thus, the reduced to
iomass biodegradation can be used to navigate the design space.
he significant factors determined are moisture (X2), lindane
ontent (X4), straw content (X3), in a quadratic model with sig-
ificant effects B, BB, CC, D, and C. The effect of nitrogen
ontent (X5) is not significant and is excluded from the model. In
ig. 3, the estimated response surface of biodegradation/biomass
Y5) in �g/g is plotted against moisture (%) and lindane content
ure 23 C, straw content 35.5%, nitrogen content 12.5 ppm).
Some researchers choose to determine the biomass produced

n test tubes by measuring the propagation of mycelium front

ig. 3. The estimated response surface of biodegradation/biomass (Y5) in �g/g
lotted against moisture (X2) (%) and lindane content (X4) (ppm) with the other
actors kept at their zero levels (temperature 23 ◦C, straw content 35.5%, nitrogen
ontent 12.5 ppm).
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Fig. 4. The estimated response surface of biomass/propagation (Y6) in mg/mm
plotted against temperature (X1) (◦C) and moisture (X2) (%) with the other
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actors kept at their zero levels (straw content 35.5%, nitrogen content 12.5 ppm
nd lindane content 10 ppm).

nto the solid medium. This is an easy measurement to do, but
t has to be proven first that the ratio biomass/propagation is
ndependent from the principal variables effecting the biomass
rowth. This dependence can be explored now selecting as a new
ptimization parameter the transformed response Y6 = Y3/Y2
biomass/propagation), which is the rational function of biomass
rowth rate to the propagation velocity.

Indeed, response Y6 yields an adequate model for both the
omplete and the reduced model as concluded from the higher
han 0.05 p-values of the lack-of-fit test. Thus, this response can
e used to clear up whether the ratio biomass/propagation is
ndependent from other factors. It was revealed after the sta-
istical treatment of data that all factors are significant in a
uadratic model with significant effects A, AA, BE, CD, AE,
B, B, E, AB, D, and C. Thus, the indirect measurement of the
ycelium front propagation velocity cannot be used in lieu of

he direct determination of biomass with methods such as the
lucosamine method. In Fig. 4 the estimated response surface
f biomass/propagation (Y6) in mg/mm plotted against temper-
ture (◦C) and moisture (%) with the other factors kept at their
ero levels (straw content 35.5%, nitrogen content 12.5 ppm and
indane content 10 ppm).

It is interesting to notice that dividing the response Y6,
xpressed in mg of fungal biomass per length of propagation,
y the cross-section of the test tubes in which the fungus prop-
gated, the biomass content in the soil-straw system (Y7) arises
ith dimensions mass per volume. Taking into account that Y6

s expressed in mg/mm and the diameter of the tubes is 3.5 cm
he new transformed response Y7 is then:
7 = Y6
(mg/mm) (10 mm/1 cm)

π(3.5/2)2 (cm2)
(9)

r
a
f

able 3
atural values of the design factors for the optima of responses of adequate models

esign factors Propagation velocity, Y2 Biomass growth rate, Y3 Biode

ptima 4.25 mm/day 408 mg/day 56.9 �

1 (◦C) 31.0 15.0 17.3

2 (%) 58.2 83.0 58.0

3 (%) 45.0 45.0 45.0

4 (ppm) 10.8 13.0 13.0

5 (ppm) 8.0 8.0 8.2
Materials 140 (2007) 325–332

where: Y7 in mg/cm3 (biomass/soil).whence:

7 = 23.32 − 54.77X1 + 10.71X2 − 0.58X3 − 3.44X4

+ 10.50X5 + 54.70X2
1 − 9.09X1X2 − 17.56X1X5

+ 12.71X2
2 + 32.71X2X5 − 31.06X3X4 (10)

.2. Optimization of responses

The optimal values of the responses examined in this work
nside the experimentation space were calculated from their
educed models and are shown together with the corresponding
atural values of factors in Table 3. It is worth mentioning that
he optimal conditions are not the same for all responses. So, one
as first to select the response of interest and then to accommo-
ate the factors in order to obtain the desired optimum. Optima
hown in Table 3 were obtained for the best values of all signifi-
ant factors, whereas the response surfaces in figures refer only
o two factors at a time. So, it is expected that calculated optima

ay be better than the values depicted with a limited number of
actors.

For bioremediation purposes the most important response,
fter the rejection of biodegradation rate model Y4, is biodegra-
ation/biomass Y5 which is maximized at the factors levels:
emperature 17.3 ◦C, moisture 58%, straw content 45%, lindane
ontent 13 ppm and nitrogen content 8.2 ppm. Nevertheless, one
as also to take into account that biodegradation depends mainly
n the fungal biomass (Y3) producing the ligninolytic enzymes
eeded to degrade lindane, which is favored at different levels
f the design factors, namely temperature 15 ◦C, moisture 83%,
traw content 45%, lindane content 13 ppm and nitrogen content
ppm.

Nevertheless, the fitted value of response Y5 for the levels
f factors that maximize Y3 is calculated to be equal to 24.7.
his value is 2.3 times lower than the optimal estimated value
f Y5 (56.9 �g/g). On the other hand, the fitted value of response
3 for the levels of factors that maximize Y5 is calculated to be
qual to 210, a value which is 1.9 times lower than the optimal
stimated value of Y3 (408 mg/day). A solution to this problem
ould be the fungal biomass content of the soil-straw system to
e used as a factor in a future experimental study, although this
eems quite difficult to be accomplished experimentally.

There are different optimal values for temperature between
ate). This may be attributed to two different mechanisms: prop-
gation has to do with penetration of hyphae into the soil which is
avored by a more fluffy material obtained at higher temperature

gradation/biomass, Y5 Biomass/propagation, Y6 Biomass content, Y7

g/g 250 mg/mm 260 mg/cm3

15.0 15.0
83.0 83.0
45.0 45.0

7.0 7.0
17.0 17.0
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nd lower soil moisture, whereas biomass growth is favored by
igh moisture content and lower temperature at which this fun-
us grows in its natural environment. The different mechanisms
f these two responses reflect in the inability to use propaga-
ion velocity instead of biomass growth rate, as analyzed above
n the discussion of responses Y6 (biomass/propagation) and Y7
biomass content in the soil-straw system).

. Conclusion

The central composite design selected as a response surface
ethodology proved to be suitable for performing bioremedi-

tion studies in a complex solid-state system in which colo-
ization and growth of G. australe in presence of the toxic
ompound lindane do not permit attainable straightforward
tudies.

Six response surface models were constructed from which
our proved to be adequate. The lag time model was found to
e inadequate due probably to indefinable variables. The signif-
cant factors of the adequate fungus propagation rate model are
emperature, straw content and lindane content in a quadratic

odel. In the biomass growth rate model all factors appear in
he reduced model as expected.

The biodegradation rate model proved to be inadequate and
his was attributed to the differing biomass contents in the soil-
traw system of the experimental runs, thus producing different
uantities of ligninolytic enzymes. The reduction of biodegra-
ation rate to the biomass growth rate rectified the problem
fter the construction of an adequate biodegradation/biomass
odel, which is the rational function of biodegradation rate to

he biomass growth rate. The significant factors determined for
his model are moisture, straw content and lindane content in a
uadratic model.

The biomass/propagation model was found to depend on all
actors. Therefore, the indirect measurement of the mycelium
ront propagation velocity cannot be used in experimental stud-
es in lieu of the direct biomass determination.

The optima of the selected responses were deter-
ined utilizing the reduced adequate mathematical mod-

ls as follows: propagation velocity 4.25 mm/day, biomass
rowth rate 408 mg/day, biodegradation/biomass 56.9 �g/g and
iomass/propagation 250 mg/mm. In addition, the maximum
ungal biomass content in solid mixture was found to be equal to
60 mg/cm3.

An important future work is the investigation of remediation
f pollutants such as lindane at in situ conditions. Field appli-
ations likely to be used involve solid phase approaches such
s landfarming (spreading of polluted materials on soils usually
ombined with soil tillage and/or nutrient inputs), composting,
r the use of biopiles (piles of polluted soils constructed to facil-
tate aeration and addition of nutrients).
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