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HAP Ab. Formule 
M 

(g.mor1
) 

Sol. 

(mg.r1
) 

log Kow Vol. (Pa) 

naphtalè ne NAP co 128,2 31 3,4 36,8 
# 

acénaphtylène ACL f\ 152,2 16,6 4 4,14 ro /-

acénaphtène ACE & 154,2 3,8 3,9 1,52 
--"' 

fluorè ne FL 0:0 166,2 1,9 4,2 0,715 

phénanthrène PHE 60 178,2 1,1 4,6 0,113 

anthracène ANT cc:::; 178,2 0,05 4,5 0,078 
-"' 

fluo ranthène FLA (xs 
""' ~ /, 

202,3 0,26 5,2 8,7.10"3 

pyrè ne PYR 0 202,3 0,13 5,2 0,012 

benzo(a)anthracène BaA (0:('~~) 
.,..;...,;: "-.:'·) ..... ..,:: ..... 

228,3 0,01 5,9 6,1.10"4 

(''("J 
8,4.10"7 chrysè ne CHR ....... ~~ ..l' ... ~_ ...... 1 ..... ~::- 228,3 0,002 5,6 

L-.;:-:-l v-:--
"" 1 

benzo(b )f lu oranthè ne BbF IC 1 "' 1 "' 252,3 0,002 5,8 6,7.10"5 

6 fi 

-

benzo(k)fluoranthène BkF ""' "" 1 ~ IÎ 252,3 0,001 6 4,2.1 o·6 

"" "" ~ IÎ 

1 "" 
benzo(a)pyrè ne BaP 

l "' "" 
A 252,3 0,004 6 2,3.10"5 

A .& .& 

"' 
"' 

1/. 
9,2.10"8 di be nzo(a,h)anthracè ne DBA l"" 278,4 0,0006 6,8 

h /- /-

l h 

r "'::(~" 
indénol[1 ,2,3-c d] pyrè ne IP f '"'· ,,,. J~,.......,_ 276,3 0,062 6,6 1,3.10"8 

···.,;;o::J.,_.;::-•'---~1 -~ 

f(x)' 
di be nzo(g,h,i)pérylène BghiP Ç'':J) 268,4 0,0003 6,5 2,2.10-5 

0-, 
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Sol 1 Sol de Neuves Maisons (NM) 1 Sol thermo-désorbé (TD) 

Date 1 sept-05 1 mai-10 1 sept-05 1 mai-10 

Granulométrie (q.kq'1) • 

Argile(< 2 ~m) 123 ± 22 132 ±9 104± 5 99 ± 2 

Limons fins (2-20 ~ml 147± 28 138 ± 13 97 ± 10 102 ± 3 

Limons grossiers (20-50 ~ml 75 ± 13 123 ± 7 97 ±4 97 ± 6 

Sables fins (50-200 ~ml 83 ± 15 122 ± 13 141 ± 8 167 ± 13 

Sables grossiers (>200 ~ml 572 ± 62 485 ± 21 560 ± 13 535 ± 18 

Paramètres agronomiques 

Azote Total (g.kg ·') 2,7±0,1 2,7 ± 0,3 0,9±0,1 1,2 ± 0,1 

Ratio C:N 23,0 ± 1,3 25,4 ± 2,1 62,0 ± 1,4 52,3 ± 1,4* 

Carbone organique (g.kg '1) 62,0 ± 3,6 67,9 ± 5,3 58,4 ± 8,3 64,1 ± 4,7 

Matière organique (g.kg ·') 107,2 ± 6,3 117,4 ± 9,1 101,0 ± 1,6 110,5 ± 8,2 

pH 7,0±0,2 7,5 ±0,1 8,0±0,1 7,8 ± 0,1 

CaC03 total (g.kg.1) 19,2 ± 3,2 15,2 ± 3,4 49,2 ± 3,8 47,7 ± 6,2 

P20s (g.kg·'> 0,05 ± 0,01 0,07 ± 0,01 0,08 ± 0,01 0,08 ± 0,01 

Soufre (S) • nd 49425 ± 6702 nd 28975 ± 6089 

Eléments échangeables à l'acétate d'ammonium (g.kg· ) 

Calcium (Ca) 41,7 ± 3,4 41,4±3,1 27,1 ± 1,1 25,1 ± 1,2 

Magnésium (Mg) 1,01 ± 0,08 0,12 ± 0,02* 0,24±0,01 0,06 ± 0,01* 

Potassium (K) 0,42 ± 0,05 0,39 ± 0,17 0,46 ± 0,01 0,30 ± 0,01* 

Métaux extractibles à I'EDTA (mg. kg· ) 

Cuivre (Cu) 10,3 ± 0,9 14,4 ± 1,1 11,6 ±0,6 15,2 ± 5,8 

Fer (Fe) 79,4 ± 3,3 95,2 ± 5,8 25,3 ± 0,8 29,2 ± 2,0 

Manganèse (Mn) 352 ± 76 87,4 ± 8,5• 394 ± 23 72,0 ± 3,3* 

Zinc (Zn) 249 ± 13 187,1 ± 17,1* 248 ± 8 203,7 ± 6,5* 

Métaux totaux (mg. kg· ) 

Bore (B) 8,4 ± 0,7 3,6 ± 0,4* 3,1 ±0,1 1,8 ± 0,1* 

Cadmium (Cd) 2,7 ± 0,1 2,8 ± 0,3 2,1 ±0,1 2,4 ± 0,1 

Chrome (Cr) 599 ± 64 1077± 151* 593,7 ± 23,1 576 ± 87 

Cobalt (Co) 25,1 ± 1,2 26,7 ± 1,1 27,2 ± 0,2 30,0 ± 1,6 

Cuivre (Cu) 130,8 ± 8,2 136,2 ± 7,2 109,2 ± 1,7 120,2 ± 5,9 

Mercure (Hg) • 5,3 ± 4,4 6,0 ± 1,1 1,5 ± 0,2 2,11 ± 0,4 

Molybdène (Mo) 11,2±0,5 11,0 ±0,8 11,8 ±0,3 11,8 ± 0,4 

Nickel (Ni) 97,3 ± 4,1 101,6 ± 5,8 102,2 ± 2,1 111,0± 5,6 

Plomb (Pb) 481,9 ± 57,6 596,6 ± 127,7 672,7 ± 23,0 811 ,8 ± 38,7 

Thallium (Tl) 0,63 ± 0,04 0,76 ± 0,03 0,78 ± 0,03 0,81 ± 0,01 

Zinc (Zn) 2085 ± 229 2279 ± 182 2745 ± 26 2915 ± 97 

HAP (mg.kg.) 

Naphthalène 48,7± 23,6 23,0 ± 3,8* 2,9 ± 0,5 0,8 ± 0,5* 

Acenaphtylène 54,3 ± 5,9 18,3 ± 2,0* 2,9 ± 0,5 0,3±0,1* 

Acénaphtène 61,0 ± 11,0 33,8 ± 8,5* 0,8±0,1 0,5 ± 0,1* 

Fluorène 52,6 ± 10,9 32,6 ± 9,2 2,6±0,1 0,5 ± 0,2* 

Phénanthrène 152,9 ± 25,8 119,5 ± 23,7 9,3 ± 0,3 4,3 ± 0,8* 

Anthracène 150,7 ± 29,3 80,9 ± 5,4* 6,4±0,2 1,2 ± 0,2* 

Fluoranthène 273,9 ± 37,6 201 ,0 ± 25,9 15,7 ± 0,4 6,1 ± 1,0* 

Pyrène 200,1 ± 28,7 150,5 ± 20,9 10,7 ± 0,4 4,0 ± 0,6* 

Benzo[a]anthracène 149,1 ± 20,3 104,9 ± 13,4 8,2 ± 0,3 2,7 ± 0,4* 

Chysène 117,9 ± 16,2 83,9 ± 9,6 5,4 ± 0,5 2,6 ± 0,4* 

1 nd eno[1 ,2,3-cd]pyrène 133,5 ± 15,5 136,5 ± 15,0 10,7 ± 0,4 3,8 ± 0,3* 

Benzo[b]fluoranthène 185,8 ± 21,8 65,9 ± 15,3* 9,1 ±0,5 1,7 ± 0,1* 

Benzo[k]fluoranthène 69,6 ± 13,4 91,5 ± 9,8 3,7 ± 0,8 1,7 ± 0,2* 

Benzo[a]pyrène 158,0 ± 20,4 78,5 ± 7,6* 8,2 ± 0,5 1,5± 0,2* 

Dibenzo[a,h]anthracène 26,6 ± 3,0 20,2 ± 2,7 4,9±0,1 0,5 ± 0,0* 

Benzo[g,h,i]perylène 89,6 ± 10,2 65,4 ± 6,7 4,9 ±0,2 1,4 ± 0,1* 

16 HAP US-EPA 1924 ± 258 1205 ± 295* 106 ± 4 34 ± 4,4* 
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NM soil TD soil 

Sampling date TO T9 TO T9 

Agronomical parameters 

Ntot (g.kg-1) 2.7 ± 0.1 2.7 ± 0.3 0.9 ± 0.1 1.2 ± 0.1 

C:N 23.0 ± 1.3 25.4 ± 2.1 62.0 ± 1.4 52.3 ± 1.4 

TOC (g.kg-1) 62.0 ± 3.6 67.9 ± 5.3 58.4 ± 8.3 64.1 ± 4.7 

pH 7.0 ±0.2 7.5 ± 0.1 8.0 ± 0.1 7.8±0.1 

s (g.kg-1) nd 49425 ± 6702 nd 28975 ± 6089 

Ca (g.kg-1) 41.7 ± 3.4 41.4 ±3.1 27.1 ± 1.1 25.1 ± 1.2 

Mg (g.kg-1) 1.01 ± 0.08 0.12 ± 0.02 0.24 ± 0.01 0.06 ± 0.01 

Heavy metals (mg.kg"1) 

Cadmium (Cd) 2.7 ±0.1 2.8 ± 0.3 2.1 ± 0.1 2.4 ± 0.1 

Chromium (Cr) 599 ± 64 1077 ± 151 593.7 ± 23.1 576 ± 87 

Copper (Cu) 130.8 ± 8.2 136.2 ± 7.2 109.2 ± 1.7 120.2 ± 5.9 

Molybdene (Mo) 11.2 ± 0.5 11.0 ± 0.8 11.8 ± 0.3 11.8±0.4 

Nickel (Ni) 97.3 ± 4.1 101.6 ± 5.8 102.2 ± 2.1 111.0 ± 5.6 

Lead (Pb) 481.9 ± 57.6 596.6 ± 127.7 672.7 ± 23.0 811.8 ± 38.7 

Zinc (Zn) 2085 ± 229 2279 ± 182 2745 ± 26 2915 ± 97 

PAH (mg.kg-1) 

Naphthalène 48.7 ± 23.6 23.0 ± 3.8 2.9 ± 0.5 0.8 ± 0.5 

Acenaphtylène 54.3 ± 5.9 18.3 ± 2.0 2.9 ± 0.5 0.3 ± 0.1 

Acénaphtène 61.0±11.0 33.8 ± 8.5 0.8 ± 0.1 0.5 ± 0.1 

Fluorène 52.6 ± 10.9 32.6 ± 9.2 2.6 ± 0.1 0.5 ± 0.2 

Phénanthrène 152.9 ± 25.8 119.5 ± 23.7 9.3 ± 0.3 4.3 ± 0.8 

Anthracène 150.7 ± 29.3 80.9 ± 5.4 6.4 ± 0.2 1.2 ± 0.2 

Fluoranthène 273.9 ± 37.6 201.0 ± 25.9 15.7 ± 0.4 6.1±1.0 

Pyrène 200.1 ± 28.7 150.5 ± 20.9 10.7 ± 0.4 4.0 ± 0.6 

Benzo [a] anthracène 149.1 ± 20.3 104.9 ± 13.4 8.2 ± 0.3 2.7 ± 0.4 

Chysène 117.9±16.2 83.9 ± 9.6 5.4 ± 0.5 2.6 ± 0.4 

Tndeno[ 1 ,2,3-cd]pyrène 133.5±15.5 136.5 ± 15.0 10.7 ± 0.4 3.8 ± 0.3 

Benzo[b ]fluoranthène 185.8 ± 21.8 65.9 ± 15.3 9.1 ± 0.5 1.7 ± 0.1 

Benzo[k]fluoranthène 69.6 ± 13.4 91.5 ± 9.8 3.7 ± 0.8 1.7 ± 0.2 

Benzo[a]pyrène 158.0 ± 20.4 78.5 ± 7.6 8.2 ± 0.5 1.5 ± 0.2 

Dibenzo[a,h]anthracèn 26.6 ± 3.0 20.2 ± 2.7 4.9 ± 0.1 0.5 ± 0.0 

Benzo[g,h,i]pery1ène 89.6 ± 10.2 65.4 ± 6.7 4.9 ± 0.2 1.4 ± 0.1 

1: 16 PAH US-EPA 1924 ± 258 1205 ± 295 106 ± 4 34 ± 4.4 
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a b s t r a c t

The polycyclic aromatic hydrocarbon (PAH) dissipation potential of Fusarium solani MM1 and Arthro-

bacter oxydans MsHM11, isolated from a PAH-polluted soil, was investigated in liquid cultures containing

500, 500, and 50 mg l 1 of phenanthrene (PHE), pyrene (PYR), and dibenz(a,h)anthracene (DBA),

respectively. The contributions of adsorption, absorption and biotransformation were evaluated sepa-

rately by extracting and analysing PAHs from the biomass and from the culture medium. In the pure

culture, F. solani dissipated approximately 30% of each tested PAH in 28 days when glucose was supplied

as the carbon source. PAH adsorption on F. solani hyphae was negligible, whereas absorption was found

to account for one-third of the dissipation. Absorbed PAHs, reaching 3% of the fungal dry biomass, could

be visualised in autofluorescent intracellular vesicles. In contrast, A. oxydans grew on PAHs as sole carbon

source and led to 55% dissipation of PHE in 28 days without any significant absorption. This dissipation

potential was inhibited by the presence of glucose, and the PYR and DBA contents were never dissipated

in the bacterial pure culture. In the mixed co-culture, the PAH dissipation rates were lower, showing that

antagonistic interactions, such as pH changes or competition for carbon source, indirectly inhibited both

microbial potentials.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are recalcitrant

organic pollutants resulting from the incomplete combustion of

organic carbon-based material associated with a wide range of

human activities. Their persistence in environments and their

toxicity increase with their hydrophobicity and molecular weight

(MW) (Cerniglia, 1992). Among the different techniques of PAH

remediation in soils, bioremediation (i.e., biodegradation by

microorganisms) is of great interest because of its lower environ-

mental and economic cost (Vogel, 1996; Mohan et al., 2006).

A wide range of bacteria is known to grow on PAHs as the sole

carbon source, and their molecular degradation mechanisms are

increasingly better understood (Kim et al., 2007; Peng et al., 2008).

However, bacterial degradation mostly affects low-molecular-

weight (MW) PAHs, i.e., those with up to four rings (e.g., Kang

et al., 2003; Kallimanis et al., 2007; Kim et al., 2007). Fungi,

however, have been shown to remove higher MW PAHs, i.e., up to 7

rings (e.g., Gramss et al., 1999; Juhasz and Naidu, 2000; Silva et al.,

2009) via co-metabolism pathways. To date, there is no absolute

evidence of the existence of fungi able to use PAHs as a growth

substrate (Cerniglia, 1997; Peng et al., 2008). It has also been shown

that some fungi take up and store PAHs in lipid vesicles, although

the extent of absorption and the mechanisms by which PAHs cross

the cell wall are still unknown (Verdin et al., 2005; Wu et al., 2009).

During recent decades, great attention has been paid to lig-

ninolytic fungi as potential PAH degraders through the secretion of

non-specific lignin-modifying enzymes that can oxidise a wide

variety of aromatic pollutants (Rabinovich et al., 2004). Still, these

wood-inhabiting fungi are, by definition, not properly adapted to

soil habitats. Ecological constraints, such as microbial competition,

physical and chemical properties, and nutritional stress, strongly

alter their survival and growth in soils (Baldrian, 2008). Therefore,

an increasing number of studies has focussed on the bioremediation

potential of pre-adapted fungi isolated from polluted soil (Verdin

et al., 2004; Saraswathy and Hallberg, 2005; Atagana et al., 2006).

Indeed, it has been shown that pollutant exposition tends to select

resistant, if not degrading, microorganisms. All types of ecological

interactions, from symbiosis to predation, can occur between

bacteria and fungi (DeBoer et al., 2005; Tarkka et al., 2009), and their

effects on survival, growth, and metabolic activities, such as PAH

dissipation, are quite variable. It has been suggested that fungi and

bacteria could be metabolically complementary in regard to PAH

degradation: fungi could transform PAHs into less insoluble
* Corresponding author. Tel.: þ33 3 83 68 42 96; fax: þ33 3 83 68 42 84.

E-mail address: aurelie.cebron@limos.uhp-nancy.fr (A. Cébron).
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intermediates, which could be further mineralised by bacteria

(Brodkorb and Legge, 1992; Kotterman et al., 1998). Boonchan et al.

(2000) showed a noteworthy synergistic effect on high-MW PAH

degradation when the fungus Penicillium janthillenum and the

bacterium Stenotrophomonasmaltophiliawere grown together, both

in liquid media and in PAH-polluted soil. However, Pleurotus

ostreatus has been shown to inhibit 14C-pyrene mineralisation by

indigenous microflorawhen inoculated in non-sterile soil, probably

due to antagonistic interactions (In Der Wiesche et al., 2003).

The purpose of this work was to investigate the potential of two

microbial strains isolated from an aged PAH-polluted soil e the

fungus Fusarium solani MM1 and the actinobacterium Arthrobacter

oxydans MsHM11 e to remove three PAHs with different MWs:

phenanthrene (PHE; 3 rings), pyrene (PYR; 4 rings) and dibenz(a,h)

anthracene (DBA; 5 rings) in axenic cultures or mixed co-cultures.

Furthermore, we aimed to quantify the respective parts of sorp-

tion and biotransformation in the observed PAH dissipation.

2. Materials and methods

2.1. Isolation, conservation, and inoculation of microbial strains

Both microbial strains were isolated from a previously described

aged PAH-contaminated soil from a former coking site (Biache et al.,

2008; Cébronet al., 2009). The soilwas sampled inOctober 2008, and

the total concentration of the 16 priority PAHs from the Environ-

mental Protection Agencywas approximately 1800 mg kg 1 soil (dry

weight). Briefly, soilwas sampled fromplantedplots (Medicago sativa

var. Europe) and suspended in NaCl 8.5&. The suspension aliquots

were incubated in the liquid basal salt medium (BSM) described

below supplemented with PAHs without any additional carbon

source. The cultures were spread and subcultured on agar plates

(15 g l 1 agar) with the same nutrient medium as above until pure

strains were obtained. The strains were identified by partial

sequencing followed by comparisonwithGenBank Database (Blastn)

of ITS and 16S rRNA gene for fungi and bacteria, respectively. MM1,

which ITS showed 97% sequence identity among 224 pbwith a strain

of F. solani, accession number AM412623, was chosen among 24

isolated fungal strains, of which the Fusarium genus was strongly

dominant. MsHM11, which 16S rRNA gene showed 100% identity

among 1028 pb with a strain of A. oxydans, accession number

AY785732,waschosenamongmore thanahundred isolatedbacterial

strainsbecauseof its ability togrowonPAHsassole carbonsourceand

because of the presence of a PAH-ring hydroxylating dioxygenase

gene (Cébron et al., 2008). Both sequences were deposited in the

GenBank database under the accession numbers JF345080 and

JF345081 for F. solaniMM1 ITS1 and theA. oxydansMsHM1116S rRNA

gene. After two weeks of growth at 24 "C, F. solani MM1 was

conserved on malt extract agar (MEA) plates (malt extract 20 g l 1,

glucose 20 g l 1, peptone1 g l 1, agar15 g l 1) at 4 "Cand subcultured

on fresh PAH-free plates every two months. F. solaniMM1 was reac-

tivated for inoculationon freshMEAplates at24 "C for 7e10days, and

spores were collected from the plates with 15 ml sterile distilled

water. The spore concentration was estimated using a Thoma

hemocytometer, and the suspensionwas used as inoculum at a final

concentration of 104 sporesml 1 culture. A. oxydans MsHM11 was

precultured in Luria-Bertoni liquid broth (AthenaES ) for 3 days at

24 "C under orbital shaking. The precultures were then centrifuged

(4700 rpm,10 min), washed three timeswithNaCl 8.5&, and used as

inoculum to a final DO600 of 0.02 (corresponding to 107 cellsml 1).

2.2. Culture conditions with PAHs

Liquid culture experiments were conducted in 150-ml Erlen-

meyer flasks containing 20 ml of BSM medium, i.e., a Buschnell-

Haas (BH) mineral medium composed of (g l 1 in distilled water)

MgSO4 0.2, CaCl2 0.02, KH2PO4 1, K2HPO4 1, KNO3 1 and FeCl3 0.05,

supplemented with a trace element solution, leading to final

concentrations (mg l 1) as follows: nitriloacetic acid 15,

CaCl2$2H2O 15, MnCl2$2H2O 6, FeSO4$7H2O 6, Co(NO3)2$6H2O 1,

ZnSO4 1, CuSO4 0.1, H3BO3 0.1, Na2MoO4 0.1 and Al(SO4)2$H2O 0.1,

according to Saraswathy and Hallberg (2005). When required,

a filter-sterilised (0.22-mm) glucose solution was added (20 g l 1

final concentration) and/or the culture mediumwas buffered at pH

6.8 with 5 mM K2HPO4/KH2PO4.

The required amounts of PHE (Fluka , >97% purity), PYR

(SIGMA-ALDRICH!, >99% purity) and DBA (Acros Organics, >99%),

i.e., 10 mg, 10 mg, and 1 mg, respectively, were dissolved in 9 ml

chloroform and added to each Erlenmeyer flask. The autoclaved

BSM (20 ml) was added after total chloroform evaporation under

a fume hood, leading to theoretical initial concentrations of 500,

500 and 50 mg l 1 of PHE, PYR, and DBA, respectively. The flasks

were then inoculated with F. solani, A. oxydans, or both, and they

were incubated at 24 "C in the dark with orbital shaking (150 rpm)

(Thermo Fisher Scientific). After the scheduled incubation times

(see Sections 2.3. and 2.4), glucose concentrations, pH, and bacterial

colony-forming units (CFUs) were assessed, and the flasks were

stored at  80 "C until the PAHs were extracted. In all experiments,

the abiotic controls were treated in the same conditions as the

inoculated treatments, and each experiment was conducted in

triplicate.

2.3. PAH dissipation experiments

A PAH dissipation experiment with F. solaniMM1 and A. oxydans

MsHM11 was performed for 14 days. The two strains were cultured

separately in BSM supplemented with PAHs as described in Section

2.2 with and without glucose as an additional carbon source. Then,

a PAH dissipation kinetics experiment was performed, with

glucose-supplemented BSM and four different conditions: the

abiotic control, the F. solani MM1 and A. oxydans MsHM11 axenic

cultures, and the mixed co-culture. Triplicate specimens of each

treatment were harvested and analysed after 0, 7, 14, 21, and 28

days. The same experiment was conducted in a buffered (pH 6.8)

BSM medium.

The PAHs were successively extracted from the total cultures

(i.e., liquid medium and biomass) three times with dichloro-

methane (DCM) (vol:vol) in separating funnels. We assumed that

the PAHs that were absorbed or strongly adsorbed to the biomass

were not extracted by this protocol. We thus used the term

“dissipated”, which included biotransformation, absorption, and

strong sorption, to characterise the difference between the

extractable PAH concentrations in these extracts and the corre-

sponding controls.

2.4. Estimation of sorption and biotransformation

We investigated the contribution of the sorption and of the

effective biotransformation to the observed PAH dissipation when

the fungal strain was present in the cultures. Twenty-eight-day

cultures were conducted with four treatments: abiotic control,

F. solani MM1 in pure culture, F. solani MM1 and A. oxydans

MsHM11 in mixed co-cultures unbuffered or buffered to pH 6.8.

The PAHs were successively extracted from the culture medium

and biomass and separately analysed. After total culture extraction

in the separating funnels as described in Section 2.3, the biomass

was collected by centrifugation from the aqueous phase and freeze-

dried. Lyophilised pellets were then crushed in liquid nitrogen,

mixed with diatomaceous earth (1:2, w:w), and extracted with

DCM using accelerated solvent extraction (ASE!350, Dionex) with

C. Thion et al. / International Biodeterioration & Biodegradation 68 (2012) 28e35 29
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two cycles of 5 min each at 130 "C. Biotransformed PAHs were

estimated by calculating the difference between PAH dissipation

and the PAH recovered from the biomass (absorbed and adsorbed

PAHs).

To assess PAH adsorption on the fungal mycelium, F. solaniMM1

was grown for 28 days in PAH-free BSM supplemented with

glucose. Fungal biomass was killed by autoclaving (110 "C, 30 min),

and it was then incubated for 2 h in PAH-containing BSM, thus

allowing the adsorption mechanism (Binet et al., 2000). Fungal

biomass was collected by centrifugation, and the PAHs were

extracted as described above.

2.5. PAH analysis

The DCM extracts were evaporated in a SpeedVac Concentrator

(Thermo Scientific RC1010), and the dried samples were dissolved

in acetonitrile and filtered through Teflon filters (45-mm). High-

pressure liquid chromatography (HPLC) analysis was performed

with a Dionex UltiMate 3000 System at 30 "C. The separation

column (Supelco Ascendis! Express C18) was 100 mm long and had

a 4.6-mm inside diameter and a 2.6-mm granulometry. The injected

volume was 10 ml. The mobile phase was 100% acetonitrile with

a 1.6 mlmin 1 flow rate. A photodiode-array detector was used for

detection at 254 nm for PHE and PYR and 297 nm for DBA. The PAH

recovery and dissipation in the inoculated cultures were calculated

using themean of quantities recovered in the corresponding abiotic

treatment (control) as a 100% value calculated for each sampling

time for the kinetics experiment to focus on biotic dissipation. In all

abiotic treatments, the dissipation of any of the three PAHs was not

significant (p< 0.05).

2.6. Measurements of pH and glucose

The pH was evaluated using indicator strips (Special indicator,

Merck). The glucose concentration was measured using the color-

imetric method Glucose GOD-PAP (BioLabo), as recommended by

the manufacturer, with the absorbance reading at 505 nm (Xenius

XML, SAFAS). The percentage of glucose recovery was estimated

using themean of glucose quantities recovered from corresponding

abiotic treatment as a 100% value.

2.7. Microbial growth

Microbial biomass was collected by centrifugation of the

aqueous phase after DCM extraction and weighed after complete

drying. Otherwise, the number of bacterial colony-forming units

(CFUs) was determined on Luria-Bertoni agar plates supplemented

with 75 mgml 1 cycloheximide (Carl Roth!, 96% purity) to inhibit

fungal growth.

2.8. Real-time PCR assays

To evaluate the bacteria/fungi ratio after 28 days of co-culture in

sorption assays, the 18S and 16S rRNA gene copy numbers per

milligram of dry biomass were quantified by real-time PCRwith the

previously described primer pairs Fung5f-FF390r (Lueders et al.,

2004) and 968F-1401R (Felske et al., 1998), respectively. DNA was

extracted from 5 mg of lyophilised biomass using the QIAGEN!

DNeasy Plant Mini Kit and quantified by spectrometry at 260 nm

(Shimadzu UV 1800, with Hellma! Traycell). Real-time qPCR

detection chemistry and temperature profiles were as previously

described (Cébron et al., 2008) with slight modification for 18S

rDNA quantification, i.e., annealing temperature of 50 "C, according

to the Lueders et al. (2004) method. To prepare the 18S rDNA qPCR

standards, a purified Fung5f-FF390r PCR fragment (QIAquick PCR

purification kit, QIAGEN) from Russula sp. was cloned into the

pCR2.1 vector using the TOPO TA cloning method (Invitrogen).

Plasmid was purified (QIAprep Spin Miniprep kit, Qiagen) and

linearised using the restriction enzyme BglII (Euromedex) to

prevent an erroneous calibration curve due to coiled DNA (Suzuki

et al., 2000). The plasmid concentration was quantified by spec-

trometry as described above. The copy number of standard plas-

mids was calculated according to the plasmid (3957 bp) plus insert

(550 pb) lengths and assuming a molecular mass of 660 Da for

a base pair. A standard DNA stock solution of 109 copies of

plasmid ml 1 and a standard 10-fold dilution series were prepared.

Quantification of each target gene in each sample replicate was

performed in triplicate with three independent real-time PCR runs

using an iCycler iQ apparatus (Bio-Rad) associated with iCycler

optical system interface software (version 2.3, Bio-Rad) for data

collection and melting curve analysis.

2.9. Microscopic observations

All observations were performed with an epifluorescent

microscope (Nikon Eclipse E600).

To estimate A. oxydansMsHM11 viability after 28 days of culture

in sorption assays, the culture samples were stained with LIVE/

DEAD! Baclight (Molecular Probes!) according to manufacturer

instructions. The viability of F. solaniMM1 was assessed using 25 ml

of 50 mM FUN!1 cell stain (Molecular Probes!) on 0.5-mm myce-

lium pieces. The observations were performed with FITC (excita-

tion: 565e495, emission: 515e555 nm) and G-2A (excitation:

510e560, emission: >590 nm) standard filter sets, and pictures

were taken with a Nikon D70 camera. For FUN!1 visualisation, the

red and green channels were merged with Image J Software, and

hyphae showing Cylindrical Intra-Vacuolar Structures (CIVS;

Millard et al., 1997) were assumed to be metabolically active.

Ultraviolet fluorescent vesicles were observed without any

previous staining in bright light and with a DAPI standard filter

(excitation: 340e380, emission: 435e485 nm).

2.10. Statistical analyses

Statistical analyses were performed using XLstat 2008 (Addin-

soft) with a¼ 0.05. Student t tests (inoculated culture vs. abiotic

treatment) were applied for the initial dissipation assays. In the

kinetics experiment, a two-way analysis of variance (ANOVA) was

performed with time (considering that the cultures were sacrificed

at each sampling time) and biotic treatments as independent

factors. In the sorption assays, one-way ANOVA was used to sepa-

rately compare PAH absorption, biotransformation, and recovery in

the culture medium between inoculated treatments, whereas the

PAH dissipation per unit biomass was analysed using two-way

ANOVA with treatment and PAH as independent factors. All

ANOVAs showing significant differences were followed by

NewmaneKeuls multiple comparison tests.

3. Results

3.1. PAH dissipation in pure cultures with or without glucose

The 14-day incubation of F. solaniMM1 and A. oxydansMsHM11

in PAH-containing BSM with or without glucose highlighted two

contrasted patterns of PAH dissipation (Table 1). The percentages of

recovery were calculated considering the mean values measured in

the abiotic control as references. Some values in Table 1 were

slightly higher than 100%, which can be explained by the variability

between replicates in these controls. F. solani MM1 could not grow

with the PAHs as a unique growth substrate, and, thus, no
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dissipation could be observed in these conditions. However, when

glucose was added, F. solani significantly dissipated 22% and 21% e

i.e., 1.3$ 0.3 mg each e of the added PHE and PYR, respectively. No

significant dissipation of DBAwas observed, which could be due to

DBA having lower water solubility than PHE and PYR (i.e., 2400-

and 270-fold, respectively). In contrast, A. oxydans was found to

deplete 66% of PHE e i.e., 5.1$0.8 mg e when the PAHs were

provided as the sole carbon source (p< 0.01), but glucose addition

in large excess inhibited this ability. Furthermore, the bacteria did

never significantly removed PYR or DBA, evenwhen no glucosewas

added. However, glucose addition was required in the co-culture

experiments with F. solani. We hypothesised that when the

glucose would be totally consumed in the co-cultures, A. oxydans

would start to degrade phenanthrene.

3.2. PAH dissipation kinetics in buffered and unbuffered medium

The PAH dissipation kinetics experiment was conducted in

unbuffered and buffered BSM containing PHE, PYR, and DBA (500,

500, and 50 mg l 1, respectively) inoculated with F. solani MM1,

A. oxydans MsHM11, or both microbes in co-culture. In the pure

culture with unbuffered medium, the F. solani biomass reached

a plateau from the 7th day concomitantly with the total disap-

pearance of glucose (Fig.1A). The pH remained statistically constant

(6.8) throughout the experiment. A significant depletion of the

three PAHswasmeasured from the 7th day (p% 0.03) and tended to

increasewith time, reaching 5.42$ 0.15 mg of total PAHs dissipated

after 28 days of culture, corresponding to 27%, 26%, and 24%

dissipation for PHE, PYR, and DBA, respectively. The three PAHs

followed the same kinetics pattern throughout the incubation.

In the pure culture of A. oxydans, the number of CFUs increased

during the first 7 days of the experiment but quickly dropped from

the 14th day of the culture (Fig. 1B). This was probably due to the

drastic acidification to pH w5, a consequence of the bacterial

growth. Approximately 11% of the PHE, i.e., 0.91$0.34 mg, was

significantly (p% 0.03) dissipated after 7 and 14 days, but no

dissipation was noted after 21 and 28 days. No significant PYR or

DBA dissipation could be measured at any sampling time.

No synergistic or even additive effect could be observed in the

fungal-bacterial co-cultures with unbuffered medium. The micro-

bial growth was slower than in the F. solani pure cultures, and the

biomass continued to increase until the 28th day (p% 0.04; Fig. 1C),

which was correlatedwith a delay in glucose consumption that was

complete after 14 days. The bacterial viability was highly affected:

no bacterial CFU could be counted from the 7th day (data not

shown) when the pH had dropped to 4. Probably bacteria grew

during the first few days, acidified the medium, and the low pH

then affected their viability on the agar plate. The microbial growth

is thus expressed in Fig. 1C in dry biomass. No significant dissipa-

tion of any of the three PAHs could be measured at any sampling

time.

To avoid a negative interaction due to pH decrease, F. solani

MM1 and A. oxydans MsHM11 were cultivated in BSM buffered to

pH 6.8. When cultivated alone, F. solani quickly reached a two-fold

higher biomass than in an unbuffered condition (Fig. 1D). Then the

biomass drastically declines. Arthrobacter completely lost viability

from the 7th day, probably due to the high cell density. The PAH

dissipation in the buffered pure cultures was nearly identical to

what was observed in the unbuffered cultures, but a different

pattern was observed in the co-cultures. Indeed, the three PAHs

were linearly depleted with time (r2¼ 0.95, 0.95 and 0.88 for PHE,

PYR, and DBA, respectively) throughout the experiment in the

buffered co-culture, leading to a final dissipation of 23%, 17%, and

17%, respectively (p< 0.01, Fig. 1F). The biomass was not signifi-

cantly different from the F. solani pure culture, and A. oxydans was

no more cultivable after 7 days (data not shown). This buffered co-

culture was thus dominated by fungal biomass (confirmed

visually).

The dissipation efficiencywas significantly higherwith the fungus

alone than in the co-culture for the three PAH compounds, and the

PHE and PYR dissipation was significantly higher in the buffered co-

cultures than in the Arthrobacter pure cultures (p< 0.05).

3.3. PAH adsorption, absorption, and biotransformation in F. solani

pure cultures and co-cultures with A. oxydans

In the fungal cultures of the kinetics experiment, the PAH dissi-

pation seemed to continue even after the biomass had stopped

increasing. Moreover, the dissipation followed the same patterns,

whatever the PAH molecular weight, indicating no selectivity for

molecule type. We thus hypothesised that part of the observed

depletion could be due to a passivemechanism, such as PAH sorption

on (adsorption) or in (absorption) fungal cells. The PAHs recovered

from the F. solani killed biomasswere less than 0.2% of the total PAHs,

i.e., less than 0.9 mg PAHsmg 1. Thus, the adsorption contribution to

the dissipation was considered negligible. The absorption was then

estimated in the 28-day PAH-containing cultures of F. solani MM1

and the co-cultures with A. oxydans in the unbuffered or buffered

(pH 6.8) medium (Fig. 2). The PAHs were analysed separately from

the liquid medium and the microbial biomass.

The respective contributions of F. solani and A. oxydans to the

biomass were quantified using real-time PCR targeting the rRNA

genes (Table 2). The DNA extraction yields (i.e., quantity of extrac-

ted DNA per milligram dry biomass) were significantly lower in the

unbuffered co-cultures compared to the buffered ones. The fungal

18S rRNA gene copy number per nanogram DNA was 100-fold

lower in the buffered co-cultures (p< 0.05) compared to the

unbuffered. However, the bacterial 16S rRNA gene copy number per

nanogram DNA was approximately 2000-fold higher in the buff-

ered co-cultures (p% 0.01). Consequently, the 16S/18S copy number

ratios were completely inverted in these two treatments because it

was approximately 4&105-fold higher in the buffered co-cultures

(p< 0.04). This result suggests a great dominance of A. oxydans in

the buffered co-cultures and of F. solani in the unbuffered cultures

in this 28-day incubation experiment. Indeed, the visual aspect of

the buffered co-cultures in this experiment (highly turbid liquid

and yellow-coloured medium with numerous 5-mm mycelial

pellets) was totally different from that observed in the unbuffered

co-cultures and in the F. solani pure culture (with one largew3-cm-

diameter mycelial pellet in a clear red aqueous medium).

Table 1

Percentage of residual PAHs after 14 days of axenic culture of F. solani MM1 and A. oxydansMsHM11 in liquid basal salt medium (BSM) compared to abiotic treatment, with or

without glucose.

Microbial strain Phenanthrene Pyrene Dibenz(a,h)anthracene

BSM BSMþ glucose BSM BSMþ glucose BSM BSMþ glucose

F. solani MM1 92.8$ 4.9 77.9$ 3.7a 85.8$ 5.3 78.9$ 6.5a 93.0$ 3.0 83.5$ 13.7

A. oxydans MsHM11 33.5$ 10.2a 86.5$ 5.2 88.8$ 6.6 117.3$ 11.8 88.6$ 5.1 114.1$ 10.7

a Significant difference between biotic and corresponding abiotic treatments with p< 0.01 according to Student t tests.
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The microscopic observations, notably using viability staining,

were conducted to assess morphologic and physiological changes.

In the unbuffered co-cultures dominated by F. solani and in the pure

fungal cultures, a microscopic observation of the bright field

showed highly branched mycelium with relatively wide hyphae

(5e10 mm in diameter) supporting chlamydospores containing

refringent intracellular vesicles (Fig. 3a). After Fun!1 staining,

cylindrical intra-vacuolar structures could be observed in the

hyphae and chlamydospores after 28 days, suggesting F. solani

viability (Fig. 3c), which was consistent with the F. solani growth on

agar plates. In the buffered co-cultures dominated by A. oxydans,

the F. solani aspect was different: the hyphae were reduced to thin

filaments (1e3 mm in diameter), supporting a greater number of

chlamydospores, and only these spores were stained with FUN!1

Fig. 1. Percentage of PHE (circles), PYR (rhombuses), DBA (triangles), and glucose (crosses) recovery and microbial growth (stars) in pure cultures of F. solani (A: unbuffered and D:

buffered), A. oxydans (B: unbuffered and E: buffered), and fungal-bacterial co-cultures (C: unbuffered and F: buffered). One-hundred-percent PAH and glucose recovery are the

means of extracted PAHs or glucose in abiotic treatments. Means$ SE, n¼ 3.
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(Fig. 3d and f). Conversely, the A. oxydans viability, assessed by LIVE/

DEAD! Baclight staining, was lower in the unbuffered co-cultures

dominated by the fungus than in the buffered co-cultures domi-

nated by the bacterium (data not shown).

The absorbed PAHs were found to be a highly significant part of

the PAH dissipation in F. solani pure cultures and unbuffered co-

cultures dominated by the fungus. In both cases, one-third of the

dissipated PAHs were recovered from the biomass, reaching

2.01$0.32 mg of the absorbed PAHs in the pure culture, i.e.,

30 mgmg 1 biomass. The refringent vesicles in the chlamydospores,

and some smaller ones located in hyphae, showed a high auto-

fluorescence when observed with the DAPI standard filter (Fig. 3b).

Such vesicles were never observed in the mycelium from the PAH-

free cultures (data not shown), suggesting that the fluorescence

was due to PAHs (UV autofluorescent). By contrast, the absorption

part was negligible in the PHE dissipation observed in the buffered

co-cultures dominated by A. oxydans, which is in concordance with

the microscopic observations showing less refringent vesicles and

a weaker UV autofluorescence (Fig. 3e).

In the F. solani pure cultures, the PHE, PYR, and DBA dissipation

was 33%, 30%, and 29%, respectively, i.e., 5.88$ 1.50 mg total PAHs

(Fig. 2). These percentages did not significantly differ from the

kinetics experiment, revealing a good reproducibility. The calcu-

lated biotransformed PAH quantities were 1.91$0.75 mg,

1.78$ 0.92 mg, and 0.19$ 0.13 mg for PHE, PYR, and DBA, respec-

tively. As in the kinetics experiment, in the unbuffered co-cultures

the PAH dissipation was very weak for the three PAHs, with only

PHE being significantly dissipated (i.e., 9% corresponding to

0.79$ 0.43 mg; p¼ 0.018; Fig. 2). Even though F. solani dominated

and did not show any growth delay compared to the pure cultures

(Table 2), other factors partly inhibited its remediation potential. In

the buffered co-cultures, dominated by Arthrobacter, a high PHE

dissipation (p< 0.001) was observed, reaching 55% (i.e.,

4.94$ 0.06 mg) after 28 days of culture (Fig. 2), which could be

imputed exclusively to biotransformation. No significant dissipa-

tion was observed in this treatment for PYR or DBA, which is in

accordance with the dominance by A. oxydans.

4. Discussion

The initial PAH concentrations in these experiments were

deliberately very high comparedwith other studies because the soil

fromwhich both strains were isolated presented a 16-PAH concen-

tration of approximately 1800 mg kg 1 (Biache et al., 2008). The

effective exposition in the liquid cultures was even lower because of

the very low PAH solubility in the aqueous medium. Furthermore,

F. solani MM1 and A. oxydans MsHM11 did not show any growth

delaywhen culturedwith these PAH concentrations comparedwith

the PAH-free cultures (data not shown).

The two microbial strains exhibited different PAH dissipation

potential. F. solani could deplete the three PAHs, whatever their

molecular weight, provided that an additional carbon source was

added. Other Fusarium strains isolated from the polluted soils were

successfully tested for their PAH bioremediation ability in various

conditions, such as liquid cultures (Veignie et al., 2004; Silva et al.,

2009), inoculation within a complex consortium in soil micro-

cosms (Jacques et al., 2008), or even in association with plants

(Mohsenzadeh et al., 2010). The PAH dissipation potential of F. solani

MM1 seemed to include the uptake and storage of PAHs in intra-

cellular vesicles. Such vesicles have been found in other fungal

strains when incubated with PAHs (Verdin et al., 2005; Wu et al.,

2009). Verdin et al. (2005) showed that these vesicles could be

stained with lipid-specific dyes and that their formation did not

depend on the cytoskeleton. They hypothesised that the PAHuptake

involves passive diffusion through the lipidic membrane (Verdin

et al., 2005). The fluorescence of the vesicles was highly intense

(Fig. 3), and we could relate the presence of the PAH-containing

vesicles to the large amounts of absorbed PAHs, representing 3% of

the total fungal biomass. The fate of internalised PAHs is still

unknown: this could be a strategy of protection against PAH cyto-

toxicity through pollutant containment or transitory storage until

oxidation by enzymatic systems of detoxification. A significant part

of the PAHs, i.e.,w60 mgmg 1 biomass, was de facto biotransformed

by F. solani MM1 because it could neither be recovered from the

culture medium nor from the biomass. This value is rather high

compared with other values calculated from the published data:

w3 mg PYRmg 1 for Penicillium ochrochloron at 28 days (Saraswathy

and Hallberg, 2005); w19 mg anthracene, PYR or DBA (separately)

mg 1 for F. solani at 30 days (Verdin et al., 2004; 2005); andw41 mg

DBAmg 1 for Trichoderma viride at 30 days (Verdin et al., 2004).

By contrast, A. oxydans MsHM11 could use the three-ring PAH

phenanthrene as a growth substrate, biotransforming 73.1$16.1 mg

PHEmg 1 biomass, and this potential was inhibited by the pres-

ence of glucose. The medium acidification was certainly due to

bacterial growth and not to PAH dissipation metabolism since it

occurred even when PHE dissipation was low. Members of the

Fig. 2. Distribution between biotransformed (black areas), absorbed (grey areas), and

residual (white areas) PAHs in 28-day-old pure cultures of Fusarium solani (F) or co-

cultures of F. solani and Arthrobacter oxydans unbuffered (FþA) or buffered to pH 6.8

(FþA Buff.). Absolute values corresponding to 100% aremeans of the total extracted PAHs

in the abiotic treatment. Means$ SE, n¼ 3. Different letters indicate a significant differ-

ence (p% 0.05) of biotransformed (a, b, c), absorbed (i, j, k), or residual (x, y, z) PAHs

between treatments. Statistical analyses were performed independently for each PAH.

Table 2

DNA extraction yields and 18S and 16S rRNA gene copy number, determined by real-time PCR, in 28-day-old F. solani axenic cultures and co-cultures with A. oxydans. Different

letters indicate significant differences (p< 0.05) between treatments.

Treatment Extraction yield (ng DNAmg 1 biomass) 18S copy number ng 1 DNA 16S copy number ng 1 DNA Ratio 16S/18S

F. solani 4.2& 102$ 1.6& 102a 8.6& 103$ 5.2& 103a e e

F. solaniþ A. oxydans, non buffered 2.8& 102$ 1.0& 102a 1.9& 104$ 1.6& 104a 7.3& 102$ 3.3& 102a 4.9& 10 2$ 2.2& 10 2a

F. solaniþ A. oxydans, buffered 1.1& 103$ 2.0& 102b 1.7 x102$ 1.1& 102b 1.6& 106$ 1.9& 105b 1.9& 104$ 1.3& 104b
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genus Arthrobacter have been isolated from different PAH-polluted

soils and were shown to efficiently remove low-molecular-weight

PAHs, such as PHE, and some organic xenobiotics, such as carba-

zole (Seo et al., 2006; Johnsen et al., 2007; Kallimanis et al., 2007).

Also, among the PAH-degrading bacteria isolated from the Neuves-

Maisons wasteland soil, strains belonging to the genus Arthrobacter

were frequent (Poupin P. and Bauda P., personal communication).

Moreover, we previously showed, by using real-time PCR detection

of the PAH-dioxygenase gene, that PAH degraders belonging to

Gram-positive Actinobacteria were favoured compared with Gram-

negative Proteobacteria in this soil (Cébron et al., 2009). Growth

substrate competition took place in our experiment: A. oxydans

preferentially used easily degradable glucose at the expense of PAH

dissipation and PHE when glucose was not available. Kallimanis

et al. (2007) also showed that PHE uptake by Arthrobacter sp.

Sphe3, mediated by an inducible active transport mechanism, was

inhibited in the presence of glucose. However, Arthrobacter sp. was

favoured in the presence of an easily degradable carbon source (i.e.,

ray-grass root exudates) and was still active in phenanthrene

degradation, as shown by a DNA-stable isotope probing experiment

(Cébron et al., 2011).

Previous studies have shown a synergistic effect of the co-

inoculation of fungi and bacteria on PAH depletion from artificial

media and soils. For instance, Boonchan et al. (2000) showed a note-

worthysynergisticeffectonPAHbiodegradation (benzo(a)pyreneand

DBA in particular) when the fungus Penicillium janthillenum and the

bacteria Stenotrophomonasmaltophiliawere grown together in liquid

media and in PAH-polluted soil. Jacques et al. (2008) also observed

that the co-inoculation of Fusarium oxysporum and a bacterial

consortium composed of 5 PAH-degrading bacterial strains strongly

increased anthracene dissipation in soil compared with separate

inoculations. The co-culture of the two microbial strains did not

improve PAH depletion in our work. The results show that some

negative interactions inhibited bothpartners’ remediationpotentials.

In the co-cultures of the kinetics (Fig.1) and28-day incubation (Fig. 2)

experiments, although thebacterial and fungal inoculawereprepared

using the same procedure, the results differed in terms of bacterial

and fungal dominance. The co-culture led to the loss of cultivability

and/or viability of A. oxydans in the co-cultures dominated by the

fungus and to the extensive formation of chlamydospores by F. solani

in the co-cultures dominated by the bacteria. The production of these

thick-walled conservation spores was shown to be induced by

stresses such as carbon starvation, pH variations, or bacterial coloni-

sation (Jansons and Nickerson, 1970; El-Ani, 1988). In our experi-

ments, the competition for the carbon source and the pH decrease

(i.e., indirect antagonism) were also implicated. Indeed, when the

sampleswere grownon the sameMEAplates, no inhibition of growth

was observed for either the fungus or the bacterium even when

colonies were overlapping, suggesting no direct antagonism (e.g.,

antibiotic production) between the two model strains (data not

shown).

5. Conclusion

The two isolated strains were shown to efficiently dissipate

PAHs. To our knowledge, this is the first time that PAH absorption in

fungal biomass has been accurately measured, and these results

highlight that a significant part of fungal PAH dissipation could be

Fig. 3. Epifluorescence micrographs of F. solani in pure culture (aec) or in co-culture with A. oxydans (def) after 28 days with PAHs. Bar¼ 20 mm. The culture conditions are detailed

in the materials and methods section. (a, d) bright field; (b, e) same field, autofluorescence using DAPI standard filter. Arrows indicate the UV fluorescent vesicles in the chla-

mydospores and hyphae never observed without PAHs; (c, f) fungal live/dead staining using FUN!1 cell stain. The present picture results from the merging of red and green

channels using G-2A and FITC standard filters, respectively. Arrows indicate red fluorescent cylindrical structures showing fungal viability. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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due to accumulation in intracellular vesicles. However, the PHE

dissipation by A. oxydans was only due to biotransformation. Our

results show that F. solani MM1 and A. oxydans MsHM11 are

potential candidates for bioremediation. Although a significant

portion of the PAHs was absorbed in the fungal biomass, an in vitro

PAH-efficient biotransformation occurred. The mixed co-cultures

showed that indirect antagonism, such as competition for carbon

source or pH modifications, could impede PAH dissipation.
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Abstract

A large number of soil bioindicators were used to assess biological diversity and activity in soil polluted with polycyclic aromatic hydro-

carbons (PAHs) and the same soil after thermal desorption (TD) treatment. Abundance and biodiversity of bacteria, fungi, protozoa, nematodes

and microarthropods, as well as functional parameters such as enzymatic activities and soil respiration, were assessed during a two year period of

in situ monitoring. We investigated the influence of vegetation (spontaneous vegetation and Medicago sativa) and TD treatment on biological

functioning. Multivariate analysis was performed to analyze the whole data set. A principal response curve (PRC) technique was used to evaluate

the different treatments (various vegetation and contaminated vs. TD soil) contrasted with control (bare) soil over time. Our results indicated the

value of using a number of complementary bioindicators, describing both diversity and functions, to assess the influence of vegetation on soil

and discriminate polluted from thermal desorption (TD)-treated soil. Plants had an influence on the abundance and activity of all organisms

examined in our study, favoring the whole trophic chain development. However, although TD-treated soil had a high abundance and diversity of

microorganisms and fauna, enzymatic activities were weak because of the strong physical and chemical modifications of this soil.

� 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Wasteland soils resulting from 20th century intensive

industrialization (i.e., coal tar or coking production or wood

preservative plants) are now in great need of remediation

because of high levels of multi-pollution. Polycyclic aromatic

hydrocarbons (PAHs) and heavy metals (HMs) have been

demonstrated to be highly toxic for life and can alter biodi-

versity (Cerniglia, 1992; Cortet et al., 1999). The organisms on

the first level of the trophic chain are often the most vulnerable

to these contaminants (Dawson et al., 2007). Therefore, if

bacterial, fungal, micro- and meso-faunal community struc-

tures and functions are affected, the proper functioning of the

entire soil could be disturbed.

To date, different approaches have been developed to

remediate these soils. In situ degradation is often a slow

process due to environmental constraints and low availability

of PAHs in aged polluted soils (Wilson and Jones, 1993).

Consequently, industrial thermal desorption (TD) treatments

have been used to remove PAH compounds, but this type of

treatment does not affect HM content. After such drastic

treatment, soil characteristics are modified and most of the

biological diversity and functions are likely to be altered

(Cébron et al., 2009; Ouvrard et al. in press). It thus appears
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essential to understand whether these soil populations can

once again recover and colonize following TD treatment

(Cébron et al., 2009). Other complementary remediation

methods can be achieved through plant use via phytor-

emediation or natural attenuation. It has been shown that

plants that can grow on contaminated soils could increase

microbial density and activity in the rhizosphere (Smalla et al.,

2001) and interactions between arbuscular mycorrhizal fungi

and plant roots are known to promote PAH dissipation (Joner

and Leyval, 2003). Furthermore, the plant root system has

been recognized as a hotspot of biodiversity involving many

interactions between plants, microorganisms and fauna

(Bonkowski et al., 2009).

Thus far, the notion of soil quality has been mainly

confined to agricultural soils and refers to the impact of

perturbation on soil functioning. Whereas soil “quality”

assesses soil functionality, soil “health” is more concerned

with conditions required for promoting plant, animal and

human health and sustainability (Doran et al., 2002; Gil-Sotres

et al. 2005). However, polluted and remediated soils may

never resemble native soils in terms of quality and health

criteria because of the diverse nature, origin and environ-

mental impact of contaminants and treatments. Therefore, it is

crucial to assess the ecology and functioning of these soils

under various environmental conditions.

In soils, carbon and nutrient cycles are driven by bacteria

(i.e. carbon mineralization, nitrification; Nannipieri et al.,

2003), archaea (i.e. ammonia oxidation, C1-compound produ-

ction; Timonen and Bomberg, 2009) and fungi (i.e. lignin and

cellulose degradation; Rabinovich et al., 2004). The literature

describes a balance between bacterial and fungal biomass in

soil, depending on the content and status of carbon and nutri-

ents. Indeed, Moore and Hunt (1988) reported that soil with

recalcitrant C substrate is dominated by fungi, while soil with

labile C is dominated by bacteria. This is the base of the trophic

chain, and upper biological compartments (micro- and meso-

fauna) are thus directly influenced by soil characteristics and

the microbial community biomass and diversity (Neher, 1999).

To assess the biological soil quality and impact of remediation

treatments, various bioindicators referring to these first trophic

levels, and recently reviewed (Bispo et al., 2010), have been

proposed based either on measured diversity or functional

parameters. Microorganisms (mainly bacteria and fungi) are

reported to be efficient bioindicators, as they are ubiquitous and

respond rapidly to physical and chemical changes in the soil

(Kennedy and Smith, 1995). The abundance and diversity of

bacteria and fungi can be rapidly assessed using molecular

biological tools, including real-time quantitative PCR and

fingerprinting techniques (Cébron et al., 2008, 2009). Global

microbial activity and specific functions in C, N, P and S cycles

can be determined by measurements of respiration and enzyme

activity (Floch et al., 2009). The abundance and diversity of

micro- and meso-fauna, including nematodes, protozoa and

microarthropods, can be measured through direct observation

and identified with morphological criteria (Griffiths et al., 2005;

Pernin et al., 2006b). However, for any bioindicator, species

abundance, diversity and functions acquired during the time

series are multivariate and thus difficult to interpret. Because

the time vector is often not a straight line in multivariate

diagrams (i.e., PCA, MDS), Van Den Brink and Ter Braak

(1998) developed the principal response curve (PRC) method.

PRC is multivariate analysis that evaluates time series data

resulting from experiments in which several treatments are

contrasted with a control. This statistical analysis has been

employed with success for biomonitoring of water quality (Van

den Brink et al., 2009). In this study, we applied PRC as a tool

to visualize and compare soil treatments during time and to

evaluate the pertinence of each bioindicator in assessing soil

biological functioning.

A field study was set up in 2005 to study in situ the natural

(spontaneous vegetation) and plant-assisted (Medicago sativa)

attenuation of a multi-contaminated soil and the same soil

after TD treatment (Cébron et al., 2009; Ouvrard et al., in

press). Two years after set-up and plant colonization, various

biological parameters (fauna and microbial indicators) were

monitored for a further period of two years (2008e2009). In

the present study, we evaluated the influence of remediation

treatment (vegetation and thermal desorption) on biological

diversity and activity in contaminated soil using a large range

of soil bioindicators, including biodiversity of organisms

(bacteria, fungi, protozoa, nematodes, microarthropods) and

functional parameters (enzymatic activities and soil respira-

tion). The large range of bioindicators aimed to evaluate the

impact of soil modification on the trophic chain and possible

redundancy between bioindicators.

2. Materials and methods

2.1. Experimental site and sampling

2.1.1. Plot device

The in situ plot devices, consisting of 24 stainless steel

tanks (2  3  0.4 m, length  width  height) previously

described in Cébron et al. (2009) and Ouvrard et al. (in press)

and located at Homécourt (Meurthe et Moselle, France), were

established in September 2005. Twenty plots were filled with

contaminated soil (NM) from a former coking plant site

(Neuves-Maisons, Meurthe et Moselle, France). Five different

treatments with four replicates were tested, including bare soil

(BS) prevented from growth of vegetation by hand, bare soil

that had been tilled in March 2008 (BSt, previously called NC

in Ouvrard et al., in press), soil sown with M. sativa L. cv.

Europe (alfalfa) (Ms), soil sown with alfalfa and inoculated

with two mycorrhizal fungal strains (Glomus intraradices and

Glomus. mosseae, Msm) and soil allowed to be colonized by

spontaneous vegetation (SV). Four other plots were filled with

the same soil treated by TD. TD consisted of heating the

excavated soil to 500 !C, where mainly PAHs were transferred

to gas phase. These plots were sown with alfalfa and inocu-

lated with both mycorrhizal fungal strains as described above

(Msm-TD). Contrary to spontaneous vegetation that was not

disturbed, M. sativa plant biomass was harvested each year in

September after the soil sampling.
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2.1.2. Soil characteristics

Soil characteristics, previously described in detail by

Ouvrard et al. (in press), are shown in Table 1 without

distinction between plot treatments, since no significant

differences were observed due to vegetation. The NM and TD

soils had approximately the same texture: 12.1% and 10.4%

clay, 22.1% and 19.5% silt and 65.8% and 70.1% sand,

respectively. The main differences observed were: drastically

reduced PAH levels in TD compared to NM soil and higher pH

levels and C/N ratios (i.e. lower nitrogen content) in TD

compared to NM soil (Table 1).

2.1.3. Soil sampling

Soil samples were collected two and a half years after

stabilization of the plot devices. Sampling was performed

twice a year in April 2008, September 2008, April 2009 and

September 2009.

For bacteria, fungi and enzyme assessment, six subsamples

per plot were collected with a hand auger and mixed into one

mean sample per plot. Soil samples were directly sieved to

<5 mm; a portion was stored at "20 !C until DNA extraction

and fresh soil was kept at 4 !C for measurement of microbial

activity.

For nematodes and protozoa, two separate composite soil

samples were collected from the top 15 cm of each plot by

randomly collecting six cores with a gouge auger (Eijkelkamp,

Giesbeek, The Netherlands). The soil was sieved through

a 4 mm diameter mesh and stored in sterile 50 mL plastic

tubes at 4 !C for transport to the laboratory.

For microarthropods (Collembola and Acari), three intact soil

cores (5 cm depth, 5 cm diameter) were taken at each sampling

date from the center of each plot to avoid a border effect.

2.2. Abundance and diversity of bacteria and fungi

2.2.1. DNA extraction

Total nucleic acids were extracted from 0.5 g of soil using

a bead-beating procedure (Cébron et al., 2008) modified by

addition of 200 mg of ion exchanged Dowex resin (Sigma-

eAldrich) and equilibrated with a 5 M LiCl solution to

exchange Liþ for Ca2þ ions from the soil solution and to

prevent co-precipitation of insoluble CaSO4 with DNA.

2.2.2. Abundance of total bacteria, fungi and PAH

degraders

Real-time PCR was performed according to the procedure

described in Cébron et al. (2008). Fungi, bacteria and two

groups of PAH degraders (Gram-positive and Gram-negative)

were quantified by targeting 18S rRNA, 16S rRNA and PAH-

dioxygenase genes using the primer sets FF390R/Fung5F

(Lueders et al., 2004), 968F/1401R (Felske et al., 1998) and

PAH-RHDa GP and GN (Cébron et al., 2008), respectively.

Quantification was performed in triplicate using an iCycler iQ

apparatus combined with an iCycler Optical System (Bio-Rad)

and a standard plasmid dilution series from 108 to 101 gene

copies mL"1. Amplification reactions were carried out in

a 20 mL volume using the iQ SYBR green SuperMix (Bio-

Rad) as described previously in Cébron et al. (2008).

2.2.3. Community structure and diversity indices

Fungal 18S rDNA and bacterial 16S rDNA fragments were

amplified using the same universal primer set described above

but with addition of GC clamps on the reverse and forward

primer, respectively. PCR was performed using an iCycler

(Bio-Rad) in a 50 mL volume with Taq DNA polymerase

(Invitrogen). The temperature profile was chosen according to

Cébron et al. (2009) for 16S rDNA amplification and a tradi-

tional three-step program with 35 hybridization cycles at

50 !C was used for 18S rDNA amplification. PCR products

(500 ng) from all samples were loaded onto a temporal

thermal gradient gel electrophoresis (TTGE) DCode system

(Bio-Rad). TTGE was performed as previously described in

Cébron et al. (2009) for 16S rDNA and with slight modifica-

tion for 18S rDNA (5.5 M urea, running at 145 V with

temperature increasing from 51.5 to 60.5 !C at a 1.5! h"1 rate

of increase). After migration, gels were stained with SYBR

Gold (1/10,000 final, Molecular Probes) and analyzed on

a GelDoc transilluminator (bio-rad). QuantityOne 4.0.1 soft-

ware (Bio-Rad) was used for image and band pattern analysis.

Shannon diversity indexes H0 ( ¼ "
P

pi.Lnpi), where pi is the

proportion of the ith band based on its relative intensity against

all the bands found in one sample lane, were calculated for all

samples.

2.3. Abundance and diversity of micro- and mesofauna

2.3.1. Nematodes and protozoa

Nematodes were extracted from fresh soil using the

Whitehead and Hemming tray technique (Whitehead and

Hemming, 1965). Soil (ca. 20 g) was placed in a tissue-lined

mesh-based (90 mm) plastic sieve and then into a Baermann

funnel filled with enough water to cover the soil, but still

contained within the sieve (Brown and Boag, 1988). After

48 h, nematodes were collected in a 50 mL tube, heat-killed in

Table 1

Soil characteristics.

Date pH N (g/kg) C/N TOC (g/kg) P2O5 (g/kg) Cu tot

(mg/kg)

Pb tot

(mg/kg)

Zn tot

(mg/kg)

S 16 PAH

(US-EPA) (mg/kg)

NM April 2008 7.68 & 0.14 2.52 & 0.22 25.1 & 1.3 63.3 & 5.4 0.072 & 0.008 135.7 & 8.1 523.0 & 127.0 2102 & 220 1427.3 & 114.9

Sept. 2009 7.41 & 0.09 2.54 & 0.26 25.6 & 1.6 64.9 & 5.2 0.064 & 0.008 137.5 & 8.0 489.6 & 38.1 2248 & 171 894.5 & 86.2

TD April 2008 8.39 & 0.20 1.09 & 0.07 57.0 & 3.0 62.0 & 5.6 0.086 & 0.008 114.7 & 9.2 674.5 & 70.9 2700 & 285 62.4 & 4.2

Sept. 2009 7.69 & 0.03 1.08 & 0.08 57.3 & 5.7 61.2 & 2.1 0.070 & 0.002 109.2 & 2.6 677.7 & 27.8 2775 & 95 28.7 & 3.8

Data for NM soil and TD soil are mean values from 20 to 4 plot analyses, respectively.
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a water bath for 4 min at 65 !C and preserved in a 1%

formaldehyde solution. The total number of nematodes was

counted under a low power microscope.

The number of protozoa was estimated using a most

probable number technique (Darbyshire et al., 1974) and the

biomass was calculated using appropriate weight (Griffiths

and Caul, 1993). A known weight (ca. 10 g) of soil was

dispersed in 40 mL of Neff’s modified amoeba saline medium

(NMAS) (Page, 1976) by rolling at 20
!

C for 1 h. Four 100 mL

aliquots were placed in the first column of a sterile 96-well

flat-bottomed microtiter plate. The remaining wells were filled

with 100 mL of 1/10 nutrient broth (Oxoid) in NMAS, and

a threefold dilution was carried out to the last column. To

prevent desiccation, the dilution plates were wrapped in

a polyethylene bag containing damp filter paper and incubated

at 16 !C. The plates were examined for the presence of

amoebae, ciliates and flagellates under an inverted microscope

after 7, 14 and 21 d of incubation.

2.3.2. Microarthropods

Microarthropods were extracted from each soil sample

using the Macfadyen method for a period of 1 week (Cortet

et al., 2007) and identified and sorted using a dissecting

stereomicroscope. Adult mites were identified to the suborder

level (Actinedida, Gamasida, Oribatida, Acaridida) (Krantz,

1978). When possible, all collembolans were identified at

the species level using different available keys (Gisin, 1960;

Bretfeld, 1999; Potapov, 2001). For some analyses (see

results), Collembola species were grouped into three morpho-

ecological groups describing their habitat preferences

combined with morphological parameters, including (i) epi-

edaphic, very mobile and living mainly in litter and topsoil;

(ii) eu-edaphic, poorly mobile and living in soil macropores;

and (iii) hemi-edaphic, an intermediate group (Gisin, 1943).

All other microarthropods (such as pseudoscorpions and small

millipedes) were grouped together. The abundance of each

taxon was estimated per m2.

2.4. Microbial activities

2.4.1. Respiration

Substrate-induced respiration was measured using an

automated Oxytop apparatus (Oxytop Model OC 110, WTW

Wissenschaftlich-Technische Werkstätten GmbH, Munich,

Germany). Glucose (100 mg) was added to soil samples (20 g)

at water holding capacity (WHC), and O2 consumption was

continuously monitored over 72 h at 20 !C. Substrate-induced

respiration was expressed in mg O2 g"1 dry weight and per

day (mg O2 g
"1 DW d"1).

2.4.2. Enzymatic activities

The enzymatic activity measured in this study included the

following: arylamidase, arylsulfatase, cellulase, fluorescein

diacetate hydrolase (FDase), lipase, alkaline and acid phos-

phomonoesterases and urease. These enzymes were chosen

because of their involvement in the main biogeochemical

cycles (C, N, P, and S) and degradation of major biopolymers

potentially present in soils. Table 2 gives the corresponding

methods used to measure their respective activities. Enzyme

activity was calculated in units, defined as mmole of substrate

hydrolyzed min"1 and per g of soil dry weight (U g"1 DW).

2.5. Multivariate statistical analysis

The effects of treatment on the soil community and func-

tional parameters were analyzed by the principal response

curve (PRC) method (Van den Brink, 1999) using CANOCO

software (Ter Braak and Smilauer, 2002). The PRC method is

multivariate analysis designed by Van Den Brink and Ter

Braak (1998) for analysis of data from microcosm or meso-

cosm experiments to optimally show the effect of different

treatments over time. This method, used by several authors in

ecotoxicology (Pernin et al., 2006a) and field studies

(Frampton et al., 2000; Pernin et al., 2006b), focuses on

differences in taxonomic or biochemical composition between

treatments and the control at each particular time point. The

PRC results in a diagram showing the sampling date on the

x-axis and the first or second principal component of the treat-

ment effect on the y-axis. This yields a diagram representing

deviations in time of treatment compared to the control. The

bioindicator component weights, which appear on the right side

of the figure, can be interpreted as the weight of each species or

component with the response given in the diagram. The statis-

tical significance of observed treatment effects at the commu-

nity level and differences between treatments were also tested

usingMonte Carlo’s permutation tests (Ter Braak and Smilauer,

2002) with 499 permutations. The same test was used to analyze

the observed differences between treatments.

Three different PRCs were calculated on log-transformed,

centered and standardized data to obtain similar weight in the

analysis; one analysis was performed only on microbiological

data (microbial activities, bacteria and fungi abundance, and

Table 2

Methods used for measurement of enzyme activity.

Enzyme activity Substrate Catalytic reaction Reference

Arylamidase L-Leucine b-naphtylamide Amino acid hydrolysis Acosta-martinez and Tabatabai (2000)

Arylsulfatase p-nitrophenyl sulfate Sulfoester hydrolysis Tabatabai and Bremmer (1970)

Cellulase Carboxynnethylcellulose Cellulose hydrolysis Deng and Tabatabai (1994)

Fluorescein diacetate hydrolase (FDase) Fluorescein diacetate Ester hydrolysis Green et al. (2006), Alarcon et al. (2008)

Lipase p-nitrophenyl palnnitate Lipide hydrolysis Gupta et al. (2002)

Alkaline and acid phosphonnonoesterases p-nitrophenyl phosphate Phosphomonoester hydrolysis Tabatabai and Bremmer (1969)

Urease Urea Urea hydrolysis Kandeler and Gerber (1988)
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the Shannon diversity index for bacteria and fungi); a second

analysis was performed on fauna data (protozoa, nematodes,

microarthropods, and Collembola identified at the species

level); and a third analysis assessed all information collected,

but with Collembola grouped into three ecomorphological

groups (see 2.3.2.). For each PRC, diagrams representing

deviations in time of treatments used BS as the reference

treatment.

3. Results

3.1. Bioindicator levels

The abundance and diversity of bioindicators and activity

levels are presented in Table 3. Among microorganisms,

bacteria were more abundant than fungi. Microorganism

abundance was significantly ( p < 0.001) higher in September

2009 than for the 3 other sampling dates, and was higher in

Msm-TD soil compared to other treatments. Abundance and

diversity of fungi was significantly (P < 0.001) lower in bare

soils (BS and BSt) compared to treatments with growing

vegetation. Most microbial activity levels were significantly

higher in planted soils (SV, Ms and Msm) compared to Msm-

TD and bare soils (BS, BSt). Over time, activity levels were

variable, with some increasing with time (FDase, arylamidase,

urease) and some higher in September than in April (respira-

tion, cellulase, acid and alkaline phosphomonoesterase). There

was no significant difference with time and treatment for

microfauna indicators except for amoeba, the most abundant

protozoan group. Amoeba abundance was lower in Msm-TD

soil, while the abundance of nematodes was higher in this

treatment compared to other treatments. Mesofauna indicators

were more abundant in April 2009. Microarthropods were

significantly more abundant in SV and Msm-TD soils, while

bare soil (BS and BSt) had a significant negative effect on their

density.

3.2. Multivariate analyses

PRC calculated for microbiological data is presented in

Fig. 1. The difference among sampling dates accounted for

41.1% of total variance; the treatment effect accounted for

36.3%. The first and second axes (Fig. 1A and B) explained

39.9% and 20.9% of variance captured by the treatment effect,

respectively. The first axis distinguished planted contaminated

soil treatments (SV, Ms and Msm) from bare soils (BS and

BSt). At all sampling dates, microbial indicators of tilled bare

soil treatment (BSt) were similar to control treatment (BS).

Planted contaminated soil treatments (Ms, Msm and SVexcept

for April 2009) were associated with high enzymatic activities

(bioindicator weight of arylsulfatase: 1.89; acid phosphatase:

1.70; lipase: 1.49; alkaline phosphatase: 1.21; and arylami-

dase: 1.02) and a high abundance and Shannon diversity index

for fungi (bioindicator weight of 0.52 and 0.73, respectively).

The Msm-TD soil showed greater variability through time

than other treatments. In April 2008, September 2008 and

September 2009, Msm-TD soil was similar to bare soils (BS

and BSt), whereas in April 2009, it resembled planted

contaminated soil treatments (SV, Ms and Msm). The second

canonical axis of the PRC (Fig. 1B) for all sampling dates

distinguished contaminated NM soil treatments from ther-

mally desorbed soil treatment (Msm-TD). The Msm-TD

treatment was associated with high microbial abundance and

diversity (bioindicator weight of fungi abundance: 1.48, PAH-

degrading Gram-positive bacteria: 1.40; bacteria abundance:

1.33; Shannon diversity index for fungi: 1.24) and low lipase

activity (bioindicator weight of "2.04). This axis also high-

lighted a time effect in that all NM treatments tended, with

time, to resemble the control BS. For all canonical axes, the

results of Monte Carlo’s test of significance showed a signifi-

cant treatment effect ( p < 0.01). Comparisons between

treatments throughout the study are presented in Table 4.

Significant differences ( p < 0.05) were found between bare

soils (BS and BSt) and M. sativa-planted contaminated soil

treatments (Ms and Msm). Msm-TD was significantly

different from all other treatments ( p < 0.05).

PRC calculated for the fauna data set is presented in Fig. 2.

The difference between sampling dates accounted for 21.7%

of total variance; the treatment effect accounted for 31.3%.

The first and second axes (Fig. 2A and B) explained 35.1%

and 15.6% of the variance captured by the treatment effect,

respectively. The first axis showed three groups of treatment:

M. sativa-planted contaminated soil treatments (Ms and Msm),

bare soils (BS and BSt) and two other treatments (SV and

Msm-TD). SV and Msm-TD were associated with a high

abundance of fauna (bioindicator weight of nematodes: 2.34,

Gamasidae; 1.92, “other microarthropods”: 1.55, Orbatidae:

1.30 and several Collembola species, including Parisotoma

notabilis, Pseudosinella sexoculata, Lepidocyrtus cyaneus,

Mesaphorura sp. and Protaphorura gr. armata with bio-

indicator weights from: 1.16 to 1.65). The second canonical

axis of the PRC (Fig. 2B) showed fluctuation between

sampling dates, but identified differences between Msm-TD

and SV soil treatments. Msm-TD was associated with some

microarthropods (bioindicator weight of P. armata: "2.12,

Sminturinus elegans:-1.31, and Acarididae: "1.62) for April

2009. SV was associated with other microarthropods (bio-

indicator weight of Lepidocyrtus lignorum: 2.67; Isotoma sp.:

2.33; Lepidocyrtus sp.: 1.38; and Oribatidae: 1.08) for

September 2008. The results of Monte Carlo’s test of signifi-

cance performed on all canonical axes showed a significant

treatment effect ( p < 0.01). Comparisons between treatments

throughout the study are presented in Table 4. All treatments

were significantly different ( p < 0.05) except for M. sativa-

planted contaminated soil treatments (Ms and Msm) and Msm

compared to BS.

PRC calculated for the global data set is presented in Fig. 3.

The difference between sampling dates accounted for 35.5%

of total variance; the treatment effect accounted for 37.1%.

The first and second axes (Fig. 3A and B) explained 33.9%

and 23.2% of variance captured by the treatment effect,

respectively. The first axis distinguished vegetation treatments

(SV, Ms, Msm, Msm-TD) from bare soils (BS, BSt). Vegeta-

tion treatments were associated with high fauna abundance

5A. Cébron et al. / Research in Microbiology xx (2011) 1e12
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(bioindicator weight of nematodes: "2.17; Gamasidae: "1.70;

“other microarthropods”: "1.48; Oribatidae: "1.40; hemi-

edaphic Collembola: "1.04), microbial enzymatic activities

(bioindicator weight of arylsulfatase: "1.48; alkaline and acid

phosphatase: "1.28; arylamidase: "1.21) and fungi abun-

dance (bioindicator weight of "1.13). The second canonical

axis of the PRC (Fig. 3B), for all sampling dates, distinguished

contaminated NM soil treatments from thermally desorbed soil

treatment (Msm-TD). Msm-TD treatment was associated with

high fauna abundance (bioindicator weight of Acaridida: 1.62,

nematodes: 1.10, and eu-edaphic Collembola: 0.94). In

contrast, vegetation treatments were associated with high

enzymatic activities (bioindicator weight of lipase: "2.70;

acid phosphatase: "1.74; arylsulfatase: "1.71; urease: "1.11;

and cellulase: "1.01). The results of Monte Carlo’s test of

significance performed on all canonical axes showed a signif-

icant treatment effect ( p < 0.01). Comparisons between

treatments throughout the study are presented in Table 4. All

treatments were significantly different ( p < 0.05) except for

M. sativa-planted contaminated soil treatments (Ms and Msm).

4. Discussion

Our study highlights the value of using a range of

complementary bioindicators (assessing diversity and func-

tions) to evaluate the influence of vegetation and tillage and to

distinguished polluted from thermal-desorption-treated soils.

The fluctuation in the abundance of organisms (Table 3) did

not drastically influence the treatment effect; indeed, using

PRC analyses, differences between treatments did not appear

to vary much over time even when vegetation fluctuated and

the PAH concentration decreased from April 2008 to

September 2009 (Table 1). In the current study, plant influence

was assessed by comparison between bare soil (BS) and

planted contaminated soils (SV, Ms, and Msm), while the

effect of tillage was assessed by comparison between BS and

BSt and that of thermal desorption treatment was assessed by

comparison between Msm and Msm-TD.

Vegetation appeared to be the major factor in discrimi-

nating between soil treatments. Indeed, vegetation consistently

appeared on the first axis of the PRCs. Plants had an influence

on all organisms examined in our study at all trophic levels.

Plant organic matter has been shown to increase the abundance

of fungi and enzymatic activities (Smith et al., 2008; Palmroth

et al., 2007). As the resources for saprotrophic fauna

increased, a higher abundance of nematodes, Oribatidae and

Collembola was observed. Finally, predatory mites or Gama-

sidae were consistently increased. Our results confirmed

models proposed concerning trophic patterns in the soil

(Moore et al., 2005). Arylsulfatases, acid and alkaline phos-

phatases and lipases, with their higher bioindicator weight

values, indicated that the most microbiologically active soils

were Ms, Msm and SV. Regulation of enzyme production by

microorganisms is strongly related to the richness, availability

and quality of organic matter (OM) as well as mineral nutrient

(N, P, K and S) content of soil (Alarcón-Gutiérrez et al., 2009;

Criquet and Braud, 2008). Moreover, soils with vegetation

were more abundantly enriched with easily degradable OMs

originating from plant exudates, litter and root decay,

explaining the greater abundance of fungi and enzyme

Table 3

Bioindicator levels for the 6 treatments studied and the 4 sampling dates.

BS BS BS BS BSt BSt BSt BSt SV SV SV SV

April

2008

Sept.

2008

April

2009

Sept.

2009

April

2008

Sept.

2008

April

2009

Sept.

2009

April

2008

Sept.

2008

April

2009

Sept.

2009

Micro-organisms Abundance Bacteria (16S rRNA gene

copies  106/g soil)

157 136 886 2184 195 177 706 2159 211 258 429 2588

Fungi (18S rRNA gene

copies  106/g soil)

2 1 4 22 1 1 5 12 6 4 7 28

Shannon

diversity index

Bacteria 2.96 3.01 2.77 2.62 3.16 3.01 2.56 2.71 3.03 2.98 2.69 2.31

Fungi 2.11 1.76 1.65 1.77 1.80 1.65 1.92 1.96 2.18 2.57 1.85 2.07

Activities Respiration (mgO2/g soil/d) 0.13 0.31 0.13 0.40 0.15 041 0.15 0.47 0.15 0.17 0.20 0.19

FDase (mU/g soil) 3.6 6.1 22.6 22.2 3.0 16.1 16.5 15.2 3.5 21.9 20.2 26.5

Arylamidase (mU/g soil) 0.73 0.65 0.71 2.92 0.64 0.76 0.64 2.07 0.96 0.92 1.28 4.74

Arylsulfatase (mU/g soil) 0.26 0.08 0.15 0.06 0.02 0.10 0.16 0.05 0.39 0.43 0.33 0.19

Cellulase (mU/g soil) 2.0 3.8 0.7 5.2 2.6 3.0 0.6 1.7 1.6 5.6 0.9 8.2

Lipase (mU/g soil) 3.9 4.5 2.1 2.9 4.0 2.1 2.9 2.8 2.0 4.5 2.7 3.7

Acid

phosphomonoesterase

(mU/ g soil) 2.2 4.9 3.8 5.2 2.5 4.2 3.1 4.3 2.7 5.4 44 6.2

Alkaline

phosphomonoesterase

(mU/g soil) 3.4 7.3 5.4 6.0 3.2 5.6 3.9 5.7 4.6 7.2 5.7 6.6

Urease (mU/g soil) 10.8 15.5 18.2 15.9 9.9 12.9 16.0 11.5 9.1 18.7 23.7 22.3

Micro-fauna Protozoa Flagelates (ng/g soil) 32 9 44 34 32 29 28 28 45 60 42 61

Amoeba (ng/g soil) 10433 1631 1048 471 2790 1425 1132 456 4964 1736 342 3639

Ciliates (ng/g soil) 32 9 44 34 32 29 28 28 45 60 42 61

Nematodes (Abundance/g soil) 0.35 0.27 0.24 0.50 1.79 1.86 0.27 0.50 4.95 4.67 3.51 7.95

Meso-fauna Acari (Abundance/m2) 8519 3921 35462 2594 1710 766 8136 1503 10435 14885 25999 14562

Collembola Epi-edaphic (Abundance/m2) 2152 0 1091 0 295 88 383 29 1592 1233 2447 177

Hemi-edaphic (Abundance/m2) 5188 560 4510 1444 2093 619 2800 177 28593 14709 44393 11172

Eu-edaphic (Abundance/m2) 3095 2565 2299 737 2004 1268 1887 383 13000 5159 10700 3921

Total collembola (Abundance/m2) 10435 3125 7900 2181 4392 1975 5070 590 43185 21106 57540 15269

Total

micro-arthropods

(Abundance/m2) 19396 8342 43656 4923 6367 2771 13707 2211 54652 37584 85485 31394

a
groups from two-way analysis of variance ANOVA(p< 0.001) and pair-wise multiple comparison test (Newman-Keuls).
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activities (de Boer et al., 2005). Concerning Collembola, the

increase was mainly observed in epi- and hemi-edaphic

species. This is not surprising, as these Collembola benefit

from the presence of litter (Gisin, 1943). It is interesting to

note that spontaneous vegetation (SV) differed fromM. sativa-

planted soils (Ms and Msm) by harboring more micro-

arthropods, especially epi-edaphic species like Isotoma sp. In

contrast to spontaneous vegetation, M. sativa was harvested

each year, leading to less organic matter in the soil and

disruption of vegetation cover, which has been shown to

decrease epi-edaphic Collembola (Gillet and Ponge, 2003).

Moreover, PRCs showing fauna data identified differences

between BSt and BS; fewer Gamasidae and nematodes were

observed after soil tillage. These results confirm the notion

that fauna is sensitive to physical disturbances in soil, such as

during agricultural practices (Cortet et al., 2002, 2007). No

difference between Ms and Msm was observed. We previously

showed that mycorrhizal colonization of M. sativa roots with

the two inoculated Glomus strains was very low (Ouvrard

et al., in press), which could be due to soil toxicity with the

combination of PAH and heavy metals (Leyval and Binet,

1998; Leyval et al., 1997) and possibly to high sulfate

concentrations.

TD treatment appeared to be the second major factor in

identifying differences in soil treatment on the second axis of

the PRCs. Although this technique is among the most efficient

methods for removing organic pollutants and is commonly

used for PAH remediation, the long-term evolution of

TD-treated soils has never been examined, especially

regarding biological function. Little information on restoration

of biological diversity and function in this type of soil,

considered to be an extreme environment, is available. In

a previous study, we observed that during the first two years

after TD treatment, the bacterial community of the TD soil re-

colonized and diversified and the main bacterial representa-

tives closely resembled bacteria detected in extreme environ-

ments (i.e. characterized by high pollution, low pH, high

salinity, low nutrient availability; Cébron et al., 2009). Simi-

larly, our results show that despite strong physical and

chemical modifications (increased pH level, decreased

nitrogen content and higher C/N ratio), biological communi-

ties (various trophic levels) re-colonized TD soil after more

than two years on the site. Indeed, increases in bacteria, Gram-

positive PAH-degrader abundance, fungi abundance and

diversity were observed in the TD soil. Lower PAH concen-

trations might favor development of fungi (Blakely et al.,

2002). Moreover, thermally desorbed soils as well as post-

fire soils are known to be enriched in condensed and recalci-

trant organic matter (González-Pérez et al., 2004; Biache

et al., 2008). Changes in composition of organic matter and

nitrogen limitation could favor fungal growth and colonization

(Strickland and Rousk, 2010; Hong et al., 2010). Moreover,

fungi and Actinobacteria (e.g., Gram-positive PAH degraders)

are favored by vegetation (Smith et al., 2008; Cébron et al.,

2009) and are commonly found in extreme environments,

such as dry volcanic soils or deserts (Costello et al., 2009;

Connon et al., 2007). Extreme soil environments and hostile

conditions select for organisms with ecological strategies for

survival under harsh conditions, such as dessication, freeze-

thaw, UV resistance, and resting spore formation (Ensign,

Ms Ms Ms Ms Msm Msm Msm Msm Msm-TD Msm-TD Msm-TD Msm-TD Effect of sampling datea Effect of treatmenta

April

2008

Sept.

2008

April

2009

Sept.

2009

April

2008

Sept.

2008

April

2009

Sept.

2009

April

2008

Sept.

2008

April

2009

Sept.

2009

April

2008

Sept.

2008

April

2009

Sept.

2009

BS BSt SV Ms Msm Msm-TD

464 596 716 4393 860 186 1108 7964 907 548 2685 12760 B B B A C C C C B A

31 5 10 62 8 2 14 82 41 2 38 165 B B B A CD D C B B A

3.00 3.18 2.76 2.07 2.88 3.04 2.91 2.87 3.00 3.04 3.00 3.01 A A B C A A A A A A

2.10 2.19 2.20 1.73 2.11 2.27 2.17 1.80 2.02 2.43 2.28 2.05 AB A AB B B B A A A A

0.32 0.50 0.20 0.35 0.34 0.53 0.19 0.27 0.26 0.17 0.26 0.24 B A B A B A C A A B

7.3 20.7 21.9 15.7 5.7 19.1 23.0 19.3 2.2 7.5 12.1 17.9 C B A A B B A A A C

1.27 1.36 1.51 4.01 1.98 1.62 2.03 3.93 0.71 1.15 1.94 3.98 C C B A C C B B A B

0.47 0.23 0.28 0.14 0.33 0.30 0.29 0.15 0.11 0.05 0.15 0.03 A B B C C D A B B D

2.8 4.5 0.8 3.9 1.6 5.3 0.6 6.4 1.1 3.0 0.7 2.0 B A C A C D A C B D

4.6 3.5 4.0 3.9 4.3 5.2 3.2 3.7 1.2 1.7 1.7 1.2 AB A B B B B B A A C

5.1 6.9 5.8 6.0 4.5 7.7 5.5 9.4 1.9 3.8 4.5 4.0 C A B A CD D C B A D

7.0 8.6 6.8 7.1 4.7 8.7 6.5 5.6 3.8 6.8 7.3 6.5 C A B B B C B A B B

10.3 14.3 17.0 27.3 11.0 18.6 18.0 24.4 6.9 11.9 19.0 15.7 C B A A BC C A AB A C

36 39 50 9 8 57 72 69 90 85 47 37 A A A A A A A A A A

3226 1409 2686 498 2520 1756 1287 606 777 979 407 72 A B B B A BC AB ABC BC C

36 39 50 9 8 57 72 69 90 85 47 37 A A A A A A A A A A

4.30 6.52 4.15 4.50 3.61 4.23 2.48 3.11 6.61 8.95 14.48 12.15 A A A A C C B B B A

8077 7812 26735 8313 6043 7812 27915 6750 6603 16390 40119 8342 B B A B A B A A A A

501 118 884 59 737 0 1798 59 413 177 3419 206 B C A C ABC C A BC ABC AB

13471 324 33722 413 8136 560 16537 1356 11673 5542 35756 2240 B C A C CD D A BC BCD B

3301 3979 10730 560 3066 3360 6161 1533 9610 15594 26441 1533 B B A C C C B C C A

17274 4422 45337 1032 11938 3921 24498 2948 21696 21312 65617 3979 B C A C BC C A B BC A

28210 12557 74667 9698 19838 12410 54917 9846 31571 39205 116201 12734 B BC A C BC C A B B A
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Please cite this article in press as: Cébron, A., et al., Biological functioning of PAH-polluted and thermal desorption-treated soils assessed by fauna and

microbial bioindicators, Research in Microbiology (2011), doi:10.1016/j.resmic.2011.02.011



1978; Hong et al., 2010), and molecular techniques cannot

distinguish spores from active cells. In our study, most of the

enzymatic activities were decreased in Msm-TD compared to

the contaminated soil, Msm. As soil enzyme activities are

a direct response by the soil community to metabolic

requirements and environmental stress (Caldwell, 2005), these

data highlight the poor nutrient availability, physical distur-

bance and the particular organic matter composition and

reactivity of TD soil. Lipase activity was especially low in TD

soil. Such C-acquiring enzymes are known to be stimulated by

the availability of their own substrates (e.g. aliphatic carbon;

Alarcón-Gutiérrez et al. 2009). On this point, Biache et al.

(2008) demonstrated that the TD process strongly reduces

the content of aliphatic C of soil, a decrease which may

explain the lower lipase activity measured in TD soil. Con-

cerning fauna, TD led to an increase in eu-edaphic Collembola

species known to be sensitive to the presence of organic

pollutants but tolerant to the presence of heavy metals, as

previously shown for the species P. armata (Gillet and Ponge,

2003). Furthermore, the TD process induced an increase in pH

Fig. 1. Principal response curve (PRC) for the microbial data set (activities, abundance and diversity index). The first (A) and second (B) axes indicate differences

between plot treatments. The lines represent the course of treatment over time. Values deviating from the reference value of 0 (BS control treatment) indicate

treatment effects. The bioindicator weight can be interpreted as the affinity of the taxon with the principal response curves. Only species with a weight of 0.5 or

higher and"0.5 or lower are considered significant indicators (bold type).
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levels that may have modified the communities (Garnier and

Ponge, 2004), and lower PAH content could explain

increases in Acarididae and nematode abundance.

We used a number of bioindicator tests, including abun-

dance, diversity and functional parameters. The principal

response curve (PRC) technique had the advantage of multi-

variate analysis constrained by the evolution of treatments

compared to a control over time. This statistical treatment is

powerful and well-suited to compare bioindicator data. This

type of analysis demonstrated that, depending on the observed

treatment effects (vegetation or TD), the response of each

bioindicator could differ. When considering the effect of

vegetation, all trophic levels responded in a similar manner;

abundance of organisms and activities increased with the

presence of vegetation, indicating redundancy when using all

bioindicators together. For micro- and mesofauna develop-

ment, the most important parameter is the food resource. Thus,

abundance of fauna mainly depends on fungal and bacterial

biomass and not on microbial diversity or community struc-

ture. This basic knowledge about the food web explains the

redundancy among bioindicators referring to organism abun-

dances. In contrast, when studying the effects of TD, various

bioindicators appeared to be complementary because of

contradictory responses (e.g. the high abundance and diversity

of microorganisms was not linked to their low activity levels).

A more in-depth characterization of phylogenetic diversity of

Fig. 2. PRC first (A) and second (B) axes for the micro- and mesofauna data set indicating differences between treatments. The lines represent the course of

treatment over time. Values deviating from the reference value of 0 (BS control plots) indicate treatment effects. The bioindicator weight can be interpreted as the

affinity of the taxon with the principal response curves. Only species with a weight of 1.0 or higher and"1.0 or lower are highlighted (bold type).
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microorganisms (Buée et al., 2009) and their metabolic

profiles (i.e. BIOLOG; Garland and Mills, 1991) would

probably help to understand the functions and physiology of

the microbial community. Activity levels directly depend on

the functional diversity of microorganisms, but not necessarily

on the phylogenetic diversity assessed here through molecular

fingerprinting. Microorganisms were present but not active,

indicating a narrow range of functions represented in the

community (high functional redundancy or high specificity).

This could be due to specific and highly selective environ-

mental conditions that differ from natural soil and, as

a consequence, traditionally studied functions are not the best

indicators for highly anthropogenic soils. Due to the special

status of the soil after the TD remediation process, lipase

activity could be an interesting bioindicator complementary to

microorganism abundance, as explained above. It is thus

important in this type of study to consider both diversity and

functional bioindicators, since the ecology of anthropized soils

Fig. 3. PRC for all indicators studied (microbial data, except for the Shannon diversity index, and micro- and mesofauna data with Collembola grouped into three

ecomorphological groups). The first (A) and second (B) axes indicate differences between plot treatments. The three ecomorphological groups of Collembola are

the following: 1) epi-edaphic (Entomobrya sp., Bourletiella hortensis, Isotoma sp., Isotoma viridis), 2) hemi-edaphic (Anurida tullbergi, Cryptopygus thermo-

philus, Folsomia sp., Heteromurus major, Hypogastrura manubrialis, Lepidocyrtus cyaneus, Lepidocytus lanuginosus, Lepidocytus lignorum, Lepidocytus cur-

vicolis, Lepidocytus sp.,Mucrosomia sp., Proisotoma minuta, Pseusinella sexoculata, Pseudosinella caeca, Sminthurinus elegans) and 3) eu-edaphic (Mesaphorura

sp., Protaphorura armata group, Stenaphorura denisi, Stenaphorura quadrispina). The lines represent the course of treatment over time. Values deviating from the

reference value of 0 (BS control plots) indicate treatment effects. The bioindicator weight can be interpreted as the affinity of the taxon with the principal response

curves. Only species with a weight of 0.5 or higher and"0.5 or lower are considered significant indicators (bold type).
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is not well understood and the relationship between diversity

and function is not as clear as in natural soils (Naeem et al.,

2002; O’Donnell et al. 2001). Alternatively, we observed

that the response of some parameters (e.g., protozoa, respira-

tion and FDase activities) were less discriminative compared

to others (e.g., nematodes, enzymatic activities, fungi and

microarthropods). Furthermore, our study pointed out that the

ecomorphological classification of Collembola could give

patterns similar to those of classical Linnean species identifi-

cation, suggesting that the life-trait-based classification of

micro-arthropods is a very promising method for exploring

data. Finally, it is essential to carry out a number of analyses,

including organisms at several trophic levels, and structural

and functional parameters.
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Genève.
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Please cite this article in press as: Cébron, A., et al., Biological functioning of PAH-polluted and thermal desorption-treated soils assessed by fauna and

microbial bioindicators, Research in Microbiology (2011), doi:10.1016/j.resmic.2011.02.011



International Journal of Phytoremediation, 13(S1):245–263, 2011

Copyright C© Taylor & Francis Group, LLC

ISSN: 1522-6514 print / 1549-7879 online

DOI: 10.1080/15226514.2011.568546

IN SITU ASSESSMENT OF PHYTOTECHNOLOGIES FOR
MULTICONTAMINATED SOIL MANAGEMENT

S. Ouvrard,1 C. Barnier,1 P. Bauda,2 T. Beguiristain,3

C. Biache,4 M. Bonnard,2 C. Caupert,3 A. Cébron,3 J. Cortet,1 S.
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4Laboratoire Géologie et Gestion des Ressources Minérales et Energétiques,
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Due to human activities, large volumes of soils are contaminated with organic pollutants

such as polycyclic aromatic hydrocarbons, and very often by metallic pollutants as well. Mul-

tipolluted soils are therefore a key concern for remediation. This work presents a long-term

evaluation of the fate and environmental impact of the organic and metallic contaminants

of an industrially polluted soil under natural and plant-assisted conditions. A field trial was

followed for four years according to six treatments in four replicates: unplanted, planted

with alfalfa with or without mycorrhizal inoculation, planted with Noccaea caerulescens,

naturally colonized by indigenous plants, and thermally treated soil planted with alfalfa.

Leaching water volumes and composition, PAH concentrations in soil and solutions, soil

fauna and microbial diversity, soil and solution toxicity using standardized bioassays, plant

biomass, mycorrhizal colonization, were monitored. Results showed that plant cover alone

did not affect total contaminant concentrations in soil. However, it was most efficient in

improving the contamination impact on the environment and in increasing the biological

diversity. Leaching water quality remained an issue because of its high toxicity shown by

micro-algae testing. In this matter, prior treatment of the soil by thermal desorption proved

to be the only effective treatment.

KEY WORDS: field trial, multi-contaminated soil, PAH, phytoremediation, heavy metals

INTRODUCTION

The end of industrial activities based on coal use (e.g., coking or manufactured gas

plants) in France in particular has led to thousands of hectares of derelict land. In many
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cases these are contaminated by organic and/or metallic compounds and represent a threat

to both the environment and human health. Among pollutants, PAHs (polycyclic aromatic

hydrocarbons) are of particular concern given their ubiquity, toxicity and persistence in

the environment, due to their high hydrophobicity and low degradability. They are often

associated with metallic contaminants (Sandrin and Maier 2003) but these multiple pollution

situations have seldom been studied. It is therefore necessary to evaluate their consequences

on the environment and human health and try to propose management practices or treatment

that may limit their overall negative impact.

The present work describes long-term field experiment to assess the fate of multi-

contamination under various management practices, from natural attenuation, as defined

by USEPA (1999), to phytoremediation associated or not with thermal desorption. Since

both pollutant fate and the environmental impact of the treatments were of interest, a

multidisciplinary approach regarding most environmental compartments and organisms

was applied. Indeed disciplines such as geochemistry, microbiology, toxicology, and soil

science contributed to (1) monitoring pollutants in soil, soil solutions and vegetation;

(2) measuring the toxicity of the different media (solid or liquid); (3) evaluating the treatment

and pollutant impacts on vegetation development (cultivated or naturally present), soil fauna

and microbial functional diversity.

MATERIALS AND METHODS

Experimental Set-Up

Soil origin and properties. The soil was sampled in October 2004 during recla-

mation operations of a former industrial site located in the eastern part of France. Coking

activities and steel industry had started on this site at the beginning of the 20th century and

had ended in 1983.This site had also been used as a dump from 1953 to 1990. In the past

15 years, the slag resulting from previous industrial activities has been exploited.

The soil (NM) was mechanically homogenized and sieved at 8 cm to comply with the

desorption unit requirements. A sample of 175 tons was put aside for research purposes. The

remaining soil was treated on site by a mobile thermal desorption unit (TD) (Deep Green).

The thermal treatment is a treatment process where the soil is heated to 650◦C to eliminate

the volatile and semi-volatile compounds (de Percin 1995). This has proved particularly

efficient for PAH removal and may be used in site reclamation for highly contaminated

soils (Costes and Druelle 1997). The original NM soil and 5 tons of the treated material

TD were stored on site prior to use in the experimental plots.

Experimental design. An in situ field experiment was set up on the experimental

site of the French Scientific Interest Group – Industrial Wasteland (GISFI) (http://www.

gisfi.fr), Homécourt (49◦21367N, 5◦99608E), north-eastern France, in June 2005. The

climate is continental with a mean rainfall of 760 mm year−1 and a mean temperature of

10◦C (extreme values: −21.6◦C to 37.6◦C). Twenty-four stainless steel lysimeter plots (2

× 3 m wide and 0.7 m deep) were installed on the ground and individually equipped with

leaching water collection systems consisting in a drain connected to stainless steel tanks

(0.4× 0.48 m wide and 0.6 m deep). The entire device was buried to limit boundary effect.

Each plot from bottom to top consisted of 30 cm gravel, a geotextile membrane and 40 cm

of soil. Twenty plots were filled with the untreated soil (NM) and four of them with the

thermally treated one (TD).
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Treatments. Six treatments corresponding to different management practices of the

soil were conducted in four replicates in a fully randomized way. The four plots containing

the thermally treated soil (TD) were planted with Medicago sativa (alfalfa) and inoculated

with mycorrhizal. The five treatments of the untreated soil NM were a control or bare soil

(BS), a naturally colonized treatment with spontaneous vegetation (SV)and three cultivated

with Noccaea caerulescens (formerly Thlaspi caerulescens) (NC), Medicago sativa (MS),

and Medicago sativa with a mycorrhizal inoculate (MSm). Mycorrhizal inoculation was

performed twice on TD and MSm plots, the first time with Glomus intraradices fungus

in September 2005 and the second in March 2008 with two fungi to improve mycorrhizal

colonization chances: Glomus intraradices and Glomus mosseae (Redon et al. 2009).

Previous studies have shown that alfalfa is a good candidate for phytoremediation of

organics (Wiltse et al. 1998; Fan et al. 2008). It is a perennial, high-quality, adaptable,

forage crop grown throughout the world. It has an extensive, widely branched root system

providing a large root surface for the growth of microbial populations. Furthermore, alfalfa

is one of the legumes which is nitrogen independent and that is an important factor in

contaminated soils often characterized by a high C/N ratio. Noccaea caerulescens is a

metal tolerant hyperaccumulator plant that has proved most efficient in cadmium and

zinc hyperaccumulation (Brown et al. 1994; Schwartz et al. 2003).The thermal desorption

treatment was considered as part as a management practice leading to a fully restored soil

and no treatment with the TD soil without plant cover was studied.

Sampling and Analysis

Soil composition. Soil samples were collected twice a year, before and after the

growing period: in September 2005 before sowing (T0), May 2006 (T1), September 2006

(T2), May 2007 (T3), September 2007 (T4), April 2008 (T5), September 2008 (T6), April

2009 (T7), and September 2009 (T8). Six sub-samples per plot were collected with a hand

auger and mixed to obtain one mean sample per plot. Analysis of all sub-samples taken

at T0 gave an estimate of soil heterogeneity and showed that this sampling procedure

guaranteed a representative sample of the plot. Soil samples were analyzed for agronomic

properties, pollutants (heavy metals and PAH), microbial activity and toxicity. Soil sample

characteristics were analyzed at the LAS-INRA laboratory (Arras) using standardized

methods. The main parameters are listed in Table 1.

Organic pollution characterization. For total organic pollution characteriza-

tion, soil samples were freeze-dried. Two series of extractions with an automated extrac-

tor Dionex R© ASE (Accelerated Solvent Extractor) 200 were carried out on 1 g or 12 g

of lyophilized samples respectively for NM and TD soils, according to their respective

TOC concentration and the treatment undergone, for qualitative and quantitative analyses.

Qualitative analyses were performed once on each sample at 100◦C and 130 bars with

dichloromethane (DCM). Copper powder, in order to eliminate the molecular sulphur,

Na2SO4, to remove the remaining molecules of water, and Fontainebleau sand, to increase

the extraction yield, were added to the samples prior to the extraction. The extracts were then

diluted with DCM at 5 to 20 mL, according to the concentration, and an aliquot was sampled

and dried under nitrogen to determine the solvent extractable organic matter (EOM) yield.

Asphaltene (ASP) were isolated from EOM by asphaltene precipitation in n-pentane. The

separation of the aliphatic (SAT), aromatic (ARO) and resins (RES) was performed on alu-

mina and silica columns as described by Jeanneau et al. (2006). The aliphatic and aromatic

hydrocarbons and low molecular weight resins were isolated from high molecular weight
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Table 1 Soil main initial properties. Mean values of 20 or 4 mean plot samples for respectively NM and

TD ± standard deviation. EOM: extractable organic matter; ASP: asphaltenes; SAT : saturated hydrocarbons;

ARO: aromatic hydrocarbons; RES : resins

Particle size distribution (g kg−1)

Clay Fine silt Coarse silt Fine sand Coarse sand

(<2 mm) (2–20 mm) (20–50 mm) (50–200 mm) (200–2000 mm)

NM 123± 21 148± 28 75± 13 83± 15 571± 62

TD 104± 5 97± 10 98± 4 141± 8 560± 13

Agronomic parameters (g kg−1)

pH C org Total N P2O5 CaCO3

NM 7.0± 0.2 62.0± 3.6 2.7± 0.1 0.050± 0.008 19.2± 3.2

TD 8.0± 0.0 58.4± 2.4 0.94± 0.04 0.082± 0.010 49.2± 3.8

Pollutants (mg kg−1)

16 PAH Zn Cd Pb Ni

NM 1924± 258 2086± 229 2.66± 0.06 482± 58 97.3± 4.1

TD 106± 4 2745± 26 2.14± 0.08 673± 23 102.3± 2.1

Organic fractions (g kg−1)

EOM ASP SAT ARO RES

NM 13.9 5.2 1.1 5.3 2.3

TD 0.6 0.2 0.1 0.2 0.1

polar compounds on an alumina column, eluted successively with DCM and a mixture of

DCM:methanol (1:1). The DCM fraction was then eluted on a silica column successively

with n-hexane, a mixture of n-hexane:DCM (2:1), and a mixture of DCM:methanol (1:1),

to recover respectively aliphatic hydrocarbons, aromatic hydrocarbons and resins. They

were then diluted to 5 mL and a 500 µL aliquot was dried and weighed to determine

the mass proportion of each fraction. Resins were analyzed by capillary GC-MS after

derivatization using a mixture of N,O-bis(trimethylsilyl)trifuoroacetamide (BSTFA) and

trimethylchlorosilane (TMSC) (99/1, v/v), while aliphatic and aromatic fractions were an-

alyzed without further treatment. GC-MS analyses were performed with a Hewlett Packard

G1800A equipped with a capillary column DB 5-MS (length: 60 m; diameter: 0.125 mm)

coupled with a mass spectrometer operating in the fullscan mode, according to the method

described in Jeanneau et al. (2006).

Quantitative series were performed once on each sample with ASE 200 at 130◦C

and 130 bars with DCM, to assay PAH contents. In addition to activated copper, Na2SO4

and Fontainebleau sand, Florisil was added to trap macromolecules. The DCM was ex-

changed with chloroform, concentrated with a Turbovap R© to 5 mL. An internal PAH

standard mix (naphthalene d8, acenaphthene d10, phenanthrene d10, chrysene d12, pery-

lene d12, supplied by Cluzeau R©) was added to the diluted extract before being injected into

an Agilent Technologies 6890N gas chromatograph equipped with a capillary column in

silica glass DB 5-MS (60 m × 0.125 mm i.d. × 0.1 µm film thickness). This was coupled
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to an Agilent technologies 5973 mass spectrometer used as an inert detector on the full

scan mode, using a time-window-scheduled acquisition with the diagnostic ions at m/z 128,

136, 152, 154, 164, 166, 178, 188, 202, 228, 240, 252, 264, 276, and 278. The temperature

program was the following: from 70◦C to 130◦C at 15◦C min−1, then from 130◦C to 315◦C

at 3◦C min−1 and then a 15 min hold at 315◦C. The carrier gas used was helium at 1.4

mL min−1 constant flow.

PAH availability was estimated on BS and SV undisturbed soil samples only to

avoid any structural artifact induced by sampling. The method used involved a solid phase

extraction using Tenax R© resin with a protocol adapted from Cornelissen et al. (1997)

to represent the aged pollution behavior observed in contaminated soils (Barnier 2009).

Briefly, two grams of air-dried soil were agitated during 30 hours with 2 g of Tenax R©

and 300 mL of a 0.01 M CaCl2 and 200 mg L−1 NaN3 solution. The Tenax beads were

then recovered and extracted twice with a 1:1 acetone hexane mix. The extract was further

transferred to acetonitrile and analyzed with an HPLC line equipped with fluorescence

detector. All chemicals used were of analytical or HPLC grade.

Soil fauna. In September 2007 and 2008, three intact soil cores (5 cm depth, 5cm

diameter) were taken from the center of each plot. Microarthropods were then extracted

from the soil samples using the Macfadyen method for a period of 1 week (Cortet et al.

2007). Using a dissecting stereomicroscope, microarthropods from each sample were iden-

tified and sorted. Adult mites were identified to the suborder level (Actinedida, Gamasida,

Oribatida, Acaridida) (Krantz 1978). When possible, all collembolans were identified at

the species level using different available keys (Gisin 1960; Bretfeld 1999; Potapow 2001).

All other microarthropods (pseudoscorpions, small millipeds . . . ) were grouped together.

The abundance of each taxon was assessed.

In 2009, epigeic soil macrofauna was sampled with pitfall traps. One trap was placed

in the centre of each plot during the season (four replicates per treatment). The traps were

made of glass cups (9 cm deep, 5 cm diameter) filled with white vinegar. Because density

of macrofauna changes during season, the traps were set out in June and October. Each time

the traps were open for 7 days. All invertebrates captured were sorted, and subsequently

enumerated.

Soil microbiology. Cultivable total and PAH-degrading bacterial counts were per-

formed by spreading soil dilution series (in 0.85% NaCl) on Plate Count Agar (PCA)

plates and phenanthrene (PHE) or pyrene-sprayed (PYR) Mineral Salt (MS) plates, re-

spectively (Pagnout et al. 2007). The CFU of total bacteria, PHE-degrading bacteria and

PYR-degrading bacteria were counted after 12, 24 and 45 days growth, respectively. More-

over, DNA was isolated using a bead beating method and phenol-chloroform purification

as reported in Cébron et al. (2008). Real-Time PCR assays using Sybr Green detection

and MyiQ Thermal cycler (BioRad) were performed to quantify fungal biomass, bacte-

rial biomass and PAH-degrading bacteria. Gene copy densities of 18S rDNA, 16S rDNA,

PAH-dioxygenase GN (from Gram negative bacteria) and PAH-dioxygenase GP (from

Gram positive bacteria) in DNA extracts were measured as described in Cébron et al.

(2008).

Soil toxicity. The Eisenia fetida earthworm species and the Folsomia candida

collembolae species were used to assess the toxicity of the soil samples. The soil inverte-

brates originated from our lab culture and were tested according to the ISO 11268-1 (1993)

standard method for earthworms and the ISO 11267 (1999) for collembolae. Effects on

survival and reproduction were measured for both species. These time-consuming tests
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Table 2 Bioassays selected to assess the toxicity of the contaminated soils and the water extracts to aquatic and

terrestrial organisms

Test species Duration Parameters measured Standard method

Acute toxicity Bacteria Vibrio fischeri

(Microtox R©)

30 min luminescence inhibition ISO 11348-3 (1999)

Daphnid (Daphnia magna) 24, 48 hrs immobilization ISO 6341 (1996)

Chronic toxicity Ceriodaphnid

(Ceriodaphnia dubia)

7 days reproduction AFNOR NF T90-376

(2000)

Micro-algae

(Pseudokirchnerialla

subcapitata)

72 hrs population growth

inhibition

ISO 8692 (1996)

Earthworm (Eisenia fetida) 14 days survival ISO 11268-1 (1993)

28, 56 days reproduction ISO 11268-2 (1998)

Collembola (Folsomia

candida)

28 days survival, reproduction ISO 11267 (1999)

Plant (Vicia faba) 48 hrs genotoxicity,

micronucleus test

AFNOR NF T90-327

(2004)

were conducted on the initial materials NM and TD at T0 and once during the study in

September 2007 (T4) to check for any evolution.

Leached water. Leached water volumes and quality were estimated throughout

the year with water depth measurements as well as pH, conductivity and dissolved organic

carbon (DOC) in collection tanks after every significant rainfall. Water samples were

collected twice a year in March or April and in September or October for additional

chemical and toxicological analysis. Trace elements were analyzed by ICP-MS at the

SARM laboratory. PAHs were quantified by a certified laboratory according to the AFNOR

NF EN ISO 17993 (2004) standard method.

Toxicity of leachates was studied to assess acute and chronic toxic effects of the

water-extractable fraction of those soil pollutants which may endanger surface and ground

waters (Eom et al. 2007). Toxicity was studied on species representative of microorganisms,

photosynthetic species, and primary consumers. All bioassays were performed according

to standard methods (Table 2). The acute toxicity was determined by measuring lumines-

cence inhibition of the bacteria Vibrio fischeri (Microtox test) and mobility inhibition of the

freshwater invertebrate Daphnia magna. Chronic toxicity was measured on the reproduc-

tion of the invertebrate Ceriodaphnia dubia and on population growth of the microalgae

Pseudokirchneriella subcapitata. Genotoxicity of leachates was evaluated using the mi-

cronucleus test on roots of Vicia faba. Toxicity results were expressed as the percentage of

the water sample in the test medium (volume/volume%) reducing by 50% the endpoints

measured compared to controls (EC50).

Plant growth. Aboveground biomass of all plots of Medicago sativa and Noccaea

caerulescens were collected once a year in September and characterized for nutrient and

pollutant contents. Plant biomass was first air-dried at room temperature for a week and

then dried to constant mass at 70◦C. Roots of alfalfa were sampled twice a year to follow

mycorrhizal colonization. Mycorrhizal colonization of roots was determined by Trypan

blue staining as described by Phillips and Hayman (1970) and notation was performed

using the Trouvelot et al. (1986) method.

Plant communities colonizing the polluted soil NM (SV plots) were described through

the determination of species richness, Shannon-Weaver diversity and Pielou evenness in-

dices according to Shannon and Weaver (1963) and Pielou (1966) respectively. To this
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end, Braun-Blanquet cover values (Braun-Blanquet 1932) were converted to percentage of

cover. We used 0.05 for the class (1) cover < 5%; 0.15 for the class (2) 5% < cover <

25%; 0.375 for the class (3) 25% < cover < 50%; 0.625 for the class (4) 50% < cover

< 75%; 0.875 for the class (5) cover > 75%. Finally, for the “+”class, we used the fre-

quency 0.0125. These results were compared to those obtained on control plots containing

uncontaminated soil exhibiting similar physico-chemical properties. They were located in

an adjacent area and no vegetation was detected at the beginning of the experiment.

Statistical Data Analysis

The toxicity endpoints, such as the effective concentration values (EC50) that were

used for C. dubia and D. magna, were estimated using the bootstrap method in the REGTOX

Excel macro (E. Vindimian, Cemagref, Montpellier, France), available from http://www.

normalesup.org/∼vindimian/fr index.html. It models the data set by using the Hill model.

The software estimates the parameters of the model by means of non-linear regression

(confidence intervals are estimated by a bootstrap simulation). The results are expressed

as ECx values with their confidence intervals. Statistical analyses were performed with

Statistica for Windows (p < 0.05: STATISTICA version 5.1 for Windows, Statsoft, Tulsa,

OK, USA).

Microbial abundance data were treated with a two-way analysis of variance followed

by a pairwise multiple comparison test (Newman-Keuls) using XLStat 2008 software.

Significant differences (p < 0.05) between plots were indicated by different letters.

For soil fauna data, a redundancy analysis (RDA) was performed on the abundance

of the whole dataset, including 144 samples (2 sampling dates, 24 plots, 3 samples per

plot), 24 taxa, and 6 environmental variables, corresponding to the six treatments. Data

were log-transformed before analysis. The statistical significance of treatment effects at the

community level was also tested using Monte Carlo permutation tests with 499 permutations

(TerBraak and Smilauer 2002).

Differences in macrofauna abundances between the six treatments and between sea-

sons were tested by the non-parametric Kruskal-Wallis and post-Hoc tests.

RESULTS AND DISCUSSION

This project includes many aspects and huge amounts of data. Only the most relevant

points are presented below. Some more detailed and specific features have been reported in

former publications.

Soil Quality and Functioning

Total organic pollution. The initial 16 PAH content in untreated soils (NM)

was between 1800 to 2100 mg kg−1 of dry soil (Table 1 and Figure 1). Even if the 16

PAH content decreased with time by around 20% whatever the treatment, the organic

extract content remained stable. The composition of the organic extract was characterized

by a relative stability of the aliphatic and aromatic hydrocarbons and resins over time

representing respectively 8.5%, 37.0%, and 14.9% of the EOM. On the other hand, the

asphaltene proportion increased progressively from 38% to 48% over four years. This

evolution suggests that PAH were not removed by (bio)degradation leading to a total

mineralization, but on the contrary by a transfer of PAH to the asphaltene fraction by
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252 S. OUVRARD ET AL.

Figure 1 16 PAH evolution with time for the different treatments. (Color figure available online).

incorporation (condensation) as already proposed by Biache et al. (2008) in the case of

thermal desorption (∼2 hour at 500◦C).

The molecular fingerprints of aliphatic and aromatic hydrocarbons and resins were

studied over time by gas chromatography–mass spectrometry. Aromatic hydrocarbons and

resins did not exhibit distribution changes at molecular level. Aromatic hydrocarbons were

dominated by parent PAH of molecular weight ranging from 128 to 326 g mol−1 molecules.

Substituted PAHs which were low in abundance, were compatible with soils contaminated

by coking plant activities (especially coal tar contribution). In the resin fraction, nitrogen-

bearing PAHs and oxygen-bearing PAHs occurred with a wide molecular range (from 2

to more than 6 rings). S-PAHs occurred in lower proportions. Even if these two fractions

(resins and aromatic hydrocarbons) exhibited a high molecular diversity, their respective

distribution remained stable with time.

In contrast, aliphatic hydrocarbons exhibited molecular evolution for planted treat-

ments (SV, MS and MSm). Aliphatic hydrocarbons in initial soils were dominated by an

unresolved complex mixture (UCM), of n-alkanes in small proportions and pentacyclic-

triterpanes (especially hopanes). With the duration of the experiment, n-alkanes with an

odd over even carbon number predominance in the 23 to 35 carbon range, were observed

to increase. Such distribution is typical of cuticular wax contribution inherited from higher

plants (Bray and Evans 1961). Indeed, carbon preference index (CPI) increased from 1.35

± 0.06 at T0 to 2.10± 0.28 at T7. In non-planted treatments (BS and NC), such signatures

did not appear and CPI remained more steady, starting at 1.36 ± 0.01 at T0 and reaching

1.51 ± 0.19 at T7.

The evolution of the organic pollution signature in the TD soil was relatively close

to untreated soils. The 16 PAH content decreased in the same range (∼20%), even though

the initial content was much lower (∼ 90 mg kg−1). The proportion of the different organic

constituents (asphaltenes, resins, aliphatic, and aromatic hydrocarbons) remained stable

over the time as did the molecular distributions. Only the aliphatic hydrocarbon fingerprint

exhibited the appearance of typical higher plant contribution (odd over even n-alkanes

predominance in the C23-C35 range) in accordance with occurrence of Medicago sativa

plantation for this treatment. In this case, CPI strongly increased from 1.57 at T0 to 7.42 at

T7.
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Figure 2 Available PAH concentrations. Indicated values are relative percentages to corresponding total amount.

(Color figure available online).

Available PAHs. The initial PAH available fraction was very low and estimated to

represent 1% of the total fraction. Only slight differences were observed between molecules,

the lighter fraction of two aromatic ring compounds reaching 1.4%. No significant differ-

ences appeared for higher molecular weight molecules. The available fraction decreased

slightly with time between T0 and T6 (Figure 2). This was concomitant with the total con-

centration decrease and the available proportion of PAHs remained steady at around 1%.

Furthermore, no distinctive behaviors between compounds and no significant plant-cover

effect were observed.

Microorganism densities. Total microbial biomass was estimated using cul-

tivable and molecular biological techniques. These two approaches gave contrasting results.

Over the five years, no significant difference was observed in fungal and bacterial densities,

based on rRNA gene quantification, between various plot types, except for MSm and TD

plots where densities were higher in September 2009 (Cébron et al. 2009). Moreover, vege-

tated plots (SV, MS, MSm and TD) favored a higher density of cultivable total bacteria with

3 to 20 times more bacteria in alfalfa and spontaneous vegetation rhizosphere compared

to bare soil. This is an expected rhizosphere effect. Indeed, high concentrations of readily

available carbon sources from root exudates usually increase microbial populations. Such a

phenomenon has already been observed by Fan et al. (2008), who found 5 to 7.5 times more

total bacteria using the CFU method in the rhizosphere of alfalfa in a pyrene-contaminated

soil than in the non-rhizospheric soil.

The functional PAH-degrading bacterial population was also studied by both ap-

proaches. Over the time, PAH-degrading bacteria, based on quantification of PAH-

dioxygenase gene from Gram positive bacteria (Figure 3) and cultivable PHE- and PYR-

degraders, were globally more abundant in vegetated plots of contaminated NM soil (SV,

MS and MSm) (Cébron et al. 2009). Previous findings already showed that, using culture-

dependent methods, enzymatic analyses, or molecular gene detection-based studies, the

density of PAH-degrading bacteria increased by about 4.5- to 15-fold in rhizosphere com-

pared to that in bulk soil (Joner et al. 2002; Johnson et al. 2005; Miya and Firestone 2000).

It appeared clearly that a substantial PAH-degrading bacterial population could only be

maintained and increased on cultivated plots, whereas it decreased slowly over time on

bare plots.
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254 S. OUVRARD ET AL.

Figure 3 Microbial abundance expressed as percentage of PAH-degrading Gram positive bacteria deduced from

PAH-dioxygenase gene copy measurement. Mean values based on the four replicate plots of each treatment are

presented. For clarity sake statistical treatment is not presented on the graph but explained in the text. (Color

figure available online).

Mesofauna. The results of the redundancy analysis (RDA) showed a clear dis-

crimination of community structures according to treatments that explained 26.6% of the

variance. The plane formed by axis 1 (17.9% of the variance) and axis 2 (4.7% of the

variance) of the RDA (Figure 4) discriminated three kinds of treatment: (1) NC and BS,

which were characterized by a very low abundance of most micro-arthropods, except the

Collembola species Hypogastrura manubrialis; (2) SV and to a lesser extend MS and MSm,

characterized by a high abundance of mites, but also of epi-edaphic species, like Isotoma

viridis and Lepidocyrtus sp.; (3) TD which was characterized by a high abundance of mites,

but also eu-edaphic species, like Protaphorura sp. and Mesaphorura sp. Thus, about 30%

of the micro-arthropod community structure was explained by the treatments, which is a

relatively high percentage, considering that other factors, particularly climate, can have a

strong influence on soil fauna. Furthermore, the Monte Carlo permutation test showed a

significant effect of treatments (p < 0.0001) on the community structure.

These results confirm that the vegetation cover allows epi-edaphic species to colonize

and increase the soil fauna biodiversity, especially when vegetation is diverse and soil is not

disturbed by agricultural practices (SV compared to MS and MSm). However, eu-edaphic

Collembola species would appear to only be able to colonize soils that had been previ-

ously thermally desorbed (TD), which is probably due to the remaining pollution in other

treatments. In any case, NC and BS, with no plants and still high pollutant concentrations

represented the worst situation for the micro-arthropod biodiversity. These results confirm

that soil micro-arthropods, and particularly their life history traits, can be used for soil

pollutant monitoring (Cortet et al. 1999; Gillet and Ponge 2003).

Macrofauna. Significant differences in macrofauna abundances, dominated by

arachnids and coleoptera (mainly carabidae and staphylinidae), were found between treat-

ments (Figure 5). Results showed that soil macrofauna was significantly more abundant

in June than in October for each treatment (p < 0.001). Moreover, significant differences

between the six treatments in June were observed, with an abundance significantly higher

in soils with Medicago sativa with or without mycorhization and with a spontaneous

vegetation, than in soil thermally desorbed, and much higher than in soil with Noccaea

caerulescens and bare soils (p < 0.001).
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Figure 4 Axis 1 and 2 from redundancy analysis (RDA) performed on soil micro-arthropods. Acar: Acaridida,

Acti: Actinedida, Orib: Oribatida, Gama: Gamasida, Diverse: other micro-arthropods than mites and Collem-

bola, Hy man: Hypogastrura manubrialis, Isa vir: Isotoma viridis, Le sp: Lepidocyrtus sp., Pa not: Paristoma

notabilis, Ps sex: Pseudosinella sexoculata, Sp pum: Spaeridia pumilis, Le lig: Lepidocyrtus lignorum, Fo can:

Folsomia candida, Br par: Brachystomella parvula, En sp: Entomobrya sp., Iso pro: Isotomodes productus,

Me sp: Mesaphorura sp., Sminus e: Sminthurinus elegans, Bo hor: Bourletiella hortensis, Cr the: Cryptopygus

thermophilus, St qua: Stenaphorura quadrispina, St den: Stenaphorura denisi, Pr arm: Protaphorura armata.

(Color figure available online).

Vegetation Growth

Cultivated species. It appeared impossible to grow Noccaea caerulescens on the

contaminated soil. Over the first year, autumn sowing at 200 seeds m−2 yielded only

2.2% germination in spring and only 16 individuals survived until the sampling time T2

(September 2006). Though scarce, plants that survived presented a rather high biomass

yield of 2.9 g plant−1 on average and an accumulation of 1000 mg Zn kg dry biomass−1

and 7.7 mg Cd kg dry biomass−1. The second year resulted in similar results with a slightly

better survival rate but with much smaller plants. Direct juvenile plant input did not improve

N. caerulescens colonization in the third year. There appeared to be a strong phytotoxicity

of the NM soil for this species. Further laboratory research did not allow the parameter
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Figure 5 Macrofauna abundance in the six treatments in June and October 2009. Letters indicate significant

differences between treatments (Kruskal-Wallis, p = 0.0330). (Color figure available online).

responsible for this toxicity to be identified. Organic compound removal did not improve

germination yields in any way. N. caerulescens proved to be sensitive to sulphur content

which is very high on NM. However, this parameter alone could not explain the effects

observed on the soil. Further investigations are still needed to understand this phytotoxicity

and new hyper-accumulating species are being currently tested to replace N. caerulescens.

To sum up, NC plots could be mostly considered as bare plots.

For all the plots planted with alfalfa (MS, MSm, and TD), the two first growing

seasons (2006 and 2007) did not produce significantly different biomass yields (Figure 6).

These biomass yields were low compared to those obtained in field experiments with the

same plant growing on post-mining soils (Pucek and Pys 1999), thus suggesting a strong

toxicity of the soil for this species. A strong toxicity of this soil was also observed for the

inoculated mycorrhizal fungus (Glomus intraradices), as no mycorrhizal colonization was

observed in the roots of alfalfa during the two first seasons.

Figure 6 Aerial biomass of alfalfa on MS, MSm and TD plots. Mean values based on the four replicate plots of

each treatment are presented with their corresponding standard errors. (Color figure available online).
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Table 3 Plant community indices determined for control area and polluted soil. S, H’ and J

stand for species richness, Shannon-Weaver diversity and Pielou evenness indices respectively

Control area Polluted soil – SV

2007

S 24.25± 1.50 16.5± 1.73∗

H′ 3.53± 0.17 3.06± 0.2∗

J 0.77± 0.03 0.76± 0.04

2009

S 16.75± 0.5 11.5± 2.52∗

H′ 3.03± 0.2 1.89± 0.41∗

J 0.75± 0.04 0.54± 0.08∗

∗: p < 0.05, t test.

Following the second inoculation, over the third and fourth growing season (2008 and

2009), a strong effect of soil management was observed on alfalfa growth. On untreated

polluted soil (MS and MSm plots) alfalfa biomass yields were lower than for the two

first years, but no significant difference was observed between the two treatments (with or

without inoculation). Indeed, both plant roots were slightly colonized by mycorrizal fungi

(mycorrhizal frequency around 25%), but no difference was observed between inoculated

and non-inoculated plots, suggesting a natural colonization of this soil by indigenous

mycorrhizal fungi. On soil treated by thermal desorption (TD), alfalfa growth was positively

affected by soil management, with much higher biomass yields than those obtained on NM

soil. Roots of these plants were strongly colonized by mycorrhizal fungi (mycorrhizal

frequency around 90%), which could explain their better development.

Spontaneous vegetation. Two years after the lysimeters were filled with the

polluted soil, various herbaceous plant species established successfully. However, com-

munity structures differed notably with the unpolluted control plots, which began to be

colonized at the same time as the lysimeters (Table 3). Indeed, plant communities estab-

lished on polluted soils exhibited a loss of species richness and diversity when compared

to control soil plant communities. These differences were confirmed in 2009. Also, for

both control and polluted soils, a decrease was observed in species richness and diversity

by comparison to 2007. This could be explained by the establishment on both plots of the

highly competitive goldenrods (Solidago canadensis), an invasive plant commonly found

in mid-successional habitats and known for its high growth rate and its ability to form

highly selective monoclonal patches (Bazzaz 1996).

Soil Toxicity

The initial soil samples NM and TD and those collected from plots in spring 2007

were tested for their chronic toxicity on terrestrial invertebrates. No toxicity was registered

on the survival and reproduction of the collembolae Folsomia candida after 28 days of

exposure. Nor was toxicity recorded on the survival and reproduction of the earthworm

Eisenia fetida exposed to the untreated contaminated soil. No significant reduction in the

production of cocoons and juveniles was registered after 28 and 56 days of exposure,

respectively.

As for earthworms exposed to the soil treated by thermodesorption, the production

of cocoons and juveniles decreased by 20% and 30% respectively, but the decrease was
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not significant. These last results were in line with a higher genotoxic potential of the

thermo-desorbed soil, compared to the untreated one found by Bonnard et al. (2010).

Impact of Leached Waters

Water balance. From September 2006 (T2) to September 2009 (T8), drainage

water represented 30.4% and 30.2% of incoming rainfall for respectively bare plots BS

and NC and for vegetated plots 29.9% for SV, 25.7% for MS, 25.4% for MSm, and 20.2%

for TD. These results were perfectly consistent with vegetation cover densities. The main

differences were observed over the spring and summer periods (from the end of March

until the end of September) with almost no water leaving the TD plots (4% of incoming

rainfall) and average drainage water ranging from 10% for MS and MSm to 17% for NC

and BS. Moreover, this absence of water leaching from the TD plots usually lasted until

the beginning of November.

Water chemistry. The main feature of the water leaching from the plots was its

very high salinity. On all plots filled with NM material, conductivity values started at about

4.8 mS cm−1 to slowly decrease over time and reach 2.8 mS cm−1 in September 2009.

For TD plots, initial values were lower, at around 3.4 mS cm−1 and slowly decreased to

2.5 mS cm−1. This salinity was mostly explained by very high concentrations of sulfate in

solution with initial concentrations of 3.4 g L−1 for NM plots and 2.1 g L−1 for TD plots.

These concentrations slowly decreased with time and were only of 1.5 g L−1 for all plots

after four years. These were compensated for by calcium and magnesium cations. These

species were present in the soil and reflect the very high sulfur values measured in the soils,

respecting the difference in materials. Water pH values were slightly higher for TD plots,

at about 8.3 against 8.0 for NM plots. No significant difference appeared with treatments

and values only slightly decreased by 0.1–0.2 units with time.

No significant trace element concentrations were detected in waters, as could be

expected from the alkaline pH values. The highest values were obtained for Ni at 50–70

µg L−1 and Zn 20–30 µg L−1. All other elements analyzed (As, Cd, Cr, Pb) were close to

detection limits or well-below drinking water standards. PAH analysis gave results below

detection limits for all 16 US-EPA PAHs.

DOC values averaged 53 mg L−1 through the years for NM plots on all treatments,

with transitory peaks of around 80 mg L−1 in the first waters leaching from the plots after

the dry season. Values in waters leaching from TD plots were much lower, at around 6

mg L−1. These values were consistent with the water colors: yellowish to brown in the first

case and clear in the second.

Water toxicity. Leachates presented no acute toxicity either on the Microtox test or

on the freshwater invertebrates Daphnia magna after 24 h and 48 h of exposure. No geno-

toxicity was detected with the micronucleus test conducted on 5-day roots of Vicia faba.

However, a high chronic toxicity was recorded on the growth of micro-algal suspensions

and on the reproduction of the freshwater invertebrates Ceriodaphnia dubia with leachates

from plots filled with the non-treated contaminated soil (NM). The concentrations of the

leachates (volume/volume%) in the test medium that reduced algal growth by 50% after

72 h of exposure (EC50–72 h) were around 2–3% in spring 2006 and in the range of

0.2–0.7% in spring 2009 (Figure 7). Leachates from plots planted with Medicago (with

or without mycorrhization) were less toxic. Yet, the difference was not significant due to

variations registered between plots. Leachates from plots filled with the TD soil were much

less toxic on micro-algae with EC50–72h values between 30 and 50%.
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Figure 7 Algal toxicity of the leachates from plots filled with NM soil from 2006 to 2009. Toxicity is expressed

by the concentration (in volume /volume%) of the leachate in the test medium that inhibits the growth of

Pseudokirchneriella subcapitata suspensions by 50% after 72 h of exposure (EC50–72h). (Color figure available

online).

The same pattern of toxicity was recorded on reproduction of Ceriodaphnia dubia

after 7 d of exposure. At the onset of the study, the EC50–7d values were between 1% and

3%. Toxicity increased over time, but to a lesser extent in the plant-covered plots. After

five years of phytoremediation, the EC50–7d values of leachates from non-vegetated plots

were below 0.5%, while the values were about 1.5% in leachates from plots planted with

Medicago with or without mycorrhization.

The results indicated a reduction trend in the chronic toxicity of leachates from

vegetated soils. These results were in line with the ones on mesofauna and macrofauna

abundance that were shown to be favored by vegetation. The chemical composition of

leachates was studied to determine which fraction could be responsible for the toxicity.

Polycyclic aromatic hydrocarbons were removed in leachates at very low concentrations

and could not be responsible for the toxicity on algal growth and invertebrates reproduction

at the concentrations tested in test media. The high saline fraction was suspected to be

toxic, but calcium, sodium and magnesium salts could not explain toxicity to aquatic

species. Chlorides and sulfates tested at a range of concentrations similar to leachates

concentrations were not toxic to algae and Ceriodaphnia. The same remark can be made

for metal cations, such as zinc, nickel and copper that could not be implicated in the

toxic effects registered. Their concentrations in test media were below µg L−1 and much

lower than the concentrations known to inhibit algal growth and daphnids reproduction.

In leachates of other contaminated soils, copper had been identified as the probable algal

toxic agent by Eom et al. (2007), but copper could not explain toxicity here because its

concentrations never exceeded 25 µg L−1 in the present leachates. The hypothesis that

multiple contaminants removed at low concentrations in leachates may interact could not

be excluded. Ecotoxicity studies of the organic fractions of leachates are still in progress.

Overall Impact of the Different Management Practices

As an attempt to summarize and cross-examine the different information ob-

tained in this study, all treatments have been qualitatively scored against the different
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Table 4 Global comparison of treatment effects on pollution behavior and impact as explained by the different

parameters studied

Treatments

Parameter considered BS NC SV MS MSm TD

Total contamination 0 0 0 0 0 +++

Available PAHs 0 n.a. 0 n.a. n.a. n.a.

Microbial abundance 0 0 + + + ++

Soil fauna 0 0 ++ ++ ++ +++

Plant development n.a. – + ++ ++ +++

Soil toxicity 0 0 0 0 0 -

Water volume limitation 0 0 + ++ ++ +++

Leaching water toxicity — — – – – +

n.a.: not applicable.

parameters followed (Table 4). The TD treatment clearly appeared as the most advan-

tageous management with smallest transfer (water volumes and concentrations), highest

biological diversity (meso and macrofauna) and lowest toxicity (for plants, mycorrhiza,

and water). The phyto-treatment applied with MS, MSm, and to a lesser extent SV plots

gave significant improvement to the contaminated soil impact by limiting water fluxed and

by improving biological diversity and abundance (microbial, fauna). Highly toxic leaching

water, although less so than that of bare soil, still remained an issue and showed the limit of

phyto-management as a stand-alone practice. The attempt at co-remediation with the hyper-

accumulating species Noccaea caerulescens proved impossible due to some unidentified

phytotoxicity factor and illustrated the difficulties when dealing with multi-contaminated

media. This toxicity probably affected mycorrhizal establishment as well.

From a more methodological point of view, classical chemical approaches clearly

showed their limits. None of those tested here could really assess the respective extents

of treatment impacts. Biological indicators (microbial communities, soil fauna) and eco-

toxicological approaches were the keys for realistic environmental assessment.

CONCLUSIONS AND RECOMMENDATIONS

Plant establishment appeared to be a good solution for multi-contaminated soil man-

agement. It had a particularly beneficial effect on soil biological diversity and leaching

water volume limitation. However, the remaining contamination degraded very slowly and

had a toxic effect preventing more advanced management practices (hyper-accumulating

species, mycorrhizal colonization). Plant cover alone could not prevent leaching water tox-

icity resulting in the potential dissemination of toxic compounds and thus a negative impact

on the environment. Thermal desorption, coupled to vegetation cover, appeared to be the

best management practice for soil fauna biodiversity recovery and overall toxic impact

mitigation.
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Cébron A, Norini M, Beguiristain T, Leyval C. 2008. Real-Time PCR quantification of PAH-ring hy-

droxylating dioxygenase (PAH-RHDα) genes from Gram positive and Gram negative bacteria

in soil and sediment samples. J Microbiol Methods. 73:148–159.

Cornelissen G, Noort PCMV, Govers HAJ. 1997. Desorption kinetics of chlorobenzenes, polycyclic

aromatic hydrocarbons, and polychlorinated biphenyls: sediment extraction with Tenax R© and

effects of contact time and solute hydrophobicity. Environ Toxicol Chem. 16:1351–1357.

Cortet J, Griffiths BS, Bohanec M, Demsar D, Andersen MN, Caul SE, Birch AN, Pernin C, Tabone

E, de Vaufleury A, Ke X, Krogh PH. 2007. Evaluation of effects of transgenic Bt maize on

microarthropods in a European multi-site experiment. Pedobiologia. 51:207–218.

Cortet J, Gomot-de Vaufleury A, Poinsot-Balaguer N, Gomot L, Texier C, Cluzeau D. 1999. The use

of invertebrate soil fauna in monitoring pollutant effects. Eur J Soil Biol. 35:115–134.

Costes J, Druelle V. 1997. The polycyclic aromatic hydrocarbons in the environment: the former

industrial sites remediation. Rev Inst Fr Pét. 52:425–440.

de Percin PR. 1995. Application of thermal desorption technologies to hazardous waste sites. J Hazard

Mater. 40:203–209.

Eom I, Rast C, Veber A, Vasseur P. 2007. Ecotoxicity of a polycyclic aromatic hydrocarbon (PAH)-

contaminated soil. Ecotoxicol Environ Saf. 67:190–205.

Fan S, Li P, Gong Z, Ren W, He N. 2008. Promotion of pyrene degradation in rhizosphere of alfalfa

(Medicago sativa L.). Chemosphere. 71:1593–1598.

D
o

w
n

lo
ad

ed
 b

y
 [

1
9

3
.5

0
.7

8
.1

7
7

] 
at

 2
3

:4
4

 3
0

 A
u

g
u

st
 2

0
1

1
 



262 S. OUVRARD ET AL.

Gillet S, Ponge J. 2003. Changes in species assemblages and diets of Collembola along a gradient of

metal pollution. Appl Soil Ecol. 22:127–138.
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