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Abstract. Contamination of the environment with explosiveidass presents a serious problem at sites acress th
world. Trinitrotoluene (TNT) is one of the most comnly used explosive for military and industriapéipations. In
this study, bioaugmentation, biostimulation andtphgmediation were used as bioremediation strate@iffect of
the higher plants (ry&ecale cerealand blue fenugreeKrigonella caeruley amendments and specific bacteria
consortium was studied in soil spiked with 118mgTIR¢. Diversity of microorganisms and fate of TNTens
evaluated after application of different bioremé¢idia approaches.

Results of Biolog Ecoplates data analysis showedinketisity of substrate assimilation by soil midedlzommunity
was altered by application of the consortium. Ti@act of vegetation on the microbial community rhete pro-
files was also demonstrated. Shannon diversityxvdéues obtained after 48 hours Biolog EcoPlatesbation, was
the highest in the samples with rye and fenugrestivation. In unplanted soil samples, the Shandiwersity index
rose when consortium of bacteria, nitroaromatic poamds and amendments were added. Inoculationilafasuples
with mixture of bacterial isolates had effect oncrabial community composition revealed by 16S rDRGGE
analysis. However, no clear effect of the vegetato the microbial community structure was foundoading to
DGGE results. The most pronounced effect of bioargation and biostimulation for TNT degradation wgaswn

in the variants with rye cultivation. At the sanmé, the use of qPCR method allowed to detect the profound
effect of biostimulation and bioaugmentation onl swicrobiological parameters in case of blue feegr
application.

Keywords: Biolog EcoPlates, DGGE, qPCR, TNT, Shannon diversitigx, soil bioremediation.

1. Introduction Bertin et al. 2003). In addition to plant, specific
microorganisms with degradative properties are ddde
Vast quantities of soil across the world are coitam the contaminated environment to enhance biodegeedat
nated with TNT. The toxicity of TNT and its transfea-  of pollutants (bioaugmentation) (Kuipet al. 2004).
tion products is of concern for the environment e Enhancement of TNT degradation rate using
man health. A detailed understanding of the impEct bioaugmentation has been successfully applied verak
TNT contamination on the environment is necessargases with non-vegetated soil (Van Dillewgh al. 2007)
(Traviset al.2007; Traviset al.2008a). and planted soil (Rylott and Bruce 2009; Van Ake69).
Growing concern about the ecological threats posed Plant-bacterium combinations to phytoremediate con-
by explosives has led to intensification of theemsh taminated soil were developed withPaeudomonastrain
regarding different ways to degrade these compaoundsapable of transforming TNT to its monodinitrotaieeand
Phytoremediation has been proposed as a potentidiaminonitrotoluene metabolites (Esteve-NUuéeal 2001).
remediation technology for organic pollutants (Hakn Also, biostimulation approach based on the addition
et al.2002). of nutrients or electron acceptor/donors can bel luge
One of phytoremediation aspects is rhizodegradationombination with bioaugmentation to improve the
i.e., plant roots establish favorable conditions foe survival and catabolic activity of introduced
microbes in rhizosphere, facilitating in this walet microorganisms. Biodegradation time could be reduce
biodegradation on the contaminants (Geargal. 2002; by supplemental energy sources (Peirkl.2003).
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Complex microbial communities existing in soil and Experimental design was prepared using the follow-
antropogenically impacted habitats have been shimwn ing scheme, see Table 1.

affect the composition and diversity of the bacteri Description: 1- 6 — unplanted soil samples; 1R-6R —
community (Rassmussen and Sgrensen 2001). with ryegrass cultivation; 1A-6A — with blue fenegk
Previous studies have shown that TNT is toxic to aultivation; i — inoculum (consortium of bacteria).
wide variety of organisms, including bacteria (Gah@l.
1999; Johnson and McAtee 2000). 2.2. Analytical methods
The effect of explosives on genetic and metabolic
diversity of soil microbial populations have beepaorted TNT and metabolites were detected and quantifed by
previously (Fuller and Manning 1998; Penningttnal. HPLC according to EPA method (US EPA method 8330,
2001; Traviset al. 2008a; Traviet al.2008b). 1994). The standard mixtures of explosives MixAAE330,

This study focuses on functional and geneticSUPELCO Bellefonte, PA), Nitroaromatics/ ExplosivigM
changes of the microbial community in responsehtots  and Nitroaromate-Nitroamine-Mix4 (Dr.Ehrenstorfer
term TNT contamination and bioremediation technglog Reference Materials) were used for calibration.
used for degradation of contamination.

Another course of this study was to evaluate the fa 2.3. Biolog EcoPlates
of TNT contamination in soil samples.

Methods of cell extraction and data analyis for ho

2. Methods community, using Biolog EcoPlates (where all carbon
2.1. Vegetation experiment sources are known as root exudates), have beeioysigv

described (Garland 1997). The pellet obtained ia th
28-days experiment was performed under laboratorgxtraction method was suspended in 20 ml ster8890.
conditions. Each pot contained 70g industrial quart NaCl (w/v), and 150 ul was inoculated into EcoRlaed
(<2mm) and 8 g peat (dw). Initial TNT concentration incubated at 26 °C. The development of color wasraati-
soil was 118 mg TNT/ kg dw. cally recorded using a microplate reader with a-%®0

The amendments used were as follows (ml/ pot)wavelength filter. Well color density was correctenim-
molasses 30 % (w/v) - 5; cabbage leaf extract — Hyared to the control water-containing well.

M8*x10 mineral medium stock — 3; inoculum with bect Results of Biolog profiles are presented by cluster
ria consortium (3 x 10cfu/ml) — 10ml. analysis and Shannon-Weaver diversity index tosastte

The content of M8*x10 mineral medium stock con-changes in culturable microbial community compositiue
tained, g/l: NaHPQ, — 60, KHPO, — 30, NaCl — 5. Cab- to vegetation, bioaugmentation and biostimulatieor. the
bage leaf extract contained, g/l N— 4.2; C — 10.2; S — estimation of the Shannon-Weaver diversity indes ftii-
0.222; fructose, glucose, and sucrose - 9; 11;lamdsp. lowing equation (1) was used:

Cabbage leaf extract was prepared according togihat

al. 2008). Molasses (30 %, w/v) contained, g/lo:N— H =2 plogn (1)

37.6; C—88.3; S —0.841; sucrose — 100. where p = relative intensity of individual band (Gabetr
Bacteria consortium used in this experiment, was pr al. 2003).

viously isolated from soils contaminated with exgies at The microbial activity in each microplate was ex-

Adazi military campSecale cerealandTrigonella caeru- pressed as average well-color development (AWCD).
leawere cultivated, 10 seeds per one pot.

Temperature of vegetation experiment was ¥@2  2.4. Denaturing gradient gel electrophoresis
The light period of 12 h was maintained.

Plant biomass was harvested after 14 days of the ex  Microbial DNA was extracted from soil samples with
periment, afterwards the plant roots were homogeniwith ~ an UltraClean Soil DNA kit (Mo Bio Laboratories, clj
soil and the experiment was continued during 14 dagre.  from 0,3 g soil (wet weight) according to manufaets

The experiment design was worked out taking intdnstructions. Extracted DNA was stored at -20 °&ctBrial
consideration the fact, that the root exudatesdcordate a community structure was assessed with 16S rDNAesenq
selective pressure on microbial communities, ermging  specific primer pair GC-338f (Muyzet al. 1993) and 518r
those microorganisms that are able to grow effelgtiwitn ~ (Dvredset al. 1997) (Table 2)Amplification of the V3

the proposed energy resources (Gerteirdt 2009). variable region of bacterial communities 16S rDNAsw
realised using a GC clamp of 40 nucleotides. Tlimp
Table 1. Scheme of the experiment was added to forward primer 5' of 338f in ordeetsure

Variants  Nitroaromatics  Consortium Amendments that DNA fragment will partially remain double-stced
" - - (Sheffield et al. 1989). The GC clamp enables denaturing

gradient gel electrophoresis. Isolated DNA was ddate a

template to a reaction mixture. The PCR mixturduited

1 x PCR buffer (with (N&,S0Oy), 200uM concentrations of

each deoxynucleoside triphosphate (dNTPs), 2.5 mM

MgCl,, 0.006 mg/ml bovine serum albumin (BSA), 20 pmol

of each primer and 0.5 U &g DNA polymerase (Fermen-

+
+ -
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tas). After 5 min of denaturation at 95 °C and Bérmal 0.35°C interval with continuous fluorescence reauyd
cycles of 2 min at 95 °C, 1 min at 53 °C and 1 aii@2 °C, The initial target gene copy number in environmknta
the PCR was finished by an extension step at 7&fC samples was deduced from the standard curve.

10 min. A molecular weight marker (100 bp DNA ladde

Fermentas) was included at both sides of gel. 3. Results
3.1. Microbial community structure studies using
Table 2. Characteristics of PCR primers Biolog EcoPlates
Primer Primer sequence References Biolog EcoPlates data analysis results are presente
(5'—>3) by dendrogram which groups the samples by theiilagim
GC- CGCCCGCCGCGCGC Muyzeret al. ity to each other. Two main clusters were formeig. (.
338f GGCGGGCGGGGCGG 1993 Grouping of the samples on dendrogram showed the fo
GGGCACGGGGGGAC lowing connection: all samples, which containecasor-
TCCTACGGGAGGCA tium of microorganisms: 2, 5, 2R, 5R, 2A, 5A ang i
GCAG formed one distinct cluster. Besides, soil sampglesand
518r ATTACCGCGGCTGCT @vredsetal. 6R with rye cultivation, also joined this groupdFL).
GG 1997 Second cluster consisted of two smaller groupst Fir
785FL  ggactacGGATTAGA- Nolvaket al. group included all unplanted soil samples withoaculum
TACCCTGGTAGTCC 2010 and 4A and 6A soil samples with blue fenugreekwatibn
919R CTTGTGCGGGTCCCC Nélvaket al. regardless amendments were added or not (Figh#)séc-
GTCAAT 2010 ond group consisted of samples with plant culibratin

TNT spiked samples regardless amendments were added

A denaturing gradient gel electrophoresis systerﬁ]Ot' The presence of TNT in soil samples did not lefbte

i 7~ mation of specific grouping on dendrogram.
D e e e T esus of Gobg Ecopiates ata Showed it
9 9 . y X $linctional ability (intensity of substrate assirtida -
PCR products were applied for the DGGE analysis an A 4 :

. . WCD) of the soil microbial community was alteregl b
electrophoresis was performed as described by Mwgtze apolication of the active consortium of Microorcamns
al. (1993) with 10 % (volivol) polyacrylamide gel 2PP Gamns.

(acrylamide:bisacrylamide = 37.5:1 in 1x TAE bujffeh The impact O.f vegetation on the microbial community
linear denaturing gradient of 3565 % was used. metabolic profiles were also demonstrated (Tahle 3)

The DNA denaturing gradient was formed with de-3 2. Microbial community diversity and abundance
ionized formamide and urea (100 % denaturant agent
7 M urea and 40 % (vol/vol) deionized formamidegl G The Shannon diversity index for Biolog EcoPlates,
was electrophorised in 1x TAE buffer (2 M was determined for all variants tested in this expent.
sodiumacetate, 0.05 M EDTA, pH 8.3) for 13 h aba-C  Thys, after 48h incubation, the highest Shannoarslity
stant temperature of 60 °C and constant voltad0fV.  index was obtained in the samples with ryegrasshéune
_The gel was stained in MilliQ water containing 0.5fenugreek cultivation. In soil samples without glaalti-
ug I ethidium bromide and de-stained twice in MilliQ yation Shannon diversity index raised when consorti
water. DGGE gel was digitized and banding pattev@a of microorganisms, TNT and amendments were added
lysed using cluster analysis based on Pearsonlatore  (Taple 3). After 72 h incubation, the number of somed
coefficient and Shannon-Weaver diversity index. substrates increased, as compared to the resuémeth
- after 48 h incubation. Among substrates presented i
2.5 Quantitative PCR Biolog Ecoplate, microorganisr%s of the cons%rtiumew

Primers 785FL and 919R (Ndlvadt al. 2010) were unabéi;%ggg-%sgcsiﬁxtr;g daer:(d %ﬁggegése d on DGGE
used for 16S rRNA gene detection and enumeration on - ivsis showed the Igwest values for the unol I
SYBR green qPCR. For standard curve creation DNA o?l y S ble 3 Ip d
reference straiPseudomonamendocinaPC1 was used. o> crc])ntﬁ!mhng TS'\IhT (Ta 3. )- Ampgg unplanted sam-
The gqPCR assays were performed on the real-time P es, the highest Shannon diversity index was i

i . ples without TNT. This tendency remained also fog t
system Rotor GerfeQ (_Q|agen) and data_was ana.lysedsamples with cultivation of rye and blue fenugrdew-
using Rotor-Gene Series software, version 2.0.2i-Op

. . . . . ever, in that case, an additional selective pressfinu-
mized reaction mixture contained 5 pl Maxima SYBR_ . i~
. . trient amendments was demonstrated, thus restitiirag
Green Master Mix (Fermentas); 0.0002 mM of forward . L
decrease of diversity index (Table 3).

and reverse primer, 1 ul template DNA and 3.6 giilst bund b S | | . d
distilled water adding up to total volume of 10 {The . Abun ance of bacteria in soll samples was estimate
) using quantitative PCR. Cultivation of plants had a

optimized reaction conditions were: 2 min at 5010, -
mpin at 95°C, followed by 45 cycles of 15 s at 9530,s possitive effect on the total 16S rDNA copy numper
' ' one gram of soil.

at 63°C and 30 s at 72°C. Immediately after thé-tiese
PCR assay, melting curve analyses was performegd-ram
ing temperatures from 65°C to 90°C using 3 secord a
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Inoculum
R

The total bacterial abundance declined in the

1
E 4 samples with TNT by 16 %, indicating the negatiffeat
— 6 of TNT contamination on soil indigenous microbial
4A community abundance (Table 3).
3
6A 3.3. Microbial community structure studies using de-

;2 naturing gradient gel electrophoresis method
1A

DGGE cluster analysis based on Pearson correlation

9 coefficient showed that distinct group was formédail
R samples with consortium of microorganisms added 2i,
R 5, 2R, 2A and 5A, except 5 that case, the plant culti-
A vation effect on the microbial diversity changesswil
5 samples was not observed. It could be explained wit

short-term period of vegetation experiment (Fig. 2)

The next subgroup consisted of the samples conggini

&R TNT, i.e. 1, 1R and 1A, but without the consortiofimi-
: croorganisms and nutrients, regardless of whetrerun-

04 0.3 02 01 0 planted soil or soil with plants cultivation. Thesesults

Similarity (1-r)

Fig 1. Grouping of soil samples based on cluster analysis

showed that cultivation of rye and blue fenugreakehlittle
effect on microbial community differences in s@ihgples.

More similar to those were samples 4 and 4R thiatoli

of the 48 h substrate utilization patterns obtaiwéti contain any additives, although some broke ottéridentical
Biolog EcoPlates. Sample codes are given in Table 1. sample 4A, with blue fenugreek cultivation (Fig. 2)

Table 3. Microbiological properties of different treatmesuil
samples

The DGGE results confirmed the results obtained

with Biolog EcoPlates that concentration of nitiaraat-
ics in soil samples was not so high to be ableflaence

Sam | Shannon AWCD Shannon  16S the diversity of soil microorganisms.
ple index (Biolog index rRNA copy The next cluster consisted of the samples withHenis
(Biolog  48h) (DGGE)  number 18 addition, showing the selective pressure of nutrenend-
48h) ob g" soil ments on the diversity of the dominant microorgasis
1 2,77 0226 3,28 0,765 Consortium of microorganisms differed in the cluste
2 3,03 0550 3,26 0,311 analysis, as compared to soil samples after expatim
3 2,73 0,285 3,12 0,654 R L .
4 234 0204 341 0583 Thls d|fferenc_e |nd|pated to the f_act that the mn;tralns
5 282 0502 347 0382 in the consortium did not persist in soil sampleg.(2).
6 2.29 0253 3,45 0,524 Although the first cluster mentioned above, showed
1R 2,93 0,335 3,32 0,556 the impact of the consortium, in particular, sonfighe
2R 3,02 0,649 3,38 0,424 strains remained and become dominant in the samples
3R 3,02 0,382 3,34 0,795
4R 2,97 0,392 3,53 0,711 Similarity (%)
5R 3,05 0,667 3,43 0,637 $ %8 8 R 8 8
6R | 3,07 0,418 3,18 0,452 .
1A |301 0513 3,22 1,910 "
2A 3,00 0,355 3,28 3,440 R
3A | 299 0,601 327 0,858 o
4A | 294 0,356 3,50 2,120 "y
5A 3,02 0,295 3,30 3,240 1R
6 A 2,98 0,616 3,30 1,660 1
4R
In case of rye cultivation (without taking into acoit ;‘A
the treatment of samples) the 16S rRNA gene copybeu 6R
was 37 % higher than in soil without plant cultivat 3R
But in case of blue fenugreek cultivation values 3
were 323 % higher compared to unplanted soil (T&hle ZA
Based on the increase (1,4-5,9 times) of copy nusnbie - 1A
16S rRNA gene compared to control, the stronges 5R

positive effect of blue fenugreek on bacterial atance

Inoculum

was revealed.

Maximum increase values for 16S rRNA gene were
recorded for treatments with amendments and inoculu
addition.
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denaturing gradient gel electrophoresis profilepldiad
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Composition of bacterial inoculum was characterizednicroorganisms and affect the size and compositibn
using culture based and molecular methods. In ofse microbial communities, which in turn have an effect
cloning approach eleven clones were obtained that avegetation dynamics (Travist al 2007). Travis with co-
belonged to the phylum Proteobacteria. Seven clonesithors (Traviet al. 2008b) in their studies did not find
belonged to the class of Gammaproteobacteria and foany effect of rhizosphere on AWCD value. Earliesing

clones to the class of Betaproteobacteria. In gjeyletic

Biolog EcoPlates, it was shown that soil microoigans

tree the clones clustered into seven different gienufunctional activity depended on the concentratibi 9 T.

Klebsiella, Raoultella, Serratia,

Pseudoxanthomonas, Achromobaeted Pseudomonas.
According to literature information all of the fadin

genera contain species that are able to degratismgs.

3.4. Measurement of the concentration of TNT and its
degradation

The best results for TNT degradation were obtained

in soil samples with rye cultivation with consortitand

Stenotrophomonas,The higher concentrations of TNT (500-4000 mg/kgyev

found to be toxic for the culturable microorganisf@sin-
dersonet al. 1997; Gonget al. 1999). Fast-growing r-
strategists are thought to be prevalent when dondivary
and whilst substrates for growth are plentiful (Rew
1999). A study of short-term contamination of swith
TNT showed r-strategist prevailing in high concatims

of TNT (Traviset al. 2008a).

Investigation of the genetic composition of the
microbial community was performed by DNA extraction

amendments added. During 28 day experiment, the coRCR amplification and DGGE analysis of 16S rDNA
centration of nitroaromatic compounds was decreasddagments. Shannon diversity indices based on DGGE
from 118 mg/kg to 15,3 mg/kg (0,7 mg/kg TNT, 4,4result showed the lowest index values for the umpld

mg/kg 2-Am-4,6-DNT and 10,2 mg/kg 4-Am-2,6-DNT).

samples containing TNT (Table 3). Bacterial DGGIE pa

HPLC testing revealed formation of two TNT bio- terns only relates to the numerically dominant seand

degradation products in all of the tested samples,2-
Am-4,6-DNT and 4-Am-2,6-DNT.

4. Discussion

definitely not to the total number of different sps in
the environmental sample. G.Muyzer with co-authors
(1993) showed that the presence of a few dominaext s
cies leads to a simple pattern, and that speciEssthan
1% of the analyzed community were not represented i

Biolog EcoPlates, DGGE and gPCR techniques werthe microbial community pattern. For subgroups #iait
used in order to explore the genetic and functionatontain a large number of different 16S rRNA tydes;

compositions of the microbial
bioremediation experiment.

TNT and its monoamino derivatives (2ADNT and

community during ther subdivision using more specific primers coblel

useful if more detailed analysis is desired.
In this level of contamination, no toxic effect BNT

4ADNT) were the only nitroaromatics detected by IPL on soil microbial community was observed using &iol
in soil samples. ADNT compounds have previouslynbee EcoPlates and DGGE methods. Previous studies fulé

found to be microbial transformation products (Rost

Manning 1997, 1998; Sicilianet al.2000) have shown that

al. 2001; Williamset al. 2004) and are proposed to result TNT exerts a differential effect on different ports of the

from reductive microbial transformation via nitroaod

hydroxylamino derivatives. The amino derivatives of(2000) observed a change

TNT have been shown to exhibit less toxicity thasTT
and have been seen to bind more tightly to clajighes

soil microbial community. S.D.Siciliano with co-hots
in  microbial community
composition at high concentration of TNT. Sevetaties
have shown that quantitative PCR can be used sfaltgs

and organic matter, thereby reducing bioavailabilit to determine the abundance of specific groups ofaoi-
(Price et al. 1997). Final concentration of TNT was the ganisms in soil (Fierer et al. 2005; Kolb et al0Z0D This

lowest in soil samples with rye cultivation. Grassee
being considered as suitable plants for phytoreatiech

was the only method, which tested a negative ingfatNT
on the total abundance of 16S rDNA copy numbers per

as they have extensive root systems and exhibigla h gram of soil in this level of TNT contamination.

water use. In addition, grasses are rapidly estaddi and
are thought to be relatively tolerant to soil conitzation.
Several studies have investigated the influencd& Nt

and its metabolites on the germination and growth o

perennial grass species (Petersbal. 1998; Krishnaret
al. 2000; Suret al. 2000; Sunget al. 2003). Plants and
microorganisms also contain a range of nitroreciasa
that are likely to be involved in TNT detoxificatio
(Lewis et al. 2004; Meager 2000).

Biolog EcoPlates provided insights into the funatib

5. Conclusion

Summarizing the data obtained in this study, itldou
be concluded that addition of specific microorgerss
nutrient amendments, as well as the rye and bloa-fe
greek cultivation had a positive effect on TNT detg-
tion in soil, as well on microbial community struce.
The most pronounced effect of bioaugmentation dad b
stimulation for TNT degradation was shown in thei-va

capacity of the culturable portion of the microbialants with rye cultivation. The results on clustealgsis

community. The overall metabolic activity (as judgey

performed on Biolog Ecoplates data, showed thanint

AWCD) was not decreased with TNT added. It appetred sity of substrate assimilation by soil microbiahmounity
be affected by the rhizosphere effect and consortiu was altered by application of the active consortiam

added. Plants provide the primary energy sourceotb

microorganisms. The impact of vegetation on theronic
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bial community metabolic profiles was also demon-Gunderson, C. A.; Kostuk, J. M.; Gibbs, M. H.; Nagwolo, G.

strated. Inoculation of soil samples with mixtufeacte-
rial isolates had effect on soil microbial commyribm-
position what was confirmed by DGGE analyses.

Maximum values for 16S rRNA gene copy numbers
in soil samples were recorded for treatments wit

amendment and inoculum addition. Further studieddco
include real-time-PCR in order to quantitativelytets
introduced microbial strains and their functionahgs.
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