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Abstract This study investigates the effect of Fen-

ton reagent on the structure and function of a microbial

consortium during the anaerobic degradation of hexa-

chloroethane (HCA) and tetrachloroethene (PCE).

Anaerobic biodegradation tests of HCA and PCE were

performed in batch reactors using an anaerobic

microbial consortium that had been exposed to Fenton

reagent for durations of 0, 0.04, and 2 days and then

allowed to recover for periods of 0, 3, and 7 days. The

bacterial community structure was determined using

culture-independent methods of 16S rRNA gene

sequencing and automated ribosomal intergenic

spacer analysis. Larger recovery periods partially

restored the microbial community structure; however,

the recovery periods did not restore the loss of ability

to degrade HCA and PCE in cultures shocked for

0.04 days, and PCE in cultures shocked for 2 days.

Overall the exposure to Fenton reagent had an impact

on bacterial community structure with downstream

effects on HCA and PCE degradation. This study

highlights that the impacts of short- and long-term

shocks on microbial community structure and function

can be correlated using a combination of biodegrada-

tion tests and community structure analysis tools.

Keywords Chlorinated aliphatics � ARISA �
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Introduction

Chlorinated compounds, such as hexachloroethane

(HCA) and tetrachloroethene (PCE) have been widely

used in pesticides and industrial processes, and are often

detected as pollutants of soil and groundwater (Yoshida

et al. 2000; Aulenta et al. 2002). Under anaerobic

conditions, HCA is transformed by microbial processes

to PCE, which in turn reductively dechlorinates to

ethene via intermediates such as trichloroethene (TCE),

cis-1,2-dichloroethene (cDCE), and vinyl chloride (VC)

(Freedman and Gossett 1989). However, in this process

the lower chlorinated intermediates accumulate as their

reduction is typically slower than the parent compound.
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As a remedy, a combination of reductive biodegradation

and advanced oxidation processes has been proposed to

further or completely degrade these compounds (Sahl

et al. 2007). Fenton reagent is an oxidizing mixture of

Fe(II) and hydrogen peroxide (H2O2) that has been

widely used in conjunction with bioremediation strat-

egies for treatment of chlorinated compounds (Chap-

elle et al. 2005). However, H2O2, a bactericide, can

affect the viability and functioning of microbial

communities, raising concern over the compatibility

of oxidation processes with bioremediation strategies

(Barbusinski 2005); in relation to H2O2, the effect of

reactive moieties produced by Fenton reaction (e.g.,

hydroxyl and superoxide-anion radicals) is small as

their short lifespan limits the amount diffusing into

cells (Palmroth et al. 2006). Bacteria exposed to

photo-Fenton treatment exhibited longer lag, slower

growth rate, and lower rate of carbon uptake

(Ballesteros Martin et al. 2008).

Many molecular techniques can provide insight to

the adverse effects of chemical reagents such as H2O2

and the reactive moieties of Fenton reaction on

microbial communities. Generally, these techniques

involve DNA sequencing or profiling of microbial 16S

rRNA genes. For monitoring shifts in microbial

population, techniques analyzing for microbial com-

munity patterns instead of individual species within

the microbial community are more meaningful. Sev-

eral DNA based techniques have been used to analyse

microbial community composition, including auto-

mated ribosomal intergenic spacer analysis (ARISA)

(Cardinale et al. 2004; Or and Gophna 2011), terminal

restriction fragment length polymorphism (T-RFLP)

(Sercu et al. 2013), denaturing gradient gel electro-

phoresis (DGGE) (Okubo and Sugiyama 2009),

pyrosequencing (Bastida et al. 2013), high-density

phylogenetic microarray (PhyloChip) (Lee et al.

2012), and 16S rDNA clone library (Rossetti et al.

2008). ARISA shows greater sensitivity and accuracy

than techniques such as T-RFLP and DGGE (Danov-

aro et al. 2006). Furthermore, DGGE can suffer from

low resolution due to an insufficient separation of

bands (Okubo and Sugiyama 2009) and T-RFLP has

higher costs than ARISA (Hartmann et al. 2005).

PhyloChip analyses only targeted DNA sequences of

interest, and while pyrosequencing analyses all

sequences in the community, the use of 16S rDNA

clone library can be a cost-effective alternative when

only the dominant species is of interest. As such,

ARISA and 16S rDNA have both been widely used to

analyse the genetic structure and diversity of microbial

communities (Ranjard et al. 2001; Or and Gophna

2011).

Exposing the microbial community to oxidants

(such as Fenton reagent, permanganate) or to chem-

icals (e.g., chlorinated compounds) can decrease its

diversity (Sercu et al. 2013; Silva-Castro et al. 2013).

In some cases this lowered the microbial degradation

capacity (Bittkau et al. 2004; Ferguson et al. 2004;

Silva-Castro et al. 2013), while in others the

capability was maintained, or enhanced by the

selection of metabolically active bacteria (Macbeth

et al. 2004; Humphries et al. 2005; Paı̈ssé et al.

2010; Guan et al. 2013). Allowing the microbial

community to recover by removing the chemical

stress could lead to restoration of microbial commu-

nity structure or function, but this aspect has so far

not been investigated. This study investigates the

microbial community response as speciation and

biodegradation activity to different shock loadings of

Fenton reagent and recovery durations using a

combination of DNA based techniques and biodeg-

radation kinetic tests. Specifically, 16S rRNA gene

sequencing in combination with the ARISA micro-

bial community profiling are undertaken to assess the

effect of 0–2 days exposure to the Fenton reagent,

coupled with recovery periods of 0–7 days, on the

composition of an anaerobic microbial community

and its ability to degrade HCA and PCE in batch

tests.

Materials and methods

Anaerobic microbial consortium preparation

The anaerobic microbial consortium was obtained by

mixing groundwater contaminated with chlorinated

solvents and anaerobic sludge from a local municipal

wastewater treatment plant in northern New Zealand.

This consortium was used to inoculate an anaerobic

growth medium, the Zeikus methanogenic medium

(Atlas 1997), containing (mmol l-1) 3.7 NH4Cl, 0.44

K2HPO4�3H2O, 0.40 KH2PO4, 0.98 MgCl2�6H2O, 4.2

Na2S�9H2O, 0.05 g l-1 yeast extract, and solutions of

vitamins and trace metals. The inoculated medium

was amended with (mmol l-1) 3.1 fumarate, 11.8

pyruvate, and 31 methanol as the electron donors and
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0.2 PCE and 0.2 HCA as the electron acceptors.

Cultures were maintained at 30 �C and pH 7.0 ± 0.5

with 1 mol l-1 potassium hydroxide in an anaerobic

chamber under a gas mixture of 85 % N2, 5 % CO2

and 10 % H2 (BOC, UK). The anaerobic microbial

consortium was incubated for 8 months with initially

20–30 % by volume decanted every 2 weeks for

1 month and then later every 4–7 weeks.

Biodegradation tests

Following 8 months incubation the anaerobic micro-

bial consortium was used to prepare a working stock

culture for biodegradation tests. Three different levels

of exposure to Fenton reagent were created by

exposing the working stock culture to 1 mmol l-1

Fe(II) and H2O, in place of H2O2, (No-exposure, NE),

and to 1 mmol l-1 Fe(II) and 2 mol l-1 H2O2 for

residence times of 1 h (0.04E) and 2 days (2E) to

prepare 0.04E and 2E samples, respectively. The

exposure times of 1 h short-term shock and 2 days

long-term shock were chosen because the complete

PCE degradation took about 1 h while HCA degrada-

tion was not completed even after 1 days with

1 mmol l-1 Fe(II) and 2 mol l-1 H2O2 (Jho et al.

2010).

After applying a shock to the cultures, the resulting

cultures (NE, 0.04E, and 2E cultures) were subject to

the recovery period. The cultures were centrifuged and

the cell pellets were resuspended in fresh media

removing the residual Fenton reagent and allowing the

cultures to recover. Three different levels of recovery

period—none (i.e., biodegradation tests started imme-

diately after the culture was resuspended), 3, and

7 days, which were labeled as NR, 3R, and 7R,

respectively—were applied to each of the NE, 0.04E,

and 2E cultures prior to inoculation into biodegrada-

tion tests. This gave nine combinations of exposure

and recovery durations (NE/NR, NE/3R, NE/7R,

0.04E/NR, 0.04E/3R, 0.04E/7R, 2E/NR, 2E/3R, and

2E/7R) for use in biodegradation tests, which were

carried out in 60 ml vials by placing 20 ml of the nine

combinations of cultures with initial concentrations

(mmol l-1) of 0.118 ± 0.041 PCE, 0.043 ± 0.012

HCA, and 62 methanol. Cell-free controls were

prepared in parallel to test for any volatilization losses

of PCE and HCA. The vials were incubated in the

anaerobic chamber under the conditions described

above with intermittent stirring.

Construction and sequencing of 16S rDNA library

Microbial community of the working stock culture

was analysed by preparing a 16S rDNA clone library.

Microbial cells were pelleted by centrifuging 1 ml of

the working stock culture at 13,0009g for 2 min.

DNA was extracted using a bead-beating method

described by Smith et al. (2003). The extracted

DNA was amplified using universal primers PB36

(50-AG(AG)GTTTGATC(AC)T GGCTCAG-30) and

PB38 (50-G(GT)TACCTTGTTACGAC-TT-30) (Saul

et al. 2005). The polymerase chain reactions (PCRs)

were performed in 50 ll volumes containing 19 PCR

buffer (20 mmol l-1 Tris pH 8.3, 50 mmol l-1

KCl), 2 mmol l-1 MgCl2, 100 lmol l-1 dNTPs,

0.2 lmol l-1 each of PB36 and PB38, 0.01 units

(U) PlatinumTaqTM (Invitrogen Life Technologies,

CA) and 1–2 ll DNA template of a concentration

between 1 and 10 ng ll-1. PCR cycling involved

initial denaturation at 94 �C for 3 min, which was

followed by 25 cycles of 94 �C for 30 s, 55 �C for

40 s, and 72 �C for 90 s and a final extension at 72 �C

for 10 min. Amplicon libraries were constructed in a

pGEM�-T Easy vector (Promega, USA), and intro-

duced into Library Efficiency� DH5a competent cells

(Invitrogen, USA). Cloned inserts were recovered for

DNA sequencing by PCR amplification using vector-

specific primers pGEM-F (50-GGCGGTCGCGGG

AATTCGA-TT-30) and pGEM-R (50-GCCGCGAA

TTCA CTAGTGATT-30). The PCR products were

purified and sequenced in one direction using the

pGEM-F primer. Sequencing was performed under

contract by Macrogen Inc. (Seoul, Korea). The

sequences were compared with those in GenBank

database using the BLAST program (Altschul et al.

1990). Clones were ascribed to bacterial classes when

nucleotide identities from sequences were 95 % or

higher with sequences present in GenBank (Schloss

and Handelsman 2004). The nucleotide sequences

have been submitted to GenBank (accession numbers

AB829750 to AB829831).

Automated ribosomal intergenic sequence analysis

The working stock culture and the nine combinations

of cultures for the biodegradation tests were analysed

and compared using automated ribosomal intergenic

sequence analysis (ARISA) using the universal bac-

terial primers: ITSF (50-GTCGTAACAAGGTAGCC
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GTA-3) and ITSReub (50-GCCAAGGCATCCACC-

3) (Cardinale et al. 2004) as generally described by

Lear et al. (2009). The bacterial DNA extracts were

prepared before using the nine combinations of

cultures for the biodegradation tests as described

above. The bacterial 16S rRNA genes in the DNA

extracts were PCR amplified following the same PCR

reaction protocol as described above except for using

0.4 lmol l-1 each of ITSF and ITSReub instead of

0.2 lmol l-1 each of PB36 and PB38 and 0.04 %

BSA. The PCR cycling conditions were 95 �C for

5 min for initial denaturation followed by 30 cycles of

95 �C for 30 s, 61.5 �C for 30 s, and 72 �C for 90 s

and a final extension at 72 �C for 7 min. The purified

PCR products were resolved and detected on a

3130XL Genetic Analyzer following the standard

Gene Mapper protocol (Applied Biosystems, USA).

Electropherograms were generated, normalized and

further analysed using Gene Mapper software v3.7

(Applied BioSystems, USA). Background fluores-

cence was excluded by analysing peaks with a

fluorescence value of 100 units or greater. ARISA

fragments \200 bp in size were deemed to be

potential artifacts as the 16S–23S region is thought

to range between 140 and 1530 bp (Fisher and Triplett

1999) and were therefore excluded from the analysis.

An ARISA community profile comprising data on

fragment sizes representing community composition

and abundance represented by peak area in the

electropherogram was generated for each sample. A

similarity matrix between the species composition of

the samples was constructed using the Bray–Curtis

index and visualized using non-metric multidimen-

sional scaling ordinations using Primer 6 software

(UK) (Clarke and Gorley 2001).

Residuals of PCE and HCA

At pre-selected times, two of the three samples were

extracted with 5 ml hexane and the third sample was

used to measure protein concentrations and pH values.

The extracts containing PCE, HCA, TCE, and cDCE

were analysed using a Hewlett-Packard 6860A GC

with a 0.53 mm (I.D.) 9 30 m AT-624 capillary

column (Alltech, USA) and a halogen specific detector

(O.I. Analytical, USA). The oven temperature was set

at 40 �C for 2 min followed by a 10 �C min-1 rise to

160 �C and a 20 �C min-1 increase to a final temper-

ature of 230 �C, held for 2 min. The injector and the

detector temperatures were maintained at 250 and

1,000 �C, respectively, and helium at 5.09 ml min-1

with a split ratio of 12:1 served as the carrier gas. The

solution pH was measured with a pH probe (Eutech

Instruments, USA). Protein concentrations were deter-

mined according to the Bradford method (Bradford

1976) using the Bio-Rad reagent (Bio-Rad, USA)

following the manufacturer’s instructions.

Results

Anaerobic microbial consortium composition

16S rRNA gene analysis was performed on the

working stock culture of the anaerobic microbial

consortium to determine the bacterial community

composition prior to any further treatment. A total of

87 (out of 96) clones yielded good quality DNA

sequences which were submitted for BLAST analysis

against the GenBank database. The results indicate

that Clostridia is the sole class of bacteria present in

the working stock culture with sequences aligning to

only three families with two dominating families of

Clostridiaceae 1 (56 % of the total sequences) and

Peptostreptococcaceae (41 %). Table 1 shows some

of the sequences that show high levels of similarity to

named species and their abundance among the total 87

clones analysed.

Biodegradation of HCA and PCE in the exposed

cultures

Figure 1 shows the HCA and PCE degradation in the

nine combinations of cultures—the exposure period

increases from the left to the right and the recovery

period increases from the top to the bottom. The

NE/NR culture showed complete HCA degradation

and almost complete PCE degradation in 14 days

(Fig. 1a). Significant TCE production was observed

between 10 and 14 days concomitant with a decrease

in PCE. The degradation of both HCA and PCE by the

0.04E/NR culture was negligible, similar to that in

abiotic control (Fig. 1b). The 2E/NR culture degraded

HCA completely increasing the level of PCE, but

showed negligible PCE degradation (Fig. 1c). With

3 days recovery period, PCE degradability of the

NE/3R culture was partially lost (Fig. 1d), while

the 0.04E/3R and 2E/3R cultures showed similar
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degradability as the 0.04E/NR (Fig. 1e) and 2E/NR

(Fig. 1f) cultures, respectively. With further increase

in the recovery period to 7 days, the NE/7R culture

almost completely ceased degrading PCE, indicated

by negligible TCE production and stable PCE con-

centrations after 2 days (Fig. 1g), but the HCA and

PCE degradability of the 0.04E/7R (Fig. 1h) and 2E/

7R (Fig. 1i) cultures was maintained regardless of the

increase in the recovery period.

Changes in microbial community structure

following exposure to Fenton reagent

The ARISA profiles (i.e., number, size, and peak area

of fragments) presented in Figs. 2 and 3 can be

compared to show the changes in the bacterial

community structure with different levels of exposure

to Fenton reagent and recovery period after exposure.

Each fragment is assumed to represent a uniquely

different organism or group of organisms while the

analysis provides no information on phylogenetic

similarity either within or between individual frag-

ments. The relative diversity of the community is

represented by the number of fragments of the ARISA

profiles, while the peak area of each fragment

represents the relative abundance of each group of

organisms. The ARISA reproducibility was confirmed

by amplifying the samples in duplicate and Figs. 2 and

3 show one representative of the duplicate results. The

working stock culture having eight fragments in total

was dominated by three abundant fragments of

*420 bp (29 % based on the relative areas of the

fragment, named as Fragment I in this paper), 440 bp

(49 %, Fragment II), and 520 bp (11 %, Fragment III),

which collectively accounted for 89 % of the total

fluorescence signal (i.e. total area of all fragments) for

the profile (between 200 and 1,000 bp) (Fig. 2). This

profile is consistent with the 16S clone library results

for the working stock culture, which indicated that the

community was dominated by two families of the class

Clostridia, namely, Clostridiaceae 1 (56 % of the total

sequences) and Peptostreptococcaceae (41 %).

The ARISA profiles for the NE/NR culture (used as

a control), which was prepared by exposing the

working stock culture to Fe(II)/H2O, resuspending in

fresh media, and inoculating into biodegradation test

samples immediately after resuspending, indicated

some changes in community structure though the

dominant fragments between 420 and 520 bp were

common to the working stock culture and the NE/NR

culture (Fig. 3a). Using Sorenson’s index, Cs, which

increases with the increasing number of fragments that

are common to the two samples and decreases with the

total number of fragments in the two samples

(Maguerran 1988), the level of similarity between

the working stock culture (Fig. 2) and the NE/NR

culture (Fig. 3a), was determined to be 59 %. Fig-

ure 3b, c show that the diversity of the communities

that were not exposed to Fenton reagent decreases

with increasing recovery period.

The total number of fragments in the ARISA

profiles after exposure to Fenton reagent was reduced

to 1 following 1 h residence period (0.04E/NR culture,

short-term shock) (Fig. 3d) and to 5 following 2 days

residence period (2E/NR culture, long-term shock)

(Fig. 3g). The Cs values relative to the NE/NR culture

were 20 and 43 % after short- and long-term shocks,

respectively. These suggest that the community struc-

tures further changed with exposure to Fenton reagent.

It is interesting that the different microbial community

structure developed after a long-term shock (2 days

residence period following exposure) (Fig. 3g), while

Table 1 Phylogenetic affiliation of the 16S sequences showing high levels of similarity to the sequences in the GenBank databases

Closest match sequence GenBank accession

number

Range of

similarity

Abundance

(%)

Phylogenetic grouping at

family level

Clostridium cadaveris AB542932 0.969–1.000 34 Clostridiaceae 1

Clostridium lituseburense M59107 0.961–1.000 26 Peptostreptococcaceae

Clostridium metallolevans DQ133569 0.995–1.000 7 Peptostreptococcaceae

Clostridium tyrobutyricum L08062 0.935–0.959 7 Clostridiaceae 1

Clostridium ljungdahlii CP001666 0.955–0.963 5 Clostridiaceae 1

Clostridium peptidivorans AF156796 0.954–0.968 5 Clostridiaceae 1

Clostridium bifermentans Y18787 0.994–1.000 4 Peptostreptococcaceae
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the microbial community structure was almost com-

pletely lost after a short-term shock (1 h residence

period following exposure) (Fig. 3d). There were three

common fragments (250, 420, and 460 bp) in the NE/

NR and 2E/NR cultures, while there was only one at

250 bp between the NE/NR and 0.04E/NR cultures.

The exposed cultures (0.04E/NR and 2E/NR)

increased in the diversity with increasing recovery

period as indicated by the increased number of

fragments (Fig. 3d–i). The Cs values of the 0.04E/7R

(Fig. 3f) and 2E/7R (Fig. 3i) cultures were both 59 %

compared with the NE/NR culture suggesting the

recovery of the microbial community. The 0.04E/7R

culture mostly consists of fragments in the 420–550 bp

range (Fig. 3f), while the 2E/7R culture developed

fragments mostly in the 250–460 bp range (Fig. 3i).

Multidimensional scaling (MDS) was used to

observe the degrees of similarity and dissimilarity

between the ARISA profiles across all the different

combinations of cultures given different levels of

exposure and recovery period. The position of each

culture is determined by its distance from all other

Fig. 1 Hexachloroethane (HCA) and tetrachloroethene (PCE)

degradation by the anaerobic culture given different levels of

exposure to Fenton’s reagent and recovery period. NE (No-

exposure)/0.04E (1 h exposure)/2E (2 days exposure): cultures

exposed to 1 mmol l-1 Fe(II)/H2O, 1 mmol l-1 Fe(II)/

2 mol l-1 H2O2 for 1 h, and 1 mmol l-1 Fe(II)/2 mol l-1

H2O2 for 2 days, respectively. Each of the exposed cultures

were resuspended in fresh media and allowed to recover prior to

inoculation to biodegradation tests—NR (No recovery)/3R

(3 days recovery)/7R (7 days recovery): inoculated immediately

after resuspension, inoculated after 3 days of recovery period

after resuspension, and inoculated after 7 days of recovery

period after resuspension, respectively. Cell-free HCA and PCE

controls in fresh media were prepared to test for any volatiliza-

tion losses of HCA and PCE over the biodegradation period.

Solid lines and filled symbols represent cell-free controls, while

dashed lines and hollow symbols represent biotic samples. Open

diamond HCA, open square PCE, open triangle TCE, filled

diamond Abiotic HCA control, filled square Abiotic PCE control
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cultures in the analysis. The MDS plot (Fig. 4) indicates

that the exposure to Fenton reagent (0.04E/NR and 2E/

NR cultures) shifted the microbial community structures

when compared to the NE/NR culture with further

distance between the 0.04E/NR and NE/NR cultures

indicating greater dissimilarity. The different locations

of the 0.04E/3R and 0.04E/7R cultures (below the NE/

NR culture) from the 2E/3R and 2E/7R cultures (above

the NE/NR culture) on the plot relative to the NE/NR

culture suggest that these two groups differ from each

other. This implies that after the exposure the cultures

given different levels of residence period (i.e., short- and

long-term shocks) developed different microbial com-

munity structures. The location of the NE/3R and NE/7R

cultures—on the right hand side of the NE/NR culture—

also indicates that the cultures that are not exposed to

Fenton reagent developed different community struc-

tures with recovery periods from the cultures exposed to

Fenton reagent—on the left hand side of the NE/NR

culture. The proximity of the 0.04E/7R and 2E/7R

cultures to the NE/NR culture than other exposed

cultures suggests that the extended recovery period may

enable recovery of the initial microbial community.
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Fig. 3 ARISA profiles of the bacterial communities exposed to

1 mmol l-1 Fe(II)/H2O (NE), 1 mmol l-1 Fe(II)/2 mol l-1

H2O2 for 1 h (0.04E), and 1 mmol l-1 Fe(II)/2 mol l-1 H2O2

for 2 days (2E) and given different levels of recovery period.

After exposure, the cultures were resuspended in fresh media

and allowed to recover prior to inoculation to biodegradation

tests—NR: inoculated immediately after resuspension, 3R/7R:

inoculated after 3/7 days of recovery period after resuspen-

sion—to prepare different combinations of cultures. Peaks that

are above a cutoff of 100 fluorescence units are presented
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Discussion

The peak area of each fragment in the ARISA profiles

can represent the relative abundance of each group of

organisms in the bacterial community, thus, the two

dominant fragments at 420 bp (Fragment I) and 440 bp

(Fragment II) can be correlated to the two dominant

families Peptostreptococcaceae and Clostridiaceae 1,

respectively. The presence of sequences aligning to

species like C. bifermentans strain DPH-1, which was

originally isolated from soil contaminated with chlori-

nated aliphatic compounds (Chang et al. 2000), and C.

peptidivorans (T), which was originally isolated from

an olive mill wastewater treatment digester (Mechichi

et al. 2000), in the working stock culture of the

anaerobic microbial consortium is expected since the

consortium was prepared from a mixture of groundwa-

ter from a site contaminated with chlorinated solvents

and an anaerobic sludge. Based on both the sequencing

results and the ARISA profiling results of the working

stock culture, the family Peptostreptococcaceae, which

takes 41 % of all the sequences, consisted largely of the

species C. lituseburense (T) (64 % of the family

Peptostreptococcaceae by the number of sequences),

C. metallolevans strain ASI1 (17 %), and C. bifermen-

tans strain DPH-1 (11 %), thus, Fragment I (Fig. 2),

which is the second most abundant fragment in the

ARISA profile, can be related to these species. C.

bifermentans strain DPH-1 degrades PCE to cDCE

(Fletcher et al. 2008). The identification of C. litusebu-

rense (97 % identity) in the trichlorobenzene-dechlor-

inating culture suggests the dechlorinating ability of this

species (Bunge et al. 2008). Similarly, the family

Clostridiaceae 1 can be correlated to Fragment II and

this fragment includes C. cadaveris (T) (61 % of the

family Clostridiaceae) and C. tyrobutyricum strain

NIZO 51 (12 %), C. peptidivorans (T) (8 %), and C.

ljungdahlii (8 %). The Clostridium species includes

species that are known to degrade organic materials to

acids, alcohols, CO2, and H2 (Suihko et al. 2005) and

many Clostridium species are found in sites contami-

nated with chlorinated compounds including HCA

(Bowman 2009; Long et al. 1993). However, since

these Clostridium species produce H2, they might be

involved in the reductive dechlorination of PCE or HCA

by the species represented by Fragment I. The third

most abundant ARISA fragment at 520 bp in the

working stock culture was only found in the NE/NR and

0.04E/7R cultures. Since neither HCA nor PCE was

degraded in the 0.04E/7R culture, it presumably

suggests that this fragment is not related to HCA or

PCE degradation. Although other fragments could be

related to PCE or HCA degraders that are present in

minor proportions within the culture, only the dominant

fragments are considered for comparison between the

cultures.

The diversity of the culture, represented by the size

and number of fragments, that was not exposed to

Fenton reagent decreased with time (Fig. 3a–c), while

the opposite was observed with the cultures that were

exposed to Fenton reagent (Fig. 3d–i). The consump-

tion of carbon source by the NE culture results in its

exhaustion, leading to gradual bacterial die off and a

decrease in microbial diversity for larger recovery

times, with the protein concentration for larger recovery

times correlating with the decrease in diversity. Shock-

ing the culture by exposing it to Fenton reagent (0.04E

and 2E) likely accelerates bacterial die off, manifested

as a decrease in microbial diversity, making the dead

biomass available as carbon and energy source to the

live bacteria for growth and accompanying increase in

microbial diversity for larger recovery times (Moon

et al. 2010). The greater decrease in the initial biomass

Fig. 4 Cluster analysis of the automated ribosomal intergenic

sequence analysis (ARISA) profiles of the anaerobic working

stock culture given different levels of exposure to Fenton’s

reagent and recovery period using multidimensional scaling

plot. NE (No-exposure): exposed to 1 mmol l-1 Fe(II)/H2O,

0.04E (1 h-exposure) and 2E (2 days-exposure): exposed to

1 mmol l-1 Fe(II)/2 mol l-1 H2O2. Each of the exposed

cultures were resuspended in fresh media and allowed to

recover prior to inoculation to biodegradation tests—NR:

inoculated immediately after resuspension, 7R: inoculated after

7 days of recovery period after resuspension—to prepare

different combinations of cultures. Dashed line arrows indicate

changes due to recovery period and solid line arrow indicates

changes due to exposure
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of 0.04E cultures with increasing recovery period than

that observed in the NE cultures could support the

accelerated bacterial die off after exposure. This

increase in microbial diversity during the recovery

period suggests that an application of stress (i.e.,

exposure to Fenton reagent) can occasionally be ben-

eficial, instead of detrimental, in promoting the diversity

of microbial community. Furthermore, the increase in

the biomass of the 2E cultures during the 14 days

degradation period unlike the 0.04E cultures indicates

that the long-term shock can be more beneficial than the

short-term shock to the development of the diversity.

Others have noted similar benefits to bacterial diversity

from the presence of predators or contaminants such as

total petroleum hydrocarbons (Corno et al. 2008; Nie

et al. 2009), or an increase in microbial diversity beyond

42 days, following an initial decrease over 14–28 days,

after the burning of soil (Adeniyi 2010). The increase in

microbial diversity following the application of endog-

enous oxidative stress has been linked to mutations that

are better adapted to the changing conditions (Boles and

Singh 2008).

Both the NE/NR and NE/3R cultures showed HCA

and PCE degradability (Fig. 1a–d), but the production

of TCE from PCE was lower in the NE/3R culture and

the amount of the remaining PCE was similar to that of

the abiotic control (Fig. 1d). Both Fragments I and II

were present in the NE/NR and NE/3R cultures, but the

abundance of Fragment I in the NE/3R culture was only

24 % (based on the relative areas of the ARISA

fragments) of that in the NE/NR culture (Fig. 3b) and

Fragment II dominated the microbial community (89 %

of the NE/3R culture) with a greater intensity than in the

NE/NR culture. In addition, the NE/7R culture that

could degrade HCA but not PCE (Fig. 1g) only had

Fragment II in the ARISA profile (Fig. 3c). These

suggest that species corresponding to both Fragments I

and II are required for both HCA and PCE degradation.

The cultures given a short-term shock (1 h residence

period after exposure to Fenton reagent) lost HCA and

PCE degradability (Fig. 1b) and it was not recovered

with recovery period (Fig. 1e, h). This loss of degra-

dability can be related to the changes in the community

structures (Fig. 3d–f) resulting from loss of microbial

diversity, indicated by the decrease in number of

fragments in the ARISA profiles (Fig. 3d) (Miller et al.

1996; Palmroth et al. 2006). Fragments I and II were lost

after a short-term shock (Fig. 3d). For the 0.04E/3R

culture, Fragment II that may have contributed to

degradation by providing H2 was lost, while Fragment I

was present at a lower intensity (only 35 % of that in the

NE/NR culture) (Fig. 3e), suggesting that the loss of

HCA and PCE degradability arose from the reduced

abundance of Fragment I and the loss of Fragment II.

However, the reappearance of Fragment I after 3 days

recovery indicates that the culture recovered from the

shock of exposure to Fenton reagent, although the

degradability was not recovered. The ARISA profile of

the 0.04E/7R culture (Fig. 3f) shows that the microbial

structure further recovered becoming more similar to

the NE/NR culture—Fragments I and II were both

present, but at lower abundance than that in the NE/NR

culture (Fig. 3f); however, microbial function was not

recovered as both HCA and PCE degradability were lost

(Fig. 1h). Fragment I in the 0.04E/7R culture was more

abundant than Fragment II (ratio of 420/440 = 5),

unlike the NE/NR (ratio of 420/440 = 0.7) and NE/3R

(ratio of 420/440 = 0.04) cultures with both HCA and

PCE degradability, suggesting that the dechlorinating

activities of the species corresponding to Fragment I

might be limited by the species corresponding to

Fragment II that produce H2 required for reductive

dechlorination of HCA and PCE. Furthermore, frag-

ments at 520 and 550 bp that were observed for other

cultures were seen (Fig. 3f). Apart from the community

structure changes, the initial biomass (at Day 0 of the

degradation test) of the 0.04E cultures were 71, 44, and

37 % of that of the NE cultures given 0, 3, and 7 days

recovery periods, respectively. Thus, the losses of both

species and biomass could have contributed to biode-

gradability losses.

The long-term exposed cultures showed HCA

degradability regardless of the recovery period

(Fig. 1c, f, i). Although the 2E/NR culture only had

Fragment I, with its abundance about 26 % of that in

the NE/NR culture (Fig. 3g), it degraded HCA unlike

the 0.04E/3R culture having a greater abundance of

Fragment I. Given the new fragments (460, 810, and

880 bp) in the ARISA profile, the HCA degradation

may be related to either the fragment at 460 bp (the

ratio of the fragments at 420 and 460 bp is 0.8), which

was observed in NE/NR culture, but not in the stock

culture, or the fragments at 810 and 880 bp. Similarly,

the 2E/3R culture degraded HCA and had fragments at

460 and 810 bp (Fig. 3h). On the other hand, the 2E/

7R culture had fragments at 420 and 440 bp (Fig. 3i).

The 420/440 ratio for the 2E/7R culture was 0.3, which

lies between that for the NE/NR and the NE/3R
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cultures; however, only HCA was degraded and this

could be due to the relatively lower abundance of the

fragments than in the NE/NR culture (17 and 45 % for

Fragment I and II, respectively) (Fig. 3i). Since

Fenton reactions are rapid, the cultures could have

recovered after the reagents are consumed completely

during the 2 days residence period. Similarly, the

temporary reduction in biological activity after chem-

ical oxidation and the resumption of biodegradation

without re-inoculation have been reported previously

(Ferguson et al. 2004; Chapelle et al. 2005; Sahl et al.

2007). The initial biomass loss was greater with a

long-term shock (2E cultures, 61 % of the NE cultures

remaining) than with a short-term shock (0.04E

cultures, 71 % of the NE cultures remaining); how-

ever, the biomass growth for the 2E cultures during the

recovery periods (55 and 72 % of that of the NE

cultures for 3 and 7 days recovery periods, respec-

tively) was larger than the 0.04E cultures (44 and 37 %

of that of the NE cultures given 3 and 7 days recovery

periods, respectively). Thus, the recovery of HCA

degradability could be attributed to both the develop-

ment of greater biomass and the recovery of the

species involved in its degradation.

The community structures of the cultures with a

long-term shock (2E cultures) were closer to that of the

control culture (NE/NR culture) than the community

structures of the cultures with a short-term shock

(0.04E cultures) (Fig. 4). These changes were related

to the recovery of the species capable of degrading

HCA for the 2E cultures, but not for the 0.04E

cultures. The shift in the microbial community struc-

ture with the different levels of residence period after

exposure as observed in Fig. 3 could be related to the

recovery of HCA degradability by the 2E cultures.

Such shifts in the microbial communities can be

correlated to the functional changes, thus, the com-

munity structure analysis using fingerprinting tech-

niques such as ARISA can be used with the

biodegradation test to derive more meaningful rela-

tionship between the microbial community structure

changes and the degradability changes, while it is also

important to know which species is present in the

microbial community.

In this study, the extent of recovery of microbial

community structure and function was investigated

and the microbial community structures determined by

the combined use of 16S rDNA library and the ARISA

profiles were correlated to microbial community

functions studied by the biodegradation tests. The

sequencing results were correlated to the ARISA

profile pattern and then the ARISA profile pattern

changes were correlated to the biodegradability

changes. The microbial community pattern analysis

using fingerprinting techniques such as ARISA allow a

rapid and rather accurate investigation of microbial

community changes (Danovaro et al. 2006), since

changes in the individual species would not be as

meaningful as the community pattern changes. The

loss of HCA or PCE biodegradability in anaerobic

microbial communities following exposure to Fenton

reagent could be correlated to the changes in the

specific group of organisms responsible for degrada-

tion (i.e., fragments changes in the ARISA profiles).

The exposed cultures showed partial recovery in

community structure following the recovery period,

which is further supported by ARISA profiles that

show the reappearance of relevant peaks; however, the

loss in PCE and HCA degradation after short-term

shock (1 h exposure) did not recover, while HCA

degradability was recovered after long-term shock

(2 days exposure). This study suggests that allowing

for recovery following exposure to shocks can result in

partial recovery of microbial community structure and

function. Thus, a combination of biological reduction

and periodic chemical oxidation, in association with

suitable recovery periods, can sustain microbial diver-

sity and chemical degradability. From the perspective

of field application, exposure times of 1 h and 2 days

could be related to immediate or short-term effects—

the observed partial recovery supports the intermittent

injection of reagent to promote the recovery of

microbial structure and function (Sercu et al. 2013).

Other strategies, such as biostimulation or bioaugmen-

tation may also be beneficially used as post-treatment

to promote the recovery of microbial community and

maintain biodegradability (Silva-Castro et al. 2013).
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BKC (2000) Clostridium peptidivorans sp. nov., a peptide-

fermenting bacterium from an olive mill wastewater

treatment digester. Int J Syst Evol Micr 50:1259–1264

Biodegradation (2014) 25:253–264 263

123

http://dx.doi.org/10.1073/pnas.0801499105
http://dx.doi.org/10.1073/pnas.0801499105
http://dx.doi.org/10.1111/j.1462-2920.2008.01688.x
http://dx.doi.org/10.1111/j.1462-2920.2008.01688.x
http://dx.doi.org/10.1128/aem.70.10.6147-6156.2004
http://dx.doi.org/10.1111/j.1745-6592.2005.0020.x
http://dx.doi.org/10.1128/aem.01361-06
http://dx.doi.org/10.1128/aem.00994-08
http://dx.doi.org/10.1128/aem.00994-08


Miller CM, Valentine RL, Roehl ME, Alvarez PJJ (1996)

Chemical and microbiological assessment of pendimetha-

lin-contaminated soil after treatment with Fenton’s

reagent. Water Res 30:2579–2586

Moon H, Shin D, Nam K, Kim J (2010) Distribution of the

microbial community structure in sulfur-based autotrophic

denitrification columns. J Environ Eng 136:481–486.

doi:10.1061/(ASCE)EE.1943-7870.0000181

Nie M, Zhang X-d, Wang J-q, Jiang L-f, Yang J, Quan Z-x, Cui

X-h, Fang C-m, Li B (2009) Rhizosphere effects on soil

bacterial abundance and diversity in the Yellow River

Deltaic ecosystem as influenced by petroleum contamina-

tion and soil salinization. Soil Biol Biochem 41:2535–

2542. doi:10.1016/j.soilbio.2009.09.012

Okubo A, Sugiyama S (2009) Comparison of molecular fin-

gerprinting methods for analysis of soil microbial com-

munity structure. Ecol Res 24:1399–1405

Or A, Gophna U (2011) Detection of spatial and temporal

influences on bacterial communities in an urban stream by

automated ribosomal intergenic ribosomal spacer analysis.

Microbes Environ 26:360–366
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