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Abstract

Bioaugmentation of nitrobenzene-contaminated soil was performed by inocula-

tion with Pseudomonas putida ZWL73, which can grow on nitrobenzene as carbon

and nitrogen sources and release free ammonium from the aromatic ring via a

partial-reductive pathway. Removal of nitrobenzene was effectively enhanced with

concurrent accumulation of ammonium in the bioaugmented soil. Moreover, the

negative impact of nitrobenzene contamination on culturable bacterial types and

soil nitrification was reduced by strain ZWL73. Changes in the community

structure of ammonia-oxidizing bacteria, determined by denaturing gradient gel

electrophoresis, were associated with changes in environmental factors in nitro-

benzene-contaminated soil, including concentrations of nitrobenzene, ammo-

nium, nitrite and nitrate, but their influence was attenuated in the bioaugmented

soil. Overall, P. putida ZWL73 shows promising abilities for effective removal of

nitrobenzene and for attenuating the negative effects of nitrobenzene contamina-

tion on soil functioning.

Introduction

The release of nitroaromatic compounds into the environ-

ment either intentionally (pesticides and herbicides) or

through accidental spills has caused significant environmen-

tal damage (Parales, 2000). Their stability, persistence and

toxicity make nitroaromatic compounds hazardous when

released into the environment (Nishino et al., 2000). As one

of the nitroaromatic compounds, nitrobenzene, which is

usually used as the primary starting material of aniline

production, has great pollution potential in the environ-

ment (Nishino & Spain, 1993). In particular, nitrobenzene is

extremely recalcitrant to enzymatic attack due to the stabi-

lity of the benzene ring caused by the electron-withdrawing

nature of the nitro group. On November 13, 2005, the

Songhua River in the north-east of China suffered serious

contamination of 4 100 tons of nitrobenzene and related

compounds, which were accidentally released due to an

explosion at an aniline production factory. The fact that this

contamination had serious impacts on the life of millions of

habitants along the river has been internationally recognized

(World Health Organization Department for Health Action,

2005). Removal of nitrobenzene contamination in an eco-

nomical and effective way is thus of main concern for

human health.

Bioaugmentation has now become an accepted technol-

ogy for biodegradation of persistent or toxic organic pollu-

tants (Gentry et al., 2004; Chen et al., 2005). A number of

successful bioaugmentations have been reported for the

removal of such pollutants, including polycyclic aromatic

hydrocarbons (Cunliffe & Kertesz, 2006) and 4-chlorophe-

nol in soil (Elväng et al., 2001), 3-chloroaniline in active

sludge (Boon et al., 2000) and nonylphenol in bioreactors

(Chang et al., 2005). Although a combined selective adsorp-

tion and bioaugmentation approach was reported to treat

artificial wastewater containing nitrobenzene and p-nitro-

phenol on a laboratory scale (Hu et al., 2008), no bioaug-

mentation of nitrobenzene-contaminated soil has so far

been reported.

Pseudomonas putida ZWL73, isolated from 4-chloroni-

trobenzene (4CNB)-contaminated soil, can grow on 4CNB

or nitrobenzene as both carbon and nitrogen sources and

release free ammonium from an aromatic ring via a partial-

reductive pathway of 4CNB or nitrobenzene in a culture
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medium (Xiao et al., 2006; Zhen et al., 2006). In a previous

study, bioaugmentation by strain ZWL73 against 4CNB

proved to be feasible at the laboratory scale (Niu et al.,

2009). During the process, some bacterial populations were

stimulated and became active, whereas the effects of 4CNB

on soil indigenous bacteria were neutral. However, soil

diversity and complexity, and other environmental factors

that often make the results of bioaugmentation unpredict-

able, were not investigated.

The current study therefore evaluated the ability of strain

ZWL73 to degrade other aromatic pollutants (nitrobenzene)

in the soil environment and further analyzed the shifts in

ammonia-oxidizing bacteria (AOB) community structure as

a function of all the environmental parameters measured.

During the process of nitrobenzene bioaugmentation, we

aimed to investigate nitrification and the relationships

between the AOB community and environmental factors

in artificially nitrobenzene-contaminated and in bioaug-

mented soil, respectively, using multivariate analysis rather

than visual analysis and cluster analysis of denaturing

gradient gel electrophoresis (DGGE) profiles, as in the

previous study.

Materials and methods

Setup of microcosms

The soil used in this study was collected from a nonconta-

minated area (0–15 cm depth) in Wuhan Botanical Garden,

Chinese Academy of Sciences (Wuhan, China). Thereafter,

the soil was sieved (2 mm) and stored at 4 1C. The soil type

was a sandy loam [total carbon content 1.40%, total nitro-

gen 1.59 mg g�1 dry soil (ds) and pH 6.1].

Microcosms were set up with 77.2 g of wet soil (equiva-

lent to 70 g ds) in 250-mL glass bottles with tightened screw

caps. There were three different treatments: Tc, natural soil

(control); T� , natural soil artificially contaminated with

nitrobenzene (contamination); and T1, natural soil con-

taminated with nitrobenzene and inoculated with strain

ZWL73 (bioaugmentation). All the treatments were con-

ducted in triplicate. Microcosms were equilibrated at 30 1C

for 72 h before use. Contaminated treatments were prepared

by thoroughly mixing nitrobenzene with soil at a final

concentration of 0.4 mg g�1 ds. When grown to the late

exponential phase in Luria–Bertani (LB) medium at 30 1C,

P. putida ZWL73 was collected with sterile saline (0.85%

w/v) and inoculated into the bioaugmented T1 at approxi-

mately 4� 108 CFU g�1 ds. In parallel, the same volumes of

sterile saline were applied to Tc and T� . Finally, the

moisture content of all three treatments was adjusted to

approximately 20% w/v with distilled water. After vigorous

stirring, bottles sealed with screw caps were kept in the dark

at 30 1C and sampled for analysis.

Chemical analysis

To extract nitrobenzene, 0.5 g soil sample was mixed with

1 mL methanol by shaking at 200 r.p.m. for 30 min and

centrifuged for 10 min at 10 000 g. The resulting supernatant

was analyzed using HPLC (Gilson, Villiers le Bel, France),

which was performed at the column temperature of 30 1C

with a Gilson 715 system equipped with a Gilson 119 UV/

VIS detector and a C18 reversed-phase column (25 cm�
4.6 mm, 5 mm particle size; Supelco, Bellefonte, PA). The

mobile phase was 70% methanol at a flow rate of

0.8 mL min�1. Nitrobenzene was quantified at 280 nm. Un-

der these conditions, authentic nitrobenzene had a retention

time of 5.9 min. The concentrations of NH4
1-N and NO2

�-N

were determined colorimetrically according to published

methods (Nkonge & Ballance, 1982; Kandeler, 2002, respec-

tively). The NO3
�-N concentration was measured spectro-

photometrically using dual-wavelength UV as described

previously (Norman et al., 1985).

Enumeration of P. putida ZWL73 and cultivable
bacteria in soil

Suspensions of 0.2 g of soil sample in 1.8 mL sterile extract-

ing solution (Na4P2O7, 2 g L�1) (Cavalca et al., 2002), which

was used to dissolve soil particles and to maintain ion

concentration balance and cell viability until plating, were

serially 10-fold diluted in sterile saline and 0.1 mL from

appropriate dilutions was subsequently plated. All CFU

numbers of culturable heterotrophic bacteria from the

different treatments were counted on nutrient agar (NA)

plates amended with the fungicide nystatin (25 g mL�1).

Colony types were distinguished by their shape, size and

color. CFU abundance of the naturally antibiotic-resistant P.

putida ZWL73 in T1 was determined on LB agar plates

supplemented with nystatin (25 g mL�1), ampicillin

(100 g mL�1) and chloramphenicol (34 g mL�1).

DNA extraction and PCR amplification

Microcosms were sampled at 0, 6 and 20 days for DNA

extraction. Total DNA from soil was extracted using the

UltraClean Soil DNA kit (Mo Bio Labs, Solana Beach, CA)

according to the manufacturer’s instruction and thereafter

10-fold diluted as a template for PCR.

PCR amplification of the 16S rRNA gene fragments of

AOB was performed as described previously (Mahmood

et al., 2006). The first round of PCR amplification was

performed with universal primers F27 and R1492 (Lane,

1991). Then, the products of the first round of PCR were

used as a template for secondary PCR amplification with

primers CTO189AB–CTO189C and CTO654R specific

for AOB (Kowalchuk et al., 1997). The final amplification
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products, obtained from further amplification with univer-

sal 357f-GC-518r primers (Muyzer et al., 1993), were

analyzed by DGGE. Thermocycling conditions were as

described (Mahmood et al., 2006).

DGGE analyses

DGGE analyses were performed according to a published

method (Muyzer et al., 1993) using the Dcode System (Bio-

Rad Labs, Hercules, CA). The gel consisted of an 8%

polyacrylamide with a gradient of 45–65% of denaturant.

Electrophoresis was carried out with 1�TAE buffer at 60 1C

at a constant voltage of 65 V for 16 h. Gels were stained with

silver nitrate based on a published method (McCaig et al.,

2001).

Multivariate analyses

DGGE images were converted to form a ‘species’ table (i.e.

relative abundance of DGGE bands in the different samples)

in the QUANTITY ONE software version 4.6 (Bio-Rad Labs).

Redundancy analysis (RDA) was used to estimate the extent

of the correlation between the AOB community (i.e. DGGE

bands) and the environmental factors measured using the

software program CANOCO (version 4.15). The total variance

of the species table was partitioned into the respective

contribution of each set of environmental variables and into

their covariations using both standard and partially con-

strained ordinations using the variation partitioning ap-

proach (Ramette, 2007). The environmental variables were

divided into two sets: (1) time variables (time as a quanti-

tative variable) and (2) treatment variables (all the other

variables, including nitrobenzene, NH4
1, NO2

�, NO3
� and

strain ZWL73, as quantitative variables; Tc, T� and T1 as

nominal variables). The total variance of species composi-

tion was investigated by standard RDA as a function of the

two sets of environmental variables taken as explanatory

variables. Thereafter, the variance explained by each variable

set (i.e. time or treatment variables) was assessed by partial

RDA (pRDA) by taking the other set of environmental

variables as covariables. Monte Carlo permutation tests

were used to test for the significance of the models with

499 unrestricted permutations at the 5% level. Both species

and environmental data were log-transformed for these

analyses.

Recovery and sequencing of DNA from DGGE
bands

Selected bands on the DGGE gel were excised as described

previously (Schwieger & Tebbe, 1998). The presence of

products from recovered DNA using primers 357f-GC-518r

was confirmed by agarose gel electrophoresis and products

were then ligated into pGEM-T vector (Promega, Madison,

WI) before being transformed into Escherichia coli DH5.

Positive colonies were selected randomly and their inserts

were amplified and screened to determine their migration

positions by DGGE. Clones with inserts migrating to the

same positions as the original DGGE bands were sequenced

(Invitrogen, Shanghai, China).

Sequence and phylogenetic analyses

The sequences of the DGGE bands determined in this study

were investigated for homology and closest relatives in

GenBank using the BLASTN search tool (http://www.ncbi.

nlm.nih.gov). All sequences have been deposited in the

GenBank database under accession numbers

FJ875113–FJ875116. To construct a cladogram, the se-

quences determined in this study were aligned with pub-

lished 16S rRNA gene sequences (Purkhold et al., 2000) with

CLUSTALX (version 2.0.11.). A neighbor-joining tree was

created using Kimura two-parameter, and cluster stability

was assessed by bootstrap analyses based on 1000 replicates

with MEGA [version 4.1 (Beta 2)].

Results

Nitrobenzene removal

Nitrobenzene removal from bioaugmented and nonbioaug-

mented soils as determined by HPLC measurements of

nitrobenzene concentrations was clearly different (Fig. 1a).

A large variation occurred in the initial nitrobenzene con-

centration because it was difficult to mix small volumes of

liquid nitrobenzene thoroughly and uniformly, an issue

common to many bioaugmentation studies in soil (Wang

et al., 2004; Gomes et al., 2005). Therefore, in the first 2 days,

the difference between T� and T1 was not very evident,

but the nitrobenzene concentration of T1 gradually de-

creased from 0.4 to 6.8� 6.03� 10�4 mg g�1 from day 2 on.

In contrast, the nitrobenzene concentration in T� was still

0.24� 0.034 mg g�1 ds on day 20 in the absence of strain

ZWL73.

As ammonium was released via the partial-reductive

pathway of nitrobenzene degradation by strain ZWL73, the

NH4
1-N concentration was also determined during the 20-

day period (Fig. 1b). The NH4
1-N concentration in bioaug-

mented T1 increased to 183� 17.4 mg g�1 ds in the first 2

days, to 211� 8.8 mg g�1 ds on day 6 and subsequently

showed no significant change. In contaminated T� , the

NH4
1-N concentration gradually increased and finally

reached 95.5� 3.9mg g�1 ds on day 20. In control Tc, the

amount of NH4
1-N appeared to be constant and low without

apparent changes in 20 days.
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Survival of strain ZWL73 in nitrobenzene-
contaminated soil and of cultivable bacteria in
all treatments

During bioaugmentation in T1, survival of strain ZWL73

was detected by plate counting on an LB agar plate supple-

mented with ampicillin and chloramphenicol. During

nitrobenzene removal, the CFU abundance of strain

ZWL73 decreased from 6.59� 2.78� 106 CFU g�1 ds on day

0 to 2.26� 0.49� 106 CFU g�1 ds on day 8. CFU abundance

then decreased by one order of magnitude to 3.49�
1.76� 105 CFU g�1 ds on day 12 and changed little during

the rest of the treatment period.

The abundance of cultivable heterotrophic bacteria in Tc

and T� varied little (in the range of 1.24� 0.65–2.31�
0.34� 106 CFU g�1 ds) during the experiments. In bioaug-

mented T1, the bacterial abundance was 1.42� 0.56�
107 CFU g�1 ds on day 0, due to the inoculation of strain

ZWL73, but was reduced to 2.37� 0.27� 106 CFU g�1 ds on

day 4, 1.17� 0.59� 107 CFU g�1 ds on day 12 and decreased

to 2.52� 0.37� 106 CFU g�1 ds on day 20. In all three

treatments, nine colony types of cultivable heterotrophic

bacteria were observed on NA plates on day 0 and were

detected in control Tc at all sampling times. In contami-

nated T� , however, only five colony types were observed

from day 2 to the end of the experiment. In bioaugmented

T1, the number of colony types was 5 on day 2, but 9 on

day 4, with no subsequent change until the end of the

experiment.

Impact of nitrobenzene contamination and
bioaugmentation on nitrification and the AOB
community

In order to investigate soil nitrification, the concentrations

of NH4
1-N, NO2

�-N and NO3
�-N were determined. In the

first 2 days, NH4
1-N accumulated (Fig. 1b) and NO2

�-N and

NO3
�-N concentrations simultaneously decreased in T�

Fig. 1. Results of chemical analysis. (a) Removal of nitrobenzene in contaminated T� (�) and bioaugmented T1 (n) soils. Variation in the

concentrations of NH4
1-N (b), NO2

�-N (c) and NO3
�-N (d) in control Tc (’), contaminated T� (�) and bioaugmented T1 (n). Means of triplicates are

shown with SDs (error bars).
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and T1 (Fig. 1c and d), indicating that nitrification was

inhibited. Subsequently, nitrification in bioaugmented T1

began to recover gradually after day 4, along with increasing

NO2
�-N and NO3

�-N concentrations. As the NH4
1-N con-

centration increased (Fig. 1b) in contaminated T� , how-

ever, the NO2
�-N concentration was still below the detection

limit and the NO3
�-N concentration remained at a low level

for 20 days (Fig. 1c and d).

Changes in the AOB community structure were examined

by DGGE (Figs 2a and 3a) with samples on 0, 6 and 20 days,

representing the initial, processing and later stages of

nitrobenzene contamination in T� and bioaugmentation

in T1, respectively. In order to analyze the relationships

between the AOB community and environmental factors,

multivariate analysis (i.e. RDA and pRDA) were used. To

reduce subjectivity in analyses, datasets with or without

faint bands were analyzed, but the results were virtually the

same (data not shown), and subsequent analysis was carried

out using all DGGE bands. For the control Tc and con-

taminated T� treatments, standard RDA showed that

51.2% of the total species variance was explained by

environmental variables (both time and treatment) (Fig.

2a). Monte Carlo permutation tests showed that this model

significantly explained AOB community variation

(Po 0.05). However, the effects of time only (i.e. when

treatment was considered as a covariable) were found to be

nonsignificant, as determined by a permutation test, and

explained only 7.5% of the total community variance. In

contrast, treatment explained 43.8% of the total biological

variance and was significant (Po 0.05) when time was

considered as a covariable in pRDA models.

The first axis of the pRDA accounted for 26.5%, while the

second axis accounted for 10.7% of the total species variance

(Fig. 2b). Meanwhile, 72.6% of the cumulative variance of

the species–environment relation was explained by the first

two axes. Ammonium clearly showed a negative correlation

with nitrite and nitrate (Fig. 2b), as nitrobenzene resulted in

Fig. 2. (a) PCR-DGGE analysis of AOB communities in control Tc and

contaminated T� (0, 6 and 20 days) soils. Bands marked with arrows

were excised and sequenced. (b) Ordination biplots generated by pRDA

of DGGE profiles. Solid arrow, species; empty arrow, environmental

variables; n, Tc and m, T�, as qualitative variables. Qualitative variables

were plotted based on their centroid position in the diagram. The

correlation between environmental factors and species composition

was evaluated by the cosine of the angle between the corresponding

arrows. The arrow length implied its contribution in the model. Bands

that were excised and sequenced are indicated in brackets.

Fig. 3. (a) PCR-DGGE analysis of AOB community in contaminated T�
and bioaugmented T1 (0, 6 and 20 days) soils. Bands marked with

arrows were excised and sequenced. (b) Ordination biplots generated by

RDA of DGGE profiles. Solid arrow, species; empty arrow, environmental

variables; n, T� and m, T1, as qualitative variables. The correlation

between environmental factors and species composition was evaluated

by the cosine of the angle between the corresponding arrows. The arrow

length implied its contribution in the model. Bands that were excised and

sequenced are indicated in brackets.
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nitrification inhibition. The presence of many species arrows

pointing in the opposite direction to nitrobenzene arrows

suggested that nitrobenzene may have a negative influence

on the AOB community structure. In contrast, the nitro-

benzene concentration had a strong positive correlation

with the ammonium concentration.

The AOB communities in contaminated T� and bioaug-

mented T1 were analyzed by DGGE (Fig. 3a) and variation

partitioning was also applied to investigate the effect of

environmental factors on the AOB community. Standard

RDA showed that 52.5% of the total species variance was

significantly explained by both explanatory variables time

and treatment (Po 0.05). However, pRDA with time as an

explanatory variable and treatment as a covariable showed

that time explained 6.5% of the total species variance and

was statistically nonsignificant (P4 0.05). When treatment

was considered as an explanatory variable and time as a

covariable, 36.7% of the total species variance could be

explained, but this was not statistically significant

(P4 0.05).

Overall, these results suggest that the AOB community

was significantly influenced by the covariation of both

treatments (strain ZWL73, nitrobenzene, ammonium,

nitrite, nitrate, etc.) and time. Figure 3b shows the relation-

ship between AOB species composition and environmental

factors. The first and second axes accounted for 23.4% and

11.7% of the total species variance, respectively. Moreover,

66.9% of the cumulative variance of species–environment

relationships was explained by the first two axes. More

specifically, strain ZWL73 showed a strong negative correla-

tion with nitrobenzene, but positive relationships with other

variables (i.e. ammonium, nitrite, nitrate and time; Fig. 3b).

Most species vectors seemed to be almost perpendicular to

the nitrobenzene vector, showing less correlation with

nitrobenzene than observed in Fig. 2b.

Four dominant bands on AOB DGGE profiles were

excised and four clones per band were sequenced. Phyloge-

netic analysis indicated that three of the four bands (B2, B3

and B4) belonged to Nitrosospira cluster 3, except B1, which

was related to Methylophilus (Fig. 4). Analyses with and

without the band B1, as a product of nonspecific amplifica-

tion, proved that this had no effects on the above results of

multivariate analyses.

Discussion

Catabolic capability and survival of P. putida
ZWL73 in soil

Successful bioaugmentation depends on the catabolic cap-

ability of degrader strains. Strain ZWL73 in this study

showed a strong ability to degrade nitrobenzene in soil.

Nitrobenzene was effectively removed in bioaugmented T1

compared with noninoculated T� (Fig. 1a). Nitrobenzene

could be metabolized via a partial-reductive pathway, lead-

ing to the release of considerable amounts of ammonium

(Xiao et al., 2006; Zhen et al., 2006) into soil from aromatic

rings in T1 (Fig. 1b), indicating that strain ZWL73

enhanced nitrobenzene degradation in soil. We have

reported that strain ZWL73 could degrade 4CNB in soil,

Fig. 4. 16S rRNA gene-based cladogram of the

betaproteobacterial AOB. Cluster designations

were performed according to Purkhold et al.

(2000). Bootstrap values are shown at nodes

when they exceed 50% of replicates. Species

sequences determined in this study are depicted

in bold.
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resulting in the simultaneous accumulation of ammonium

and chloride (Niu et al., 2009).

Bioaugmentation in situ, however, depends not only on

the catabolic capability of the inoculum but also on its

survival in contaminated soils (Singer et al., 2005; Cunliffe &

Kertesz, 2006). For instance, poor survival of the inoculated

degraders may result in bioaugmentation failure (Bouchez

et al., 2000). In principle, the persistence and growth of

inoculated strains in any soil will depend on their ability to

utilize local resources but also on the presence of special

contaminants they can degrade (Cunliffe & Kertesz, 2006).

Numerous bioaugmentation reports have revealed that in-

oculated bacteria may increase in the presence of their

substrates and then decline when the substrates are removed

(Elväng et al., 2001; Gomes et al., 2005; Cunliffe & Kertesz,

2006; Niu et al., 2009). Native communities have been

demonstrated to resist ecological invasion in grasses (Ken-

nedy et al., 2002) and this theory has generally been applied

to microbial diversity (Cunliffe & Kertesz, 2006). In our

study, however, in the presence of contaminants in soil, the

inoculated contaminant utilizer could establish within the

local microbial communities. Furthermore, when the con-

taminants were finally removed, the new inoculated mem-

ber was still maintained in the community, indicating that it

successfully adapted to the complex microbial interactions

in the soil environment. In our previous study on bioaug-

mentation of 4CNB-contaminated soil, ZWL73 grew better

in sterile soil than in natural soil where both 4CNB and

ZWL73 were spiked, indicating that the native microbial

communities resisted the establishment of ZWL73.

Although sterile soil spiked with nitrobenzene and ZWL73

was not performed in this study, a similar assumption can be

made here. In this study, strain ZWL73 seemed to decrease

slowly when nitrobenzene was present rather than increase,

as mentioned in the previous studies, possibly because the

low nitrobenzene concentration was unable to support its

growth or the low toxicity of nitrobenzene was insufficient

to impact on the native microbial communities. Finally,

ZWL73 decreased by one order of magnitude and remained

stable after complete degradation of nitrobenzene, indicat-

ing that it was able to survive and to utilize local resources in

soil when nitrobenzene was removed and a new community

was established.

Reduced effects of nitrobenzene contamination
on nitrification and the AOB community
structure with P. putida ZWL73 inocula

The important process of chemolithotrophic nitrification is

a two-step process involving bacterial and archaeal ammo-

nia-oxidizers, oxidizing NH3 to NO2
�, and nitrite-oxidizing

bacteria, oxidizing NO2
� to NO3

� (Harms et al., 2003).

Ammonia oxidation is the first and often the rate-limiting

step of nitrification and, therefore, is critical for the global

nitrogen cycle (Chu et al., 2007).

Multivariate analyses are useful to assess the relationship

between biotic communities and/or their environmental

conditions (Ramette, 2007). In both T� and T1 of the

current study, nitrification appeared to be completely in-

hibited as soon as nitrobenzene was added to soil (Fig. 1b,

c and d), because the ammonium concentration increased

while the nitrite and nitrate concentrations decreased simul-

taneously. Correspondingly, in Fig. 2b, the ammonium

vector shows a nearly perfect negative correlation with nitrite

and nitrate vectors, indicating that complete inhibition of

ammonium conversion to nitrite and nitrate occurred in the

nitrobenzene-contaminated soil. It has been shown that

nitrobenzene could inhibit nitrification as a suicide substrate

for ammonium monooxygenase (Keener & Arp, 1994;

McCarty, 1999). Generally, soil nitrification was affected by

polycyclic aromatic compounds (Sverdrup et al., 2002).

RNA- and DNA-based molecular approaches have been

applied for characterization of microbial communities

mainly targeting metabolically active and total bacteria,

respectively (Duineveld et al., 2001). In this study, DNA-

based DGGE analysis was selected for investigation of

betaproteobacterial AOB. Variation partitioning revealed

that the AOB community was significantly affected by

nitrobenzene contamination. Although the incubation per-

iod was rather short, in bioaugmentation microcosms,

strain ZWL73 was shown to play a key role in protecting

the AOB community from nitrobenzene contamination.

Standard RDA showed that the AOB community was

significantly affected by both time and treatment variables.

pRDA showed that neither time nor treatment alone had a

significant influence on the AOB community, indicating

that the effects of nitrobenzene on the AOB community

were weakened by strain ZWL73 inoculated into soil. Most

species were not correlated with the presence of nitroben-

zene (Fig. 3b), suggesting that the impact of nitrobenzene on

the species composition may be reduced in the bioaugmen-

ted microcosms. Strain ZWL73 showed an ability to alleviate

the influence of nitrobenzene on nitrification and on the

AOB community. Boon et al. (2003) reported that, in semi-

continuous activated-sludge reactors, complete inhibition of

nitrification was observed immediately after a 3-chloroani-

line (3-CA) shock load. Meanwhile, in 3-CA-contaminated

treatments, the AOB community clearly changed and the

percentage of AOB in the whole bacterial community

decreased dramatically, but these negative effects of 3-CA

on AOB and nitrification were removed by inoculation with

the 3-CA-degrading strain Comamonas testosteroni I2 gfp

(Boon et al., 2003). Likewise, the AOB community structure

has been reported to be negatively affected by addition of

toxic metals in soil and yet protected by inoculating metal-

resistant bacteria into soil (Stephen et al., 1999).
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Dominance of Nitrosospira in soil

All known terrestrial AOB belong to a monophyletic group

within the Betaproteobacteria, and the currently accepted

classification recognizes only two genera within this group:

Nitrosospira and Nitrosomonas (Stephen et al., 1998; Chu

et al., 2007). The dominance of Nitrosospira in soil has been

reported in previous studies (Stephen et al., 1998; Kurola

et al., 2005; Chu et al., 2007) and was found in this study.

Four bands with a high relative intensity were recovered

from DGGE gels and sequenced. B2, B3 and B4 fell in

Nitrosospira cluster 3 (Fig. 4), which has been found in soil,

freshwater and sand dune (Purkhold et al., 2000). However,

the sequence obtained from band B1 was closely related to

Methylophilus (with 98% identity). Cébron et al. (2004) also

found a band with 94% similarity to Methylophilus leisingeri

during DGGE analysis of AOB in lower Seine River by either

direct PCR with CTO or nested PCR with CTO and 357f-

GC-518r primers. This nonspecific amplification arose

mainly due to defects of CTO primers. None of the

published primers targeting 16S rRNA genes of AOB show

complete specificity under all conditions (Purkhold et al.,

2000; Cébron et al., 2004), but the PCR strategy used in this

study has been found to provide the best method targeting

16S rRNA genes to analyze AOB communities in soil and

marine sediments (Mahmood et al., 2006). Indeed, universal

bacterial 27f-1492r primers that are considered to be

unbiased against AOB may be used for the first amplifica-

tion of environmental templates, followed by CTO primers

(Mahmood et al., 2006). The 357f-GC-518r primer set then

provides a high resolution for DGGE analysis of the final

products (Freitag & Prosser, 2003; Mahmood et al., 2006).
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