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Introduction

Dissimilatory iron-reducing bacteria (DIRB), which can

oxidize organic matter with the reduction of Fe(III) to

Fe(II) under anoxic conditions, are very common in

groundwaters, soils and sediments, and can influence the

aqueous geochemistry, surface chemistry and mineralogy

of these environments (Fredrickson and Gorby 1996;

Chapelle 2001). They are phylogenetically diverse, includ-

ing both facultative and obligate anaerobes, classified as

fermentative, photosynthetic, organic acid-oxidizing and

hydrogen-oxidizing (Scala et al. 2006). For example, fer-

mentative bacteria Clostridium butyricum (Park et al.

2001) can reduce Fe(III) as an electron sink during glu-

cose metabolism. Rhodobacter capsulatus (Dobbin et al.

1996) was able to reduce Fe(III) under anaerobic photo-

heterotrophic growth conditions in the photosynthetic

metabolism. Geobacteraceae and Shewanella (Lovley et al.

2004) are representative species of the organic-acid-

oxidizing family and have been extensively investigated

with respect to their ability of Fe(III) reduction. Many

DIRB including some Geobacter and Shewanella species

can oxidize hydrogen coupled with Fe(III) reduction

(Lovley et al. 1989; Caccavo et al. 1994).
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Abstract

Aims: To isolate an iron-reducing bacterium and examine its ability of Fe(III)

oxide reduction and dechlorination.

Methods and Results: A fermentative facultative anaerobe, strain L17 isolated

from subterranean sediment, can reduce Fe(III) oxides and carbon tetrachloride

(CT). It was identified as Klebsiella pneumoniae by 16S rRNA sequence analysis.

Strain L17 can metabolize fermentable substrates such as citrate, glycerol,

glucose and sucrose coupled with the reduction of hydrous ferric oxide,

goethite, lepidocrocite and hematite. Fe(III) reduction was influenced by crystal

structure of Fe(III) oxide, type of fermentable substrate, metabolic status of the

strain, and significantly enhanced by addition of anthraquinone-2,6-disulfonate

(AQDS). Strain L17 could dechlorinate CT to chloroform, and the rate was

accelerated in the presence of Fe(III) oxide and AQDS. Biotic dechlorination

by strain L17 and abiotic dechlorination by sorbed Fe(II) were proposed as the

two main mechanisms. AQDS might accelerate the dechlorination by transfer-

ring electrons from strain L17 to Fe(III) oxide and CT.

Conclusions: K. pneumoniae L17 can reduce Fe(III) oxides and CT. The two

reductions can occur simultaneously, and be significantly promoted by AQDS.

Significance and Impact of the Study: This is the first report of a strain of

K. pneumoniae capable of reducing Fe(III) oxides and CT. As a strain of envi-

ronmental origin, strain L17 may have the potential for bioremediation of

chlorinated compound-contaminated sites.
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It is well-known that the contamination of organic

chlorinated compounds is a widespread environmental

concern because of their mutagenic, carcinogenic and

toxic effects (Vogel et al. 1987). Some DIRB have been

found to be capable of using chlorinated compounds as

electron acceptor. For example, Desulfuromonas michi-

ganensis (Sung et al. 2003) could reductively dechlorinate

tetrachloroethylene using acetate as electron donor.

Shewanella putrefaciens (Picardal et al. 1993) is also

capable of dechlorinating carbon tetrachloride (CT) to

chloroform (CF) and other unidentified products. As

many studies have reported that chlorinated compounds

can be biodegraded to less toxic products, microbial

reductive dechlorination has been valued as an

important approach for remediation of chlorinated

compounds (Holliger et al. 1999; Janssen et al. 2001).

Meanwhile, the Fe(II) species produced in subsurface

environments by DIRB may reduce chlorinated contami-

nants abiotically (Kim and Picardal 1999; Mccormick

and Adriaens 2004).

The capability of dechlorination by DIRB may be more

prevalent than currently recognized as the evaluation of

such ability was not always a part of the characterization

of many DIRB (Lovley et al. 2004). The research investi-

gating the effect of microbial Fe(III) reduction on the fate

of chlorinated contaminants was mainly conducted with

the two genera, Shewanella and Geobacter (Petrovskis

et al. 1994; Picardal et al. 1995; Kim and Picardal 1999;

Mccormick and Adriaens 2004). In this study, a new

DIRB named strain L17 was isolated and identified as a

fermentative facultative anaerobe, and characterized as a

strain of the genus Klebsiella. Previous studies have dem-

onstrated that some strains of Klebsiella sp. can reduce

Fe(III) citrate (Baldi et al. 2001) and biodegrade some

chlorinated compounds, such as chlorpyrifos (Ghanem

et al. 2007), 4-chloroaniline (Vangnai and Petchkroh

2007), chlorinated s-triazines (Ernst and Rehm 1995),

endosulfan and its toxic metabolite, endosulfan sulfate

(Kwon et al. 2005). However, very little research has been

conducted regarding its ability of both Fe(III) oxide

reduction and dechlorination. Therefore, the objectives of

this study were to (i) characterize strain L17 and identify

available organic matter for Fe(III) reduction by strain

L17, (ii) determine the rate and extent of Fe(III) oxide

reduction by strain L17, (iii) investigate the transforma-

tion of CT by strain L17 in the presence and absence of

Fe(III) oxide. In addition, quinones-containing humic

substances, such as anthraquinone-2,6-disulfonate

(AQDS), can function as an electron shuttle for microbial

reduction of Fe(III) oxides (Lovley et al. 1998). In this

study, we also evaluate the effect of AQDS on the

microbial Fe(III) oxide reduction and CT dechlorination

by strain L17.

Materials and methods

Enrichment and isolation of the strain

Standard anaerobic techniques were used for all experi-

ments in this study. All anaerobic media were boiled and

cooled under a constant stream of 80% N2–20% CO2,

dispensed into aluminum-sealed culture bottles under the

same gas phase, capped with butyl rubber stoppers, and

sterilized by autoclaving (121�C, 20 min). Besides the

sterile media, inoculation and sampling were conducted

by using sterile syringes and needles. All vials were incu-

bated in a Bactron Anaerobic ⁄ Environmental Chamber II

(Shellab, Sheldon Manufacturing Inc., Cornelius, OR) at

30�C in dark.

A sample of subterranean forest sediment (Zhaoqing,

China) was extruded into glass tubes, stoppered, and

immediately transported back to the laboratory and

stored in the anaerobic chamber, serving as an inoculum

for enrichment. The basal medium, modified from ATCC

1768 medium, contained the following components (in

grams per litre of deionized H2O): NaHCO3, 2Æ5; NH4Cl,

0Æ25; NaH2PO4Æ2H2O, 0Æ68; KCl, 0Æ10. In addition, the

trace mineral solution and vitamin solution were added

at 1% (v ⁄ v) (Lovley and Phillips 1988). For enrichment,

glucose (5 mmol l)1) and soluble ferric citrate (50 mmol

l)1) were added as organic matter and electron acceptor,

respectively. The enrichment was initiated by adding 5Æ0 g

(wet weight) anaerobic sediment to sterile serum bottles

containing the glucose-Fe(III) basal medium (20 ml) in

the anaerobic chamber. The headspaces (5Æ2 ml) of serum

bottles were evacuated and replaced with 80% N2–20%

CO2. Medium without inoculum was incubated under the

same conditions as the controls. By regular subculturing

(10–15 days intervals), 10% (v ⁄ v) inoculum was trans-

ferred to a fresh glucose-Fe(III) basal medium three

times. To obtain pure-culture isolates, the enriched

populations were serially diluted and plated onto glucose-

Fe(III) basal medium agar plates for single-colony isola-

tion. Distinct colonies were picked and streaked three

times on glucose-Fe(III) basal medium agar slants before

further characterization.

Identification of the strain

The obtained bacterial strain was characterized by using

standard physiological–biochemical procedures, including

cell size and morphology, gram reaction, tests for cyto-

chrome oxidase, indole, methyl-red, acetyl methyl

carbinol (AMC) and citrate. Additional phenotypic char-

acteristics were determined by the Biolog microbial iden-

tification system. Extraction of genomic DNA and

amplification of 16S rRNA gene were conducted as
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described by Li et al. (2007b). A preliminary sequence

similarity search was performed against known sequences

available in the GenBank using Blast (Altschul et al.

1997). Multiple alignments with corresponding nucleotide

sequences of representatives of the genus Klebsiella

retrieved from GenBank were carried out using clustal

x program (Thompson et al. 1997). The neighbour-

joining phylogenetic tree was performed by using the

software package mega version 4 (Kumar et al. 2004),

and it was evaluated using the bootstrap values (Felsen-

stein 1985) based on 1000 replicates.

Fe(III) oxides preparation and characterization

Hydrous ferric oxide (HFO) was prepared by slowly neu-

tralizing 0Æ4 mol l)1 solution of FeCl3Æ6H2O with

1 mol l)1 NaOH in a high-density polyethylene container

(Mccormick and Adriaens 2004). As the circumneutral

pH was approached, thick red slurry of HFO formed. At

pH 7Æ0, the slurry was allowed to ripen for 2–6 h, with

slight decrease in pH (usually < 1 pH unit). The slurry

was adjusted back to pH 7Æ0 and centrifuged at 3600 g

for 20 min at 4�C. After decanting the supernatant, the

solid was resuspended and washed with Milli-Q water

and centrifuged again. This procedure was repeated seven

times in order to reduce the chloride content to less than

1 mmol l)1. Goethite (a-FeOOH) was prepared according

to the procedures of Schwertmann and Cornell (1991).

0Æ05 mol of hydrated ferric nitrate (Fe(NO3)3Æ9H2O) was

dissolved in 0Æ45 mol potassium hydroxide, and then

diluted to 1000 ml. The solution was refluxed at 70�C for

60 h. Then the hydrosol was washed until neutral with

Milli-Q water, dried at 65�C for 48 h and ground to pass

through 100-mesh sieve. Lepidocrocite (c-FeOOH) was

synthesized by mixing FeCl2Æ4H2O, (CH2)6N4 and NaNO2

in Milli-Q water, and hematite (a-Fe2O3) was formed by

sintering lepidocrocite powder at 420�C for 2 h at 2�C

min)1 temperature increase rate (Li et al. 2007a). Goe-

thite, lepidocrocite and hematite were well crystallized by

the X-ray diffraction (XRD). The displayed characteristic

d-values were consistent with those of the literature val-

ues. According to the Brunauer–Emmett–Teller (BET)

examination, the medium surface area of goethite was

120Æ9 m2 g)1, while that of lepidocrocite and hematite

was 115Æ4 m2 g)1 and 29Æ4 m2 g)1, respectively.

Fe(III) reduction and CT dechlorination experiments

Harvested cells of the obtained strain were used for the

Fe(III) reduction and CT dechlorination experiments.

Cells were grown in nutrient broth under aerobic condi-

tions on a rotary shaker at 180 rev min)1 at 30�C, and

harvested by centrifugation at 6900 g for 10 min at 4�C

when it approached the exponential phase. The pellets

were washed thrice and resuspended in sterile fresh basal

medium to an optical density of 1Æ8 to 2Æ2 (k = 600 nm).

In all Fe(III) reduction and dechlorination experiments,

1 ml of the suspension was added to 25Æ2-ml serum

bottles containing 19 ml of basal medium. Based on the

correlation between culture optical density and viable cell

counts determined by serial dilution and plating, the

density of 2Æ2 corresponded to approximately 3 · 109 cells

ml)1.

To study the effect of different organic matters on

Fe(III) oxide reduction, 10 mmol l)1 of formate, acetate,

propionic acid, lactate, citrate, ethanol, glycerol, glucose

and sucrose were respectively added into the inoculated

basal medium with 50 mmol l)1 of HFO. To investigate

the rate and extent of Fe(III) oxide reduction by strain

L17, harvested cells were inoculated in the glycerol

(10 mmol l)1) basal medium containing 50 mmol l)1 of

HFO, a-FeOOH, c-FeOOH and a-Fe2O3, respectively.

AQDS (97Æ0%; Fluka, Tokyo, Japan) was added at a final

concentration of 100 lmol l)1 to estimate its effect on

the microbial Fe(III) reduction. In addition, growth of

cells was examined in the basal medium containing citrate

(10 mmol l)1), harvested cells, and HFO (50 mmol l)1)

or AQDS (100 lmol l)1) as electron acceptor. Cell sus-

pension for growth test was harvested at an optical den-

sity of <0Æ5 (k = 600 nm).

Dechlorination experiments were conducted in 25Æ2-ml

serum bottles containing 20 ml of basal medium using

carbon tetrachloride (99Æ9%; Sigma-Aldrich) as the target

compound. The bottles were purged with 80% N2–20%

CO2 and sealed with Teflon-coated butyl rubber stoppers

and crimp seals before CT was added. A methanol-based

stock solution of CT (10 ll) was injected into the serum

bottles to provide an aqueous concentration of

8Æ0 lmol l)1, with a syringe needle long enough to guar-

antee the addition below the surface of the medium. To

achieve equilibration between headspace and aqueous

phase, the first sample was collected after 6 h. a-FeOOH

(25 mmol l)1) and AQDS (100 lmol l)1) were added to

study their effect on microbial dechlorination. Controls

using sterile water were conducted to evaluate any loss of

CT over the dechlorination experiment. Both Fe(III)

reduction and dechlorination experiments were conducted

in replicate, and the standard anaerobic techniques and

anaerobic incubation conditions were the same as enrich-

ment and isolation procedures.

Analytical methods

The total concentration of Fe(II), including dissolved and

sorbed Fe(II), was determined by extracting Fe(II) from

the samples using 0Æ5 mol l)1 HCl for 1Æ5 h (Fredrickson
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132 Journal compilation ª 2008 The Society for Applied Microbiology, Journal of Applied Microbiology 106 (2009) 130–139

ª 2008 The Authors



and Gorby 1996) and assaying the extract using 1,10-

phenanthroline colorimetric assay (Picardal et al. 1995).

Dissolved Fe(II) was determined by removing the mineral

and sorbed Fe(II) from the aqueous phase using a 0Æ22-

lm syringe filter and then assaying the filtrate by 1,10-

phenanthroline (Roden and Zachara 1996). Sorbed Fe(II)

was calculated as the difference between the total and

dissolved Fe(II).

The analysis of CT and its products in culture liquid

was performed according to EPA method 5030C

(Purge-and-trap for aqueous samples Revision 3, May

2003), using a purge and trap sample concentrator

(Teledyne Tekmar velocity XPT, Mason, OH) equipped

with a GC–MS system (Shimadzu QP2010 Plus) fitted

with an EC-5 column (30 m · 0Æ25 mm · 0Æ25 lm).

External standards were prepared from methanol stocks

in gas-tight serum vials with the same gas-to-liquid vol-

ume ratio as the reaction vials. A volume of 5 ml of

standards or samples was injected into the purging

chamber immediately using syringes and needles. After

an 11-min purge with He gas (99Æ999%) at 40 ml min)1

flow rate at ambient temperature, the purge and trap

system was placed in the desorb mode and the trap was

rapidly heated to 250�C for 1Æ5 min without a flow of

carrier gas passing through the trap. Three replicate

injections were used to determine the mean mass of CT

and products in each bottle at each sampling point.

Variation in sterile-water controls over the whole

dechlorination period was <5%.

Results

Identification of the strain

The strain designated as L17 was a fermentative faculta-

tive anaerobe, which formed white rounded opaque colo-

nies on aerobic LB agar plates and yellow rounded

opaque colonies on anaerobic glucose–Fe(III) basal med-

ium agar plates. Cells were straight rods, of 0Æ6�0Æ8 lm

in width and 1Æ0�1Æ7 lm in length. Strain L17 was gram-

negative, nonmotile, cytochrome oxidase negative, indole

negative, methyl red negative, acetyl methyl carbinol

(AMC) positive and citrate positive. Optimum tempera-

ture and pH for anaerobic growth were 30�C and 6Æ6,

respectively. The 16S rRNA gene sequence of strain L17

was submitted to the GenBank database with the acces-

sion number EU419756. Based on 16S rRNA gene

sequences analysis, strain L17 showed a close relationship

with members of the genus Klebsiella in the phylogenetic

tree, having the highest similarity of 99Æ50% with

K. pneumoniae ATCC 13883T. Its position in the 16S

rRNA phylogenetic tree is shown in Fig. 1. The strain iso-

lated in this study was consequently identified as K. pneu-

moniae strain L17, and has been deposited in China

Center for Type Culture Collection (CCTCC AB 208106).

Effect of organic matter on HFO reduction

Data in Fig. 2 showed that when formate, acetate, propi-

onic acid, lactate or ethanol was added, no more Fe(II)

was produced in the inoculated vials than the control

vials, suggesting that strain L17 could not reduce HFO in

the presence of these organic compounds under anoxic

conditions. The concentrations of Fe(II) in the inoculated

vials with citrate, glycerol, glucose and sucrose were

twofold or even greater than those in the controls. The

concentrations of Fe(II) in these inoculated vials increased

with time, and in the order: glycerol < citrate < glu-

cose < sucrose after 10 days. For a given organic matter,

additional tests showed that Fe(II) increased when more

organic matter was provided (data not shown). Therefore,

it can be concluded that strain L17 can reduce HFO when

glycerol, citrate, glucose or sucrose is available, and the

reduction rate is influenced by the type and concentration

of the organic matter.

Fe(III) oxide reduction

During 25-day anaerobic Fe(III) oxide reduction, visual

colour change was observed in the inoculated vials,

Klebsiella variicola  F2R9T  (AJ783916) 
Klebsiella singaporensis  LX 3T  (AF250285)  

Klebsiella pneumoniae  ATCC 13883T  (AF130981)  

Klebsiella granulomatis  KH 22T  (AF010251)  

Strain L17 CCTCC AB 208106 (EU419756)

Klebsiella pneumoniae subsp. rhinoscleromatis ATCC 13884T (AF130983)
Klebsiella pneumoniae subsp.ozaenae  ATCC 11296T (AF130982)  

Klebsiella oxytoca  ATCC13182T (AF129440) 

Escherichia coli  ATCC 11775T (X80725)  
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Figure 1 Phylogenetic dendrogram obtained

by neighbour-joining analysis based on 16S

rRNA gene sequences, showing the position

of strain L17 among phylogenetic neighbours.

Bootstrap values (expressed as a percentage

of 1000 replications) are given at the nodes.

Escherichia coli ATCC 11775T was used as an

outgroup. Bar, 0Æ005 substitutions per nucleo-

tide position.
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especially in the inoculated vials with AQDS addition.

They were dark-red to brown for HFO, yellow to brown

for a-FeOOH, orange to dark-brown for c-FeOOH, and

red to dark-brown for a-Fe2O3, relative to the original

colour remained in the sterile control vials throughout

the experiment. Figure 3 showed that more Fe(II) was

produced in the inoculated vials than in the uninoculated

controls, and the Fe(II) production increased as time

elapsed. After 25 days, 0Æ23 mmol l)1, 0Æ50 mmol l)1,

0Æ30 mmol l)1 and 0Æ07 mmol l)1 of Fe(II) was produced

in the inoculated vials with HFO, a-FeOOH, c-FeOOH

and a-Fe2O3, respectively. The zero-order kinetic con-

stants (k) of Fe(II) production over the first 15-day

reduction were listed in Table 1, in an order of a-FeO-

OH > c-FeOOH > HFO > a-Fe2O3. From the results,

Fe(III) oxide reduction only occurred in the inoculated

vials, indicating that the reduction of Fe(III) to Fe(II) is a

biological transformation rather than a chemical reaction.

Furthermore, when AQDS was added, the Fe(II) produc-

tion increased significantly in all inoculated vials. The

Fe(II) concentrations increased to 4Æ59 mmol l)1,

4Æ80 mmol l)1, 2Æ38 mmol l)1 and 0Æ45 mmol l)1 after

25 days for HFO, a-FeOOH, c-FeOOH and a-Fe2O3,
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Figure 2 Effect of different organic matter on total Fe(II) production

in HFO reduction by strain L17. (() 0 days, ( ) 5 days, ( ) 10 days.

Data are mean ± SD (n = 2). Some error bars are not visible because

of their small size.
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Figure 3 Total Fe(II) production in Fe(III) oxide reduction by strain L17

with glycerol. (a) HFO, (b) a-FeOOH, (c) c-FeOOH and (d) a-Fe2O3. ( )

Fe(III) oxide ⁄ strain L17 ⁄ AQDS, (s) Fe(III) oxide ⁄ strain L17, ( ) Fe(III)

oxide ⁄ AQDS, (,) Fe(III) oxide alone. Data are mean ± SD (n = 2).

Some error bars are not visible because of their small size.
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respectively. The zero-order kinetic constants (k), as

shown in Table 1, were approximately eightfold, three-

fold, fivefold and fourfold greater than that in the absence

of AQDS. Thus, strain L17 can reduce various Fe(III) oxi-

des to Fe(II), and the reduction rate can be significantly

accelerated by the presence of AQDS.

In the 3-day anaerobic growth test, no detectable

increase in cell numbers was observed when HFO was

added. However, when AQDS was added, the amount of

viable cells increased from 6Æ03 · 103 to 2Æ80 · 108, and

the colourless AQDS was reduced to the yellow AH2DS.

Thus, Fe(III) oxide reduction did not stimulate notice-

able anaerobic growth of strain L17, but AQDS reduc-

tion did.

Carbon tetrachloride reduction

Figure 4a shows the CT transformation by strain L17 in

the presence and absence of a-FeOOH and AQDS. Data

showed that 75Æ3% of CT was transformed by strain L17

after 21 days, indicating that strain L17 was capable of

dechlorinating CT under anaerobic conditions. At the

same time, 82Æ7% of CT was transformed when a-FeO-

OH was added, and the percentage of transformation

was increased to 96Æ6% when both a-FeOOH and AQDS

were added, indicating that the CT transformation can

be enhanced by the presence of a-FeOOH and AQDS.

In the control vials, without strain L17, a-FeOOH or

AQDS alone was not capable of CT transformation (data

not shown). The results of GC–MS spectra showed that

chloroform was the only identified dechlorination prod-

uct in those inoculated vials. At the beginning of incu-

bation, CF was produced at the very similar level in

different experiments (Fig. 4b). The trends of CF forma-

tion began to diverge after 4 days, following an order of

strain L17 < strain L17 ⁄ a-FeOOH < strain L17 ⁄a-FeO-

OH ⁄ AQDS. Approximately <30% of the transformed CT

was detected as CF in strain L17 ⁄ a-FeOOH ⁄ AQDS

experiment after 21 days. Figure 5 shows the concentra-

tions of total (i) and sorbed Fe(II) (ii) produced in the

CT transformation experiments by strain L17 with the

addition of a-FeOOH ⁄ AQDS. Relative to no Fe(II)

formation in the controls, 0Æ38 mmol l)1 and 0Æ35

mmol l)1 of total and sorbed Fe(II) were produced after

8 days in the strain L17 ⁄ a-FeOOH experiment. Within

the same time, in the strain L17 ⁄ a-FeOOH ⁄ AQDS

experiment, the concentrations of total and sorbed Fe(II)

were 6Æ83 mmol l)1 and 6Æ31 mmol l)1, respectively.

Discussion

In this study, we isolated a fermentative facultative anaer-

obe K. pneumoniae strain L17, which can reduce not only

various crystalline Fe(III) oxides but also CT. To the best

of our knowledge, this is the first report of such two

types of reductive capability of K. pneumoniae under
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Figure 4 CT Transformation (a) and CF formation (b) by strain L17 in

different experiments with glucose. The initial concentration of CT

was 8 lmol l)1. (q) vials in sterile water only, ( ) uninoculated vials,

(s) strain L17, ( ) strain L17 ⁄ a-FeOOH, (,) strain L17 ⁄ a-FeO-

OH ⁄ AQDS. Data are mean ± SD (n = 3). Some error bars are not

visible because of their small size.

Table 1 The zero-order kinetic constants*(k) of Fe(II) formation by

strain L17 over the first 15-day reduction of various Fe(III) oxides

Iron oxides Iron oxides + AQDS

k (mmol l)1 d)1) R k (mmol l)1 d)1) R

HFO 0Æ0104 0Æ9949 0Æ0822 0Æ8737

a-FeOOH 0Æ0238 0Æ9443 0Æ0687 0Æ9699

c-FeOOH 0Æ0192 0Æ9959 0Æ0859 0Æ9386

a-Fe2O3 0Æ0060 0Æ9958 0Æ0261 0Æ9067

*Values were calculated from data in Fig. 3.
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anaerobic conditions. These findings extend the diversity

of DIRB associated with dechlorination.

Fe(III) oxide reduction

The understanding of the factors influencing microbial

Fe(III) reduction is important to relate the physiological

characteristics of DIRB to their potential environmental

role (Lovley et al. 2004). HFO, a-FeOOH, c-FeOOH and

a-Fe2O3, representing different kind of iron oxides, are

abundant in the soils (Straub et al. 2001). The properties

of Fe(III) oxide, such as crystallinity, surface area, solubil-

ity and phase identity, have been demonstrated as major

factors controlling microbial reduction of Fe(III) oxide

(Liu et al. 2001; Roden 2003; Bonneville et al. 2004).

Roden and Zachara (1996) found that the rate and extent

of microbial Fe(III) oxide reduction increased linearly

with surface area, regardless of the degree of Fe(III) oxide

crystallinity or structural form. In this study, microbial

Fe(III) reduction of a-Fe2O3 was the lowest because of its

high crystallinity and low BET surface area (29Æ4 m2 g)1).

The microbial reduction of a-FeOOH yielded a higher

rate compared with that of c-FeOOH with similar surface

areas (115�120 m2 g)1). It is possible that, for different

types of Fe(III) oxides, significant difference of crystal

structural properties may influence the rate of microbial

Fe(III) reduction.

On the other hand, microbial Fe(III) oxide reduction

may strongly depend on the characteristic of DIRB, such

as growth stage, source of electron donors and metabolic

status. It is well-known that DIRB can be separated into

two major groups, one can support growth by conserving

energy from electron transfer to Fe(III) and the other

cannot (Lovley et al. 2004). In this study, Fe(III) serving

as the sole electron acceptor did not stimulate noticeable

anaerobic growth of strain L17. As one of the fermenta-

tive DIRB, strain L17 reduced <2% of added Fe(III) in its

fermentative metabolism. Lovley (1987) demonstrated

that <5% of electron equivalents can be transferred to

Fe(III) in the fermentative metabolism, while most of the

electron equivalents are recovered in organic fermentation

products and hydrogen. Moreover, the minor transfer of

electron equivalents to Fe(III) during fermentation has

not been demonstrated to cause any increase in cell yield

(Lovley and Phillips 1989). Therefore, Fe(III) reduction

may be only a minor pathway for electron flow when

strain L17 ferments organic matter, and such fermentative

metabolic status may limit the extent and rate of Fe(III)

oxide reduction by strain L17.

The addition of AQDS was expected to accelerate the

limited rate of Fe(III) oxide reduction by strain L17 in

this study, as AQDS can serve to shuttle electrons from

DIRB to Fe(III) oxides in anaerobic soils and sediments,

and this electron shuttling permits DIRB to indirectly

reduce Fe(III) oxides faster than Fe(III) is reduced in the

absence of humic substances (Lovley et al. 1998). Fur-

thermore, anaerobic respiration with humic substances as

the terminal electron acceptor can yield energy to sup-

port cell growth by some bacteria (Lovley et al. 1996).

We observed production of AH2DS and an increase in

cell numbers when AQDS was added as electron accep-

tor, and the addition of AQDS significantly accelerated

the microbial reduction of crystalline Fe(III) oxides. The

enhancement may be because of growth in cells and abi-

otic Fe(III) reduction by AH2DS, which was formed

from reduction of AQDS by strain L17. This suggests

that Fe(III) oxide reduction by strain L17 may be

favoured in natural environment where humic substances

are present.
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Figure 5 Total Fe(II) (a) and sorbed Fe(II) (b) production in CT trans-

formation by strain L17 in different experiments with glucose. ( )

a-FeOOH, (s) strain L17 ⁄ a-FeOOH, ( ) strain L17 ⁄ a-FeOOH ⁄ AQDS.

Data are mean ± SD (n = 3). Some error bars are not visible because

of their small size.
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Carbon tetrachloride dechlorination

The new DIRB, K. pneumoniae strain L17, appeared to

have the ability to dechlorinate CT to CF under anaerobic

conditions. This result was similar to that for the fermen-

tative Escherichia coli K-12 and Enterobacter cloacae DG6,

and it was suggested that the capability of the Enterobac-

teriaceae family for dechlorination might be related to

some existing capabilities of the cell (Criddle et al. 1990).

Nonstoichiometric CF formation in our microbial experi-

ments may be a consequence of reactions between the tri-

chloromethyl radical and nonspecified biochemicals in the

bacterial cells, which was explained in the previous

research on CT dechlorination by strains of S. putrefaciens

(Picardal et al. 1993; Petrovskis et al. 1994).

Carbon tetrachloride transformation by strain L17 was

improved by the presence of a-FeOOH, and reductive

dechlorination and Fe(III) oxide reduction could occur

simultaneously. Kim and Picardal (1999) proposed two

main hypotheses to explain the increased CT transforma-

tion rate by the addition of Fe(III) oxide. First, as some

DIRB can couple growth with the Fe(III) reduction, the

addition of Fe(III) oxide may increase cell numbers. Sec-

ondly, Fe(II) produced from microbial Fe(III) oxide

reduction can dechlorinate CT directly. It has been

reported that the Fe(II) species, such as sorbed Fe(II)

(Kim and Picardal 1999) and nanoscale magnetite ⁄ -
maghemite particles (Mccormick and Adriaens 2004)

formed by DIRB in subsurface environments may abioti-

cally donate electrons to react with chlorinated contami-

nants. In this study, no noticeable increases in the cell

numbers were observed because strain L17 cannot gain

energy for growth when Fe(III) oxide served as electron

acceptor. However, more than 93% and 86% of the HCl-

extractable Fe(II) was determined as sorbed Fe(II) in the

CT transformation tests in the absence and presence of

AQDS, respectively. Therefore, the enhancement of CT

transformation was more likely a consequence of abiotic

reduction by the sorbed Fe(II) formed from microbial

Fe(III) reduction by strain L17.

The mechanism of CT transformation by K. pneumo-

niae L17 in the presence of Fe(III) oxide and AQDS may

involve three processes. First, strain L17 can directly

dechlorinate CT in anaerobic glucose metabolism. Sec-

ondly, strain L17 can reduce Fe(III), and form sorbed

Fe(II), which can dechlorinate CT abiotically. Thirdly,

AH2DS, which is formed from AQDS reduction by strain

L17, can transfer electron to CT indirectly by abiotic

Fe(III) reduction. Iron is cycled between Fe(III) and

Fe(II) redox states as a result of being reduced by strain

L17 and oxidized by CT. On the other hand, AQDS is

cycled with AH2DS as a result of being reduced by strain

L17 and oxidized by Fe(III). Both cycles indicate that

Fe(III) oxides and AQDS can serve as a redox mediator

for the reduction of CT or other degradable pollutants

under anaerobic environments.

In conclusion, a natural sediment isolate, K. pneumo-

niae strain L17 is able to reduce various crystalline Fe(III)

oxides and CT. These two reduction processes can occur

simultaneously, and be significantly promoted by the

presence of AQDS. K. pneumoniae, as a member in the

Enterobacteriaceae family, is a naturally-occurring popula-

tion of fresh water and soils. Although strain L17 can

transfer only a minor portion of the electron equivalents

in the fermentable substrates to Fe(III), the fermentation

products, such as fatty acids and alcohols (Zeng et al.

1996), may be subsequently metabolized by other Fe(III)

reducers with Fe(III) reduction in natural subsurface

environments (Lovley and Phillips 1989). Moreover, the

sorbed Fe(II) from microbial Fe(III) reduction can

enhance CT transformation abiotically. As a strain of

environmental origin, which can survive under both aero-

bic and anaerobic conditions, strain L17 may have the

potential to be used for bioremediation of chlorinated

compound-contaminated environments containing Fe(III)

oxides and humic substances. Further research will be

conducted to confirm the electron transfer in the CT

dechlorination and the interactive mechanism among

strain L17, Fe(III) oxide, AQDS and CT.
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