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A B S T R A C T

Bulbous rush (Juncus bulbosus) is a pioneer species in acidic, iron-rich, coal mining lakes in the

eastern part of Germany. Juncus roots are coated with iron plaques, and it has been suggested

that microbial processes under the iron plaques might be supportive for Juncus plant growth.

The objectives of this work were to enumerate the microbes involved in the turnover of iron and

organic root exudates in the rhizoplane, to investigate the effect of oxygen and pH on the

utilization of these exudates by the rhizobacteria, and to study the ability of the root-colonizing

microbiota to reduce sulfate. Enumeration studies done at pH 3 demonstrated that 106 Fe(III)

reducers and 107 Fe(II) oxidizers g (fresh wt root))1 were associated with Juncus roots. When

roots were incubated in goethite-containing medium without and with supplemental glucose,

Fe(II) was formed at rates approximating 1.1 mmol g (fresh wt root) )1 d)1 and 3.6 mmol g (fresh

wt root))1 d)1 under anoxic conditions, respectively. These results suggest that a rapid micro-

bially mediated cycling of iron occurs in the rhizosphere of Juncus roots under changing redox

conditions. Most-probable-number estimates of aerobes and anaerobes capable of consuming

root exudates at pH 3 were similar in the rhizosphere sediment and in Juncus roots, but numbers

of aerobes were significantly higher than those of anaerobes. At pH 3, supplemental organic

exudates were primarily subject to aerobic oxidation to CO2 and not subject to fermentation.

However, at pH 4.5, root exudates were also rapidly utilized under anoxic conditions. Root-

associated sulfate reduction was not observed at pH 3 to 4.5 but was observed at pH 4.9. The pH

increased during all root-incubation studies both under oxic and anoxic conditions. Thus, as

result of the microbial turnover of organic root exudates, pH and CO2 levels might be elevated at

the root surface and favor Juncus plants to colonize acidic habitats.
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Introduction

High microbial activity occurs in the rhizosphere as a

result of the release of organic compounds by the roots

[15]. Root exudates are thought to have a stimulatory ef-

fect on microbial growth and activity, because they are

readily available for assimilation and degradation [27]. In

addition, root exudates may also function as complexing

ligands for immobilizing toxic metals [13, 40] or sequester

nutrients such as phosphorus [2].

Bulbous rush (Juncus bulbosus) is a pioneer species in

acidic coal mining lakes (pH 2.5–3) of the Lusatian mining

district in the eastern part of Germany [6]. These lakes are

characterized by a high input of sulfate, ferrous iron

[Fe(II)], and protons due to the oxidation of pyrite in the

surrounding mine tailings. Ferrous iron is oxidized in the

oxygenated lake water and precipitates as poorly crystal-

line Fe(III)-oxides to the anoxic sediment, where it is

utilized as electron acceptor for the oxidation of organic

carbon and reduced sulfur species mainly by hetero-

trophic and autotrophic acidophilic bacteria [23, 33]. The

reduction of sulfate appears to be restricted to deeper

sediment zones with a pH of 5 and a lower availability of

Fe(III) oxides [12, 33]. Because of the release of oxygen by

bulbous rush roots, Fe(II) formed during the microbial

reductive dissolution of Fe(III) oxides is oxidized and

precipitates as iron plaque around the roots [4, 6]. These

iron plaques consist of goethite and quartz, and the in-

terstitial space between the plaque and the root surface is

colonized by microorganisms. Formation of iron plaques

around the roots also occurs with other macrophytes that

colonize freshwater or marine sediments [11, 21, 37].

However, the extent to which the microbial oxidation of

Fe(II) is involved in the formation of iron plaques is still a

matter of debate.

In acidic, coal mining lakes, primary production is

limited by the low solubility of inorganic carbon under

acidic conditions [31]. However, the microbial oxidation

of organic root exudates to CO2 might provide an addi-

tional carbon source in the rhizosphere and be supportive

for bulbous rush growth. Elevated concentrations of glu-

cose, glycine, citrate, and malate are detected under the

iron plaques compared to the surrounding porewater [4].

Microbial oxidation of these root exudates to CO2 might

also affect the pH. An increase of pH could initiate sulfate-

reducing activity, because the reduction of sulfate appears

to be inhibited under acidic conditions in these sediments

[22].

In this study, the aerobic and anaerobic root-colonizing

microorganisms were enumerated with respect to their

ability to (i) utilize organic root exudates and (ii) oxidize

Fe(II) or reduce Fe(III). To further evaluate the potential

iron cycling in the rhizoplane, rates of root-associated

reduction of Fe(III) were estimated. In addition, the effect

of pH on the turnover of supplemental root exudates and

the utilization of sulfate as alternative electron acceptor by

the root-colonizing microorganisms was evaluated.

Materials and Methods

Field Site and Sampling

Plants of bulbous rush and vegetated sediment were collected

from the littoral zone (up to a depth of 30 cm) of the acidic coal

mining lake 108 in the Lusatian mining area in east central

Germany during June to September 2000. Samples were placed

on ice in plastic bags and transported to the laboratory. All

material was processed within 24 h after collection. Sediment had

an orange-brownish color and a pH of 3. In some samples ob-

tained in late June and July, dark stripes were visible in the

sediment, and the pH locally varied between 4.0 and 5.1. The pH

of the lake water was approximately 3.2, the conductivity was

1400 lS, and the temperature varied between 12 and 19�C.

Cultivation Media

The medium used for culturing heterotrophic aerobes and an-

aerobes contained tryptic soy broth (TSB) without dextrose

(Difco Laboratories, Detroit, MI, USA) in a 1:50 dilution to

achieve a final concentration of 0.55 g L)1. The headspace was

sterile air or N2, respectively. After autoclaving, the pH approx-

imated 3.1. Glucose (2 mM) was added as an additional electron

donor. The basal medium used (designated Basal medium) for

culturing citate-, malate-, and glycine-utilizing aerobes and an-

aerobes contained, in g L)1: KH2PO4, 2.68; K2HPO4Æ3H2O, 0.073;

MgCl2Æ6H2O, 0.05; NaCl, 0.4; NH4Cl, 0.125; CaCl2Æ2H2O, 0.01. The

headspace was sterile air or N2, respectively. After autoclaving,

the pH approximated 2.9. A mixture of citrate, malate, and gly-

cine (2 mM, each) was added as electron donor. The medium

used for culturing Fe(III)-reducing anaerobes (designated Aci-

diphilium medium) contained, in g L)1: (NH4)2SO4, 2;

K2HPO4Æ3H2O, 0.5; MgSO4, 0.5; KCl, 0.1; yeast extract, 0.3. The

final concentration of goethite approximated 40 mM. Goethite

was produced according to published protocols [9]. The gas

phase was sterile N2, and the final pH approximated 3.1. Glucose

(2 mM) was added as electron donor. The medium used for

culturing Fe(II)-oxidizing aerobes (designated Thiobacillus me-

dium) contained, in g L)1: (NH4)2SO4, 0.14; K2HPO4Æ3H2O, 0.04;

MgSO4, 0.5; CaCl2Æ2H2O, 0.01; KCl, 0.06; ZnSO4Æ7H2O, 0.001;

CuSO4Æ5H2O, 0.002; MnSO4ÆH2O, 0.001; NaMoO4Æ2H2O, 0.0006;

CoCl2Æ6H2O, 0.0006; Na2SO4Æ10H2O, 0.001; NiCl2Æ6H2O, 0.001;

yeast extract, 0.006. The headspace was sterile air, and the final
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pH approximated 3.1. Anoxic (NH4)2FeSO4Æ6H2O was added after

autoclaving to achieve a final concentration of 40 mM Fe(II). As

carbon source, CO2 (2 mL) was added to each tube.

For the dilution series, basal medium (Basal) with an N2 gas

phase was used. All substrates were provided as sterile anoxic stock

solutions or as sterile gas. MPN tubes were scored positive based

on growth and/or by measuring the consumption of substrates and

the formation of products. MPN tubes for Fe(III)-reducing an-

aerobes and Fe(II)-oxidizing aerobes were counted positive by

measuring the formation or consumption of Fe(II), respectively. In

MPN tubes containing Acidiphilium medium for culturing Fe(III)-

reducing anaerobes, sulfate was apparently not consumed in

inoculated tubes, because no blackening of the medium was ob-

served that would be indicative of the formation of Fe(II) sulfides.

Enumeration and Root Incubation Studies

For enumeration studies, roots (collected in June) were carefully

separated from the sediment. Healthy roots with iron plaques

were excised with a clean razor blade (3 to 8 cm from the root

tip), washed twice in anoxic, sterile water to remove sediment

particles and loosely associated microorganisms, and weighed.

Five g of roots was homogenized with a blender inside a Meca-

plex H2-free chamber (100% N2 gas phase) and transferred to a

sterile serum bottle containing 45 mL of anoxic basal medium.

Similarly, 5 g of vegetated sediment was transferred to 45 mL

anoxic mineral medium. Suspensions of root homogenate and

sediment were serially diluted and used to inoculate various

media. Numbers of cultured cells were determined by the most-

probable number (MPN) technique with three replicates incu-

bated at 15�C for 6 months; MPN values were calculated from

standard MPN tables and were within 95% certainty [1].

For root incubation studies, 5 to 6 (approximately 0.11 g)

washed and cut roots (collected in July) with iron plaques were

transferred to sterile tubes containing 15 mL of oxic or anoxic

mineral medium (Basal) with a pH of 3 or 4.5, as indicated. A

mixture of malate, citrate, and glycine (1.5 to 2 mM, each) was

added. To study the root-associated Fe(III)-reducing activity,

approximately 0.1 g of roots was transferred to sterile tubes

containing medium for Fe(III)-reducing anaerobes (Acidiphili-

um) supplemented with goethite (40 mM) and glucose (2.4 mM).

To study the root-associated sulfate-reducing activity, approxi-

mately 0.1 g of roots (collected in July) was transferred to sterile

tubes containing 18 mL of filter sterilized lake water at a pH of

3.0 (in situ pH) or adjusted to 4.5, as indicated. The gas phase

was sterile N2. Ethanol (1 mM) and 5 mL H2 were added as

electron donor. To ensure liquid sampling during long-term in-

cubation, approximately 0.35 g of roots (collected in September)

was transferred to sterile serum bottles containing 30 mL of filter

sterilized lake water adjusted to pH 4.9. Either ethanol (1 mM)

and 5 mL H2 or lactate (3 mM) were added as electron donor,

respectively. After increasing the pH of the lake water to 4.5 or

4.9, an orange-brownish precipitate appeared indicating the

formation of Fe(III) oxides that had to be removed by centrifu-

gation. All incubation studies were performed with three repli-

cates. Roots without supplemental substrates served as control.

The incubation temperature was 15�C. Samples were removed

with sterile syringes at different time intervals, as indicated.

Analytical Techniques

Growth in media lacking iron was monitored as optical density at

660 nm (OD660) with a Spectronic 501 spectrophotometer (Bau-

sch and Lomb, Rochester, NY, USA). The reduction of Fe(III) was

estimated by determining the amount of Fe(II) formed [35]. To

determine the formation of Fe(II), aliquots (0.2 mL) of the me-

dium were withdrawn using sterile syringes connected to wide

needles and transferred to 9.8 mL of 0.5 N HCl and incubated for

1 h at room temperature [26]. Fe(II) was measured by the

phenanthroline method [39]. Headspace gases (H2 and CO2) were

measured with Hewlett-Packard Co. (Palo Alto, CA) 5980 series II

gas chromatographs [24]. Gas values included the total amounts

in both the liquid and gas phases and are reported in mM (i.e.,

mmol L [medium or lake water])1). Aliphatic acids, alcohols, and

sugars were determined with Hewlett Packard 1090 series II high-

performance liquid chromatographs [24]. The detection limit for

short-chain aliphatic acids approximated 100 lM. Glycine was

determined with a Gynkotek (M480G) high-performance liquid

chromatograph (Dionex, Germany) equipped with an IonPac

CS12 column and a Gynkotek Detektor (UVD 160S) UV detector

at 200 nm. The mobile phase was a mixture of KH2PO4 and

K2HPO4 (0.05 M) at pH 5.0 with a rate of 0.5 mL min)1. The

detection limit for glycine approximated 50 lM. Sulfate was

analyzed by ion chromatography [24]. Sediment pH was meas-

ured with an Ingold (Steinbach, Germany) U457-S7/110 combi-

nation pH electrode.

Results

Comparative Evaluation of the Microorganisms Colonizing

J. bulbosus Roots and Vegetated Sediment

High numbers of Fe(II)-oxidizers cultured at pH 3 were

detected in both the root and the vegetated sediment

(Table 1). Compared to the sediment, roots were enriched

with Fe(II)-oxidizing and Fe(III)-reducing microorgan-

isms. The number of heterotrophic aerobes cultured at pH

3 approximated 104 to 105 g (fresh wt sediment or root))1,

whereas the number of heterotrophic anaerobes was sig-

nificantly lower (P < 0.05, as determined by the Mann–

Whitney U-test) (Table 1). In general, glucose was utilized

in all growth-positive MPN tubes cultured in TSB medium.

Under anoxic conditions, acetate and ethanol were the

main fermentation products. Compared to the low num-

bers of glucose-utilizing fermentors, higher numbers of

glucose-utilizing anaerobes were obtained under Fe(III)-

reducing conditions (Table 2). Citrate-, malate-, and gly-
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cine-utilizing aerobes colonizing roots or sediment were

more abundant than citrate-, malate-, and glycine-utilizing

anaerobes (Table 2).

Effect of pH on the Utilization of Supplemental Root

Exudates under Oxic and Anoxic Conditions

Under oxic conditions at pH 3, malate, citrate, and glycine

were consumed within 6 to 11 days of incubation (Fig. 1)

concomitantly to the production of CO2 (data not shown).

Similar results were obtained at pH 4.5. However, under

anoxic conditions, malate, citrate, and glycine were not

consumed at pH 3 during an incubation of 14 days (Fig. 1).

Under anoxic conditions at pH 4.5, malate and citrate were

consumed within 7 days of incubation, similar to results

obtained under oxic conditions, whereas glycine was not

consumed during an incubation of 12 days. Acetate (3

mM) was the main organic fermentation product detected

under anoxic conditions at pH 4.5 (data not shown). In

controls lacking supplemental root exudates, malate, ci-

trate, and glycine were not detected (data not shown).

The pH increased in all tubes during root incubations

with and without supplemental root exudates. Under oxic

conditions, the pH increased from 3.2 at the beginning of

incubation to 4.7 and 3.5 at the end of incubation in tubes

with and without supplemental root exudates, respectively.

Under anoxic conditions, the pH increased from 3.0 at the

beginning of incubation to 3.9 and 3.3 at the end of in-

cubation in tubes with and without supplemental root

exudates, respectively. Under oxic conditions, the pH in-

creased from 4.4 at the beginning of incubation to 5.9 and

4.9 at the end of incubation in tubes with and without

supplemental root exudates, respectively. Under anoxic

conditions, the pH increased from 4.3 at the beginning of

incubation to 5.5 and 5.1 at the end of incubation in tubes

with and without supplemental root exudates, respectively.

Table 1. MPN values of the different metabolic types obtained from J. bulbosus roots and the vegetated sediment of lake 108a

MPN g (fresh wt))1

Metabolic type Medium Substrate Roots Vegetated sediment

Heterotrophic aerobes TSB Glucose 2.3 · 105

(4.9 · 104–1.1 · 106)b
2.3 · 104

(4.9 · 103–1.1 · 105)
Heterotrophic anaerobes TSB Glucose 4.0 · 102

(8.6 · 101–1.9 · 103)
9 · 102

(1.9 · 102–4.2 · 103)
Root exudate-utilizing aerobes Basal Citrate, malate, glycine 4.0 ·104

(8.6 · 103–9 · 105)
2.3 · 104

(4.9 · 103–1.1 · 105)
Root exudate-utilizing anaerobes Basal Citrate, malate, glycine 2.3 · 101

(4.9–1.1 · 102)
2.3 · 101

(4.9–1.1 · 102)
Fe(II) oxidizers Thiobacillus Fe(II), O2, CO2 2.3 · 107

(4.9 · 106–1.1 · 108)
2.3 · 105

(4.9 · 104–1.1 · 106)
Fe(III) reducers Acidiphilium Goethite, glucose 9 · 105

(1.9 · 105–4.2 · 106)
2.3 · 104

(4.9 · 103–1.1 · 105)

a MPN dilutions were incubated in three replicates at 15�C for 6 months
b Values in parentheses represent the range of the MPN values within 95% certainty

Table 2. MPN values of microorganisms obtained from J. bulbosus roots and the vegetated sediment of lake 108 capable of consuming

supplemental root exudatesa

MPN g (fresh wt))1

Metabolic type Roots Vegetated sediment

Glucose-utilizing aerobes 2.3 · 105 (4.9 · 104–1.1 · 106)b 2.3 · 104 (4.9 · 103–1.1 · 105)
Citrate-utilizing aerobes 4.0 · 104 (8.6 · 103–1.9 · 105) 2.3 · 104 (4.9 · 103–1.1 · 105)
Malate-utilizing aerobes 4.0 · 104 (8.6 · 103–1.9 · 105) 2.3 · 104 (4.9 · 103–1.1 · 105)
Glycine-utitizing aerobes 9 · 103 (1.9 · 103–4.2 · 104) 9 · 103 (1.9 · 103–4.2 · 104)
Glucose-utilizing anaerobes 4.0 · 102 (8.6 · 101–1.9 · 103) 9 · 102 (1.9 · 102–4.2 · 103)
Glucose-utilizing Fe(III) reducers 9 · 105 (1.9 · 105–4.2 · 106) 2.3 · 104 (4.9 · 103–1.1 · 105)
Citrate-utilizing anaerobes 2.3 · 101 (4.9–1.1 · 102) 2.3 · 101 (4.9–1.1 · 102)
Malate-utilizing anaerobes 2.3 · 101 (4.9–1.1 · 102) 2.3 · 101 (4.9–1.1 · 102)
Glycine-utilizing anaerobes 0.9 · 101 (0.19 · 101–4.2 · 101) 2.3 · 101 (4.9–1.1 · 102)

a MPN dilutions were incubated in three replicates at 15�C for 6 months
b Values in parentheses represent the range of the MPN values within 95% certainty
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Capacity of Root-Associated Microorganisms to Reduce Fe(III)

Fe(II) was formed by the root-associated microorganisms

in tubes containing goethite as Fe(III) source both with

and without supplemental glucose (Fig. 2A). Without

supplemental glucose, Fe(II) was formed at a rate of 0.115

mmol Fe(II) d)1. Whereas the formation of Fe(II) was not

affected by the presence of supplemental glucose during

Fig. 1. Effect of pH on the consumption of supplemental root exudates by J. bulbosus root-associated microorganisms at 15�C under oxic

and anoxic conditions. Presented are the mean values (± standard deviation) of triplicates. Symbols: (d) citrate, (h) malate, (m) glycine.
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the first 4 days of incubation, Fe(II) was subsequently

formed at a rate of 0.397 mmol Fe(II) d)1. These rates

corresponded to 1.05 mmol Fe(II) g (fresh wt root))1 d)1

and 3.61 mmol Fe(II) g (fresh wt root))1 d)1 without and

with supplemental glucose, respectively. Glucose was

consumed within 11 days of incubation (Fig. 2B), and

acetate (2.7 mM) and trace amounts of H2 (data not

shown) were detected at the end of incubation. During the

first 4 days of incubation, approximately 1.1 mM of the

supplemental glucose were consumed, although the for-

mation of Fe(II) was not stimulated compared to unsup-

plemented controls. Thus, fermentors seemed to be also

involved in glucose consumption. Approximately 12% of

the reducing equivalents theoretically obtained from the

oxidation of the remaining glucose were recovered in

Fe(II). The pH increased from 3.3 at the beginning of in-

cubation to 4.9 and 4.5 in the presence and absence of

supplemental glucose, respectively.

Effect of pH on the Capacity of the Root-Associated

Microorganisms to Reduce Sulfate

In lake water at pH 3 or adjusted to 4.5, neither endogenous

sulfate (Fig. 3) nor supplemental ethanol or H2 were con-

sumed by the root-associated microorganisms during 21

days of incubation (data not shown). However, when lake

water was adjusted to pH 4.9, sulfate was consumed after a

lag phase of 18 days compared to the unsupplemented

control (Fig. 3A). H2 (3.9 mmol L)1 lake water) and ethanol

(5.3 mM) were consumed after 4 and 15 days of incubation,

respectively, concomitantly to the formation of acetate (4.3

mM). The ratio of ethanol consumed to acetate formed

approximated 1.2:1, which is close to the theoretical 1:1

ratio. If the oxidation of H2 and ethanol were completely

coupled to the reduction of sulfate, 3.6 mM sulfate should

theoretically be reduced [16]. However, only 1.7 mM sulfate

was consumed. Thus, alternative electron acceptors present

in the lake water might have also been reduced.

At the beginning of incubation, Fe(II) was not detected

in lake water at pH 5. At the end of incubation, the con-

centration of Fe(II) approximated 1.5 mM in controls and

3.1 mM in root incubation bottles supplemented with

ethanol and H2. The source of Fe(III) is not clear. Under

pH 5 conditions, the concentration of soluble Fe(III) in the

lake water should be low. Thus, either Fe(III) oxides were

not totally removed by centrifugation prior to root incu-

bation or the iron plaques of the roots served as a source

of Fe(III). Sorbed sulfate is released during the microbial

reductive dissolution of Fe(III) oxides [33], a process that

might account for increase in the concentration of sulfate

during the first 18 days of incubation (Fig. 3A).

When lactate (3.5 mM) was added as electron donor to

J. bulbosus roots incubated in lake water at pH 4.9, the

concentration of sulfate decreased after 11 days of incu-

bation (Fig. 3B). The consumption of lactate yielded ace-

tate as a transient product and propionate. Approximately

1.5 mM sulfate was consumed. Additionally, Fe(II) in-

creased to 3.6 mM and 1.5 mM at the end of incubation in

the presence and absence of supplemental lactate, re-

spectively.

Discussion

In acidic lakes of the Lusatian mining area, J. bulbosus is

widely distributed and represents an abundant species of

Fig. 2. Formation of Fe(II) and con-

sumption of glucose by J. bulbosus root-

associated microorganisms at 15�C under

anoxic conditions. Presented are the

mean values (± standard deviation) of

triplicates. Symbols: (m), Fe(II) with

supplemental glucose; (n) Fe(II) control,

(j) glucose, (,) acetate.
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the area [34]. As a pioneer plant, J. bulbosus has various

mechanisms and strategies to overcome the extreme con-

ditions in coal mining sediments [5]. Bulbous rush can

regulate the entry of transition metal ions into the cortex by

maintaining amounts necessary for biological functions

but avoiding excess, toxic levels [7]. The regulation of

metals entering the cortex also inhibits blockages in the

aeration system (aerenchyma). Thus, oxygen released by

the roots can rise the redox potential in the rhizosphere [6].

Consequently, Fe(II) is oxidized, and large Fe(III)-oxide-

and goethite-containing deposits are formed on the roots.

These iron plaques prevent the excessive uptake of Fe(II)

[7] and/or immobilize potentially toxic substances that are

formed under anoxic conditions in the sediment [17, 30].

In contrast to other aquatic plant species [29, 32, 37,

38], iron plaques of bulbous rush are not directly depos-

ited on the surface; however, a free space colonized by

microorganisms exists between the root surface and the

iron plaque [6]. There has been considerable debate about

the potential role of microorganisms in the formation of

iron plaques. Under neutral pH conditions, Fe(II) oxida-

tion in the rhizosphere seems to result from chemical

oxidation, while bacteria may act as nucleation sites for

the precipitation of Fe(III) oxides [38]. However, the ki-

netics of chemical oxidation of Fe(II) are relatively slow at

low pH. Thus, acidophilic Fe-oxidizing bacteria, such as

Acidithiobacillus ferrooxidans, might participate in iron

plaque formation under low pH conditions. The first evi-

dence for the presence of culturable acidophilic and also

neutrophilic, autotrophic Fe-oxidizing bacteria in iron

plaques was presented by Emerson et al. [11]. Enumera-

tion studies done with J. bulbosus roots demonstrated that

Fe(II)-oxidizing microorganisms dominated the cultured,

root-associated microbiota capable of growth at pH 3

(Table 1), indicating that these microorganisms might

substantially contribute to the iron plaque formation in

bulbous rush.

It is suggested that bacterial oxidation of Fe(II) might

promote coupling between the oxidation of Fe(II) and the

reduction of Fe(III) by producing poorly crystalline Fe(III)

oxides which are readily available for Fe(III)-reducing

bacteria [10]. Indeed, Fe(II)-oxidizing bacterial activity

can lead to the formation of soluble Fe(III) ions which are

subjected to diffusive transport and suboxic deposition as

reactive Fe(III) oxides [36]. Under anoxic conditions,

these oxides are immediately available for reduction by

Fe(III)-reducing microbes. Although most of the iron

present in iron plaques is Fe(III), Fe(II) compounds have

been also detected on root surfaces [42]. In the present

study, 106 Fe(III)-reducing microorganisms g (fresh wt

root))1 were associated with Juncus roots, and Fe(II) was

formed by Juncus roots at rates approximating 1.1 mmol g

(fresh wt root))1 d)1 and 3.6 mmol g (fresh wt root))1 d)1

in goethite-containing medium without and with supple-

mental glucose under anoxic conditions, respectively.

These potential Fe(III)-reduction rates exceed those ob-

served with other aquatic macrophytes rooting in less

acidic sediments with lower amounts of poorly crystalline

Fe(III) oxides [21]. Thus, the present study indicates that a

rapid microbially mediated cycling of iron can occur in the

rhizosphere of Juncus roots under fluctuating redox con-

ditions.

In the rhizoplane, the reduction of Fe(III) is thought to

be one of the most active heterotrophic anaerobic proc-

Fig. 3. Effect of supplemental ethanol

and H2 (A) and lactate (B) on the con-

sumption of endogenous sulfate by J.

bulbosus root-associated microorganisms

at 15�C under anoxic conditions in lake

water at pH 4.9. Presented are the mean

values (± standard deviation) of triplicate

microcosms. Symbols: (d) SO4
2) with

supplemental electron donor, (s) SO4
2)

control, (m) ethanol, (h) H2, (.) acetate,

(j) lactate, (n) propionate.
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esses due to the temporary high redox potential and the

availability of Fe(III) oxides [21, 35]. In paddy soils, root-

associated reduction of Fe(III) can inhibit methanogene-

sis, which is the main terminal electron-accepting process

for the oxidation of organic matter in most pH neutral

freshwater habitats [14]. In acidic, iron-rich sediments, the

reduction of Fe(III) is the main electron accepting process

for the oxidation of organic carbon, H2, or reduced sulfur

species [18]. In coal mining sediments, Acidiphilium

species are likely involved in the reduction of Fe(III) [23].

These heterotrophic acidophiles can also reduce solid

forms of Fe(III) oxides (e.g., goethite or amorphous Fe(III)

hydroxide) [3]. In contrast to other neutrophilic Fe(III)

reducers, Acidiphilium species can reduce Fe(III) under

both microoxic and oxic conditions [19, 20, 25] and might

thus be of ecological significance in an environment such

as the rhizosphere with fluctuating redox conditions. Ac-

idiphilium species can couple the reduction of Fe(III) to

the complete oxidation of glucose, malate, or citrate [23].

In the present study, glucose was utilized in all dilution

series that were positive for the reduction of Fe(III). Since

fermentation seems to be of minor importance under low

pH conditions, root exudates might be subjected to either

aerobic respiration or Fe(III) reduction.

Roots of J. bulbosus were colonized by high numbers of

aerobes (104 microorganisms g (fresh wt root))1) that were

able to utilize root exudates. The ability of the root-colo-

nizing microbiota to oxidize supplemental root exudates to

CO2 without a lag phase both at pH 3 and pH 4.5 indicates

that these compounds can be rapidly consumed under oxic

conditions. In contrast, root-colonizing microorganisms

did not utilize these compounds at pH 3 under anoxic

conditions. Thus, the CO2 produced by microbial oxidation

may diffuse from the roots via the internal lacunal airspace

system into the leaves where it is fixed through the glyco-

late pathway [8]. Thus, an auxiliary source of carbon

around the roots might be provided. Similar mechanisms

for overcoming carbon limitation by utilization of benthic

CO2 sources are also known for other submersed macro-

phytes that colonize acidified lakes [41, 43].

The pH increased during all root-incubation experi-

ments, but not in tubes containing medium or seawater

lacking roots. Root-associated sulfate reduction was not

observed at pH 3 to 4.5, but was observed at pH 4.9, in-

dicating the absence of acidophilic sulfate reducers in the

rhizoplane. Because of the lag phase observed prior to the

onset of sulfate consumption, the root-colonizing sulfate-

reducing population seemed to be small. In sediments of

acidic coal mining lakes, the reduction of Fe(III) pre-

dominates because of the high availability of poorly

crystalline Fe(III) oxides and the acidic conditions,

whereas the reduction of sulfate is restricted to deeper

sediment zones with elevated pH [33]. However, sulfate

reduction can be initiated in upper sediments when the pH

increases to pH 5 via reductive and fermentative microbial

activities stimulated by supplemental carbon sources, such

as cellobiose [22]. Apparently, the increase in pH is caused

by the stimulated reduction of Fe(III) oxides through

liberation of both bicarbonate and hydroxyl alkalinity,

because 25% of the reducing equivalents theoretically

obtained from the oxidation of cellobiose are recovered in

Fe(II). However, the consumption of cellobiose in acidic

sediment is slow compared to that in deeper slightly acidic

sediment zones [22]. Similarly, the increased availability of

carbon in the rhizosphere might lead to a pH shift during

the vegetation period toward less acidic conditions and,

thus, initiate sulfate reduction in the rhizosphere. Indeed,

the pH of some vegetated sediment samples obtained late

in July approximated 4 to 5, and dark stripes were visible

in the sediment indicating sulfate-reducing activity. Thus,

these results indicate that the microbially mediated turn-

over of carbon in the rhizosphere is supportive of bulbous

rush growth by providing an additional source of CO2 and

by changing the pH of the environment.
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