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SUMMARY

Bulbous rush (Funcus bulbosus) initiates plant colonization in extremely acid lakes resulting from coal mining
operations. Various analytical techniques (methylene blue/agar method, Ti**-citrate solution) X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Energy-dispersive X-ray (EDX) were used to assess the
mechanisms and strategies employed by ¥. bulbosus to overcome the extreme conditions. The plant releases oxygen
into the rhizosphere in turn increasing the redox potential and inducing iron oxide plaque formation. XRD showed
that the iron oxide of the plaque is mainly goethite that has been developed in the presence of CO,; SEM showed
that there is a micro-space between the roots and sand grains which is inhabited by microorganisms. Furthermore,
SEM-EDX studies on internal iron distribution demonstrate that iron toxicity is delayed by the physiological and
biochemical structure of the plant. It is suggested that 7. bulbosus uses a variety of mechanisms and strategies
(morphological, physiological and biochemical adaptation) which are mainly complementary and which interact
with each other to help ¥. bulbosus to manage its growth and survival in an extreme environment.
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INTRODUCTION

Bulbous rush (Funcus bulbosus) is the pioneer species
and dominant macrophyte in the Lusatian lignite
mining lakes (Pietsch, 1973). The extreme and
hostile site conditions resulting from pyrite oxidation
suggest the presence of adaptive mechanisms that
enable ¥. bulbosus to persist in sediments and water
bodies where low pH (2.5-3) and concentrations of
dissolved iron, manganese and aluminium exceed
the levels that would kill most species (Table 1). The
mining lakes are therefor an extreme environment
for plant growth. Until now, most studies of ¥.
bulbosus have been conducted in moderately acidic
lakes, particularly in Sweden, the Netherlands, and
Scotland, that have resulted from acid depositions
and which are clearly different from lignite mining
lakes. Those studies focused on the establishment
and expansion of ¥. bulbosus (Hinneri, 1976 ; Roelofs,
1983; Van Damm, 1988), on the interaction of plant
growth with pH values (Wortelboer, 1990), and on
the role of CO, in the survival of ¥. bulbosus (Roelofs
et al., 1984; Wetzel et al., 1984 ; Sveding, 1992). To

my knowledge, there have been no studies of how
Funcus plants survive in mining sediment or what
ecophysiological and biochemical traits might aid
survival.

It is hypothesized that ¥. bulbosus has developed
numerous adaptation mechanisms that interact with
each other to help to cope with the extreme
conditions of acid lignite-mining lakes. Here, data
are presented which comprise the first elaborate
study of the morphology, and which relate to the
physiology and to the biochemical traits which
enable growth of ¥. bulbosus in an extreme en-
vironment.

MATERIALS AND METHODS

Sites

The investigations were carried out in Senftenberg
See (LLake SFB) and the Koyne-Plessa (Lake 108 and
Lake 109) mining district (State of Brandenburg) in
eastern Germany (lat 45°46" N, long 45°48" E).
These lakes are the result of decades of lignite
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flask, in ml, y = concentration of Ti*'-citrate sol-
ution of control (without plant) and 2 = concen-
tration of Ti*'-citrate after 6 h (with plants)).

Rhizosphere oxidation experiment

Oxygen leakage from ¥. bulbosus roots was examined
(four replicates) by the methylene blue/agar method
described by Trolldenier (1988). A solution con-
taining 0.29, (w/v) agarose and 1 mM CaCl, was
prepared by heating (to not more than 70°C). The
mixture was cooled to 40°C in a cold bath. A stock of
the redox indicator methylene blue (10 mg 1"!) was
added. This solution was reduced using 0.6 g 17!
sodium dithionite (Na,S,0,) and gently shaken until
it was colourless. The solution was transferred to
clear acrylic viewing boxes (20 cm x 20 cm x 1 c¢m)
and purged with N gas to prevent oxidation of leuco-
methylene blue.

When the methylene-agar solution had cooled to
25°C, roots were immersed in the liquid in the
viewing boxes. The surface of the agar was im-
mediately covered with a 2.5-cm-deep layer of
paraffin oil to avoid direct contamination with
atmospheric oxygen. The part of the plant shoot in
contact with paraffin oil was protected by a layer of
parafilm. The entire experimental unit was trans-
ferred to a growth chamber where changes in colour
and redox potential of the agar solution were
monitored for 6 h.

Oxidation of the methylene-blue, indicated by a
blue halo formation, and changes in redox potential
were recorded systematically every 10 min for 70
min. Brightened platinum electrodes were inserted
alongside selected roots and into the adjacent bulk
agar to measure redox potential (E,), which was
calculated by adding the potential of the calomel
reference electrode (+ 244 mV) to the mV reading.

Powder X-ray diffraction (XRD) of the rhizosphere
of Juncus bulbosus

Roots with iron oxide plaque were quick-frozen and
freeze-dried. After 24 h, the iron plaque was
separated from the roots and gently ground by hand.
X- ray diffraction analyses of the powdered speci-
mens were conducted using Co-Ko radiation as
described by Bigham et al. (1990).

Scanning electron microscopy (SEM)

For SEM, fresh root segments (10 mm from apex)
with iron plaque were fixed with 2.5% (v/v)
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 at
4°C over night. After gentle washing with buffer
solution, segments were postfixed with 19 (w/v)
OsO, for 2 h, dehydrated with acetone and embedded
in epoxy resin (Spurr, 1969). After polymerization at
70°C for 24 h, specimens were cut into 4-mm
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sections and mounted on aluminium specimen
mounts with epoxy resin. After gentle grinding, the
specimens were polished and coated with carbon,
then investigated with a SEM (ZEISS DSM 962,
Zeiss, Jena, Germany) at 20 kV with a working
distance of 25 mm using a backscattering electron
(BSE) detector and an energy-dispersive X-ray
(EDX) detector (Link ISIS, Oxford Instruments,
Oxford, UK).

RESULTS AND DISCUSSION

Root oxygen release pathways and redox status

The release of oxygen from the root to the sur-
rounding sediment has been postulated as the
mechanism that prevents the movement of po-
tentially toxic substances (e.g. Fe®") from the root
surface or within the root to the shoots (Armstrong,
1979; Carlson & Forrest, 1982; Chabbi et al., 1998).
The rate of radial oxygen loss (ROL) from ¥. bulbosus
roots using Ti**-citrate (Fig. 1) was 1.31+0.07—
1.58+0.04 pmol g d. wt h™'. Although measure-
ment of ROL with Ti*"-citrate provides a quan-
titative measure of oxygen release from the whole
root system, it provides no information on its
distribution. The methylene-blue/agar technique
showed which specific roots were releasing oxygen
and the distribution of this release along an in-
dividual root axis. ¥. bulbosus roots showed oxygen
release primarily from the sub-apical region. No
oxygen release was exhibited along the remaining
root length even after observation for 6 h. The
results indicate that oxygen release along the whole
root is limited and, consequently, oxygen supply to
the root apex is more efficient in terms of oxidizing
the substrate. The development of important blue-
halo formation around the apex is caused by the
leakage of the oxygen which oxidizes the leuco-
methylene blue in the rhizosphere. The measure-
ment of changes in redox potentials (E,) in the

2.0t

0.5+

Radial oxygen loss (umol g™' d. wt h™7)

0.0

Lake SFB Lake 108 Lake 109

Fig. 1. Radial oxygen loss (ROL) from Funcus bulbosus in
a 6-h period. Values are the mean+ SE (n = 3).
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Fig. 2. Time course changes in rhizosphere redox potential
(E,) when root systems of Juncus bulbosus were placed in
reduced methylene blue-agar solutions. ¥. bulbosus from
Lake SFB, closed triangles; ¥. bulbosus from Lake 109,
closed squares; control, closed circles. Platinum electrodes
were inserted close to the root tip or several centimetres
away from a root, outside the halo-formation zone
(control). Values are the means+SE (# = 3). Note that
the SE bars are smaller than the symbols. Root length,
10-15 cm.

methylene-blue agar medium at the root surface
over time indicated higher redox potentials in the
rhizosphere (¢. +150 to +190 mV) when the
platinum electrodes were inserted close to the
root tips, inside the zone of halo formation. This
demonstrates that oxygen release from Juncus roots
was capable of changing the redox status of strongly
reduced medium (reduced methylene-blue/agar =
—300 mV). Redox potentials continued to increase
over time in the rhizosphere of ¥. bulbosus roots (Fig.
2). This finding is in agreement with the Ti*'-citrate
measurement and can be interpreted to signify that
the Juncus plants introduced enough oxygen into the
soil to alter its redox state.

The rate of oxygen leakage of 1.58 umol g* d. wt
h™! is higher than that in Roelefs et al. (1984) whose
data show relatively low oxygen efflux from J¥.
bulbosus, possibly because of the use of a different,
less effective methodology. However, it is also
possible that in their study, less root area was
oxygen-permeable. The difficulty of measuring the
rate of root oxygen release by wetland plants is still
a matter of debate, since there is not a widespread
literature on the topic. Considerable care must be
taken in the design of experiments that address rate
of oxygen release by wetland plants (Sorrell &
Armstrong, 1994). In this study, measurements of
rate of oxygen release were made on plants uprooted
from lake sediment and transferred to conditions
in situ using Ti*"-citrate and methylene-blue/agar.
Studying plants uprooted from lake sediment and
used within 24 h after collection rather than those
which have been grown in hydroponic culture in a
glasshouse might minimize errors in the estimation
of the rate of natural root oxygen release. Ti*'-citrate
and methylene-blue/agar induced an oxygen de-
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Fig. 3. Profiles of redox protential (E,) in sediment of
different lakes with and without Juncus bulbosus. lL.ake
SFB, closed circles; Lake 108, closed diamonds; Lake 109,
closed triangles; nonvegetated, closed squares. Profiles
displayed from 2-10 c¢m were determined with four
replicate electrodes and those from 10-20 cm with two
replicate electrodes. Values are the means + SE (n = 2-4).

mand and E, conditions (—300 mV) that might
encourage the establishment of natural root oxygen
release rates. The combination of both methods
might overcome difficulties in quantifying the rate of
oxygen release and time course of redox changes in
the rhizosphere of J. bulbosus.

Rice plants and others macrophytes can release
oxygen and raise sediment E, in the root zone (Boone
et al.,1983; Justin & Armstrong, 1987; Armstrong et
al., 1992; Wigand et al. 1997), but in extreme
conditions and at low pH some rice plants, for
example, looked unhealthy (Alam, 1981) and Luro-
nium natans or Ranunculus ololeuco decayed and lost
their structure (Maessen et al., 1992). The rate of
oxygen release from roots was not measured under
realistic field conditions here, but field measurement
of E, showed higher values in the root zone of ¥.
bulbosus than in the sediment beneath it or in
unvegetated sediment (Fig. 3). This must indicate (i)
that the Funcus plants have released enough oxygen
to increase the E, into root zone and (ii) that J¥.
bulbosus is able to survive and to alter its E, in the
sediment in spite of the environmental conditions of
acid mining lakes (Table 1). Under laboratory
conditions, Janiesch (1991) observed an increase in
oxygen release in Carex species with increasing Fe?*
concentration, but the physiological reasons for this
were not known. Bedford et al. (1991) mentioned
that several sinks for oxygen could exist in the
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Fig. 4. Roots of Juncus bulbosus. (A) Without iron plaque (white root). (B) With iron plaque clearly visible as
a reddish brown precipitate. Scale bar, 200 um. (C) Aerial parts of a dense stand of J. bulbosus in Lake SFB.

rhizosphere and that the reduced form of iron reacts soil an oxygen sink is enhanced by diffusion of
quickly with oxygen and seems to be a strong sink for  ferrous iron towards the roots and its reaction with
oxygen. Begg et al. (1994) documented that in the oxygen.
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Fig. 5. X-ray diffraction pattern of oxidized root channels
from Juncus bulbosus growing in acid lignite mine sediment.
Gt, goethite; Qu, quartz.

Characterization of iron plaque

FJuncus bulbosus was characterized by the presence of
an extensive plaque surrounding the roots (Fig. 4).
The data suggest that sediment oxygenation and
subsequent increase of E, results in oxidation of Fe**
to Fe®" which leads to the formation of iron oxide
plaques. The oxide deposit is shown by XRD to be
rich in goethite (Fig. 5) which has an average crystal
size (mean coherence length perpendicular to (110))
of only ¢. 10 nm, as calculated from the corrected full
width at half height of the (110) reflection using the
Scherrer formula (Schwertmann & Fitzpatrick,
1977). This type of plaque, consisting of very small
goethite crystals, forms commonly from oxidation of
Fe®" in surface environments at ambient tempera-
tures under circumneutral conditions (for a review,
see Cornell & Schwertmann, 1996). Chen et al.
(1980) were the first to observe goethite in rice root
deposits. Schwertmann (1959) and Carlson &
Schwertmann (1990) demonstrated in laboratory
experiments that CO, in the oxidation environment
favoured goethite (alpha-FeOOH) over lepidocrocite
(gamma-FeOOH) formation. By thin-sectioning a
root concretion (called a pipe stem), Schwertmann &

Fitzpatrick (1977) showed that the inner part close to
the root was rich in goethite, whereas lepidocrocite
dominated in the outer part. From this it is
concluded that the release of CO, by the Juncus
root—microorganism interaction fostered goethite
formation.

It is assumed that inorganic C is a limiting factor
for primary production in extremely acidic lakes
(Goldman et al., 1974). Moreover, much evidence in
the literature indicates that rates of C uptake by roots
of aquatic plants (Sendergaard & Sand-Jenssen,
1979) can be higher than uptake by their shoots,
particularly in acid lakes. The extreme acidity (pH
< 3.5) combined with shallowness of acid lakes leads
to a weak concentration of CO, (¢. 0.43 mg C 17!, A.
Chabbi unpublished material) around the sub-
merged leaves of ¥. bulbosus. Nixdorf et al. (1998)
reported a very weak concentration of DIC in the
study lakes which was below the level of detection
(< 0.5mg C1™). A subsequent study (Kapfer, 1998)
documented that DIC produced by microbial ac-
tivities (e.g. sulphate reduction, denitrification, res-
piration) in the sediment is rapidly lost to the
atmosphere. There is evidence however, to dem-
onstrate that inorganic C controls the growth
dynamics of ¥. bulbosus and that its competitive
ability increases with increase in CO, in the system
(Roelofs et al., 1984; Wetzel et al., 1984; Sveding,
1992). The question then is how ¥. bulbosus avoids
inorganic C limitation in acidic mining lakes.

Examination by SEM of transverse sections of
oxidized root channels (10 mm from apex) show that
the root is surrounded by quartz (Fig. 5) and Fe
oxides (Chabbi et al., 1997). Between the root and
the sand grains there is a micro-space (Fig. 6A-C).
This unusual space is inhabited by colonies of
microorganisms (Fig. 6B—D). The result suggests
that the microbial component probably consists of
true rhizobacteria on the root surface beneath the
iron plaque, as opposed to typical ‘iron-associated
bacteria’, which would be expected to be literally
coated with iron. So far as could be ascertained,
evidence of this particular association has not been
reported before. The presence of these organisms
might be associated with the amount of material
released from roots (root exudation patterns), which
increase with plant stress, as demonstrated by several
researchers (Hall et al., 1978 ; Hall & Moore, 1979;
Curl & Trelove, 1986), thereby providing micro-
organisms available substrates for metabolism. These
microorganisms might metabolize the exudates to
different extents and thereby cause an increase in the
release of CO, in the rooting medium. Furthermore,
the formation of iron plaques might prevent the loss
of inorganic C from the system. It is possible that
FJuncus conserves some of its C by exploiting the
accessory CO, produced in the micro-space. This
would accord with the finding of Wetzel et al., (1984)
who concluded that a substantial part (a quarter to
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Fig. 6. Scanning electron micrographs of Juncus bulbosus root with iron plaque (10 mm from apex). (A) Lake
SFB. (C) Lake 108. Visible free space between the surface root (centre) and mineral component. (B) and (D)
microbial component between surface root and mineral component/red precipitate in (A) and (C).

a third) of the CO, fixed photosynthetically by
F. bulbosus is derived from root uptake.

It is well known that ferrous iron oxidation and
proton release from roots generates acidification
(Ahmad & Nye, 1990; Begg et al., 1994). These two
sources of acidity can produce large changes in pH
close to roots and may exacerbate the problem of the
plant in already acid sediments. However, net CO,
assimilation might remove some of the acidity
produced in Fe?" oxidation and in the cation—anion

intake imbalance from the micro-space as follows:
HCO; + H* - CO, + H,O (Begg et al., 1994).

Internal iron distribution

The formation of iron plaques is considered by a
number of researchers to be a mechanism of
protection against the entry of reduced phytotoxic
elements into the root cells (Armstrong 1967;
Mendelssohn & Postek, 1982; Snowden & Wheeler,
1995; Chabbi et al., 1998). The REM show that
rhizodermis and exodermis cells are characterized by
high light BSE-contrasts (showing white in Fig. 7A),

indicating high iron content (Fig. 7C). Inside the
root, the central cylinder (parenchyma) is enclosed
by an endodermis, which can be clearly seen as a
formation of white spots (Fig. 7A, B). This area
shows encrustation (light BSE-contrast) in the outer
cell walls of the central cylinder. An elevated iron
content in this region and a lower content within the
stelar cylinder (Fig. 7C, D) might derive from the
role of the endodermis (white spots). These obser-
vations were made by energy-dispersive X-ray
spectroscopy analysis (Fig. 8). Such analysis shows
that iron accumulated in the rhizodermis, exodermis
and endodermis (white spots: Fig. 8A, B, D) whereas
cortex and parenchyma regions exhibited a lower
iron content (Fig. 8C-E). The concentration of iron
in the cortical cells is presumably controlled to some
extent by rhizodermal and exodermis cells which
might prevent or at least diminish entry of iron into
the cortex. Iron coating on the walls of exodermal
cells was first reported by Armstrong & Boatman,
1967. Furthermore, the well developed aerenchyma
and its role in oxygen diffusion protects the cells of
cortex from the accretion of soluble Fe*" (Mendels-
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Fig. 7. Scanning electron micrographs (A, B, F) of section taken 10 mm from the apex of root of Juncus bulbosus.
(C) Iron distribution in panel A; (D) iron distribution in panel B; (E) aluminium distribution in panel F; (G)
phosphorus distribution in F; (H) potassium distribution in F. IP, iron plaque deposit; R, rhizodermis; E,
exodermis (hypodermis); CG, cortical gas space (aerenchyma; En, endodermis (white spots); P, parenchyma;
XY, xylem; OW, outer cell wall; IW, inner cell wall. Single arrow, direction of aerenchyma; double arrow,
direction of xylem.
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Fig. 8. Energy-dispersive X-ray (EDX) analysis showing
internal elemental distribution in Juncus bulbosus as
affected by iron plaque formation. (A) Rhizodermis; (B)
exodermis; (C) cortex; (D) endodermis (white spot); (E)
endodermis (parenchyma). Section taken 10 mm from
apex.

sohn & Postek, 1982; Chabbi et al., 1998) and
thereby avoids blockages in the aeration pathways,
and severe consequences in the xylem system.
Further investigations indicated some organellar
disturbance on the apical region (data not shown),
suggesting that iron resistance induces changes in
physiological traits, but how the plant controls this
metal and its intercellular distribution and detoxifi-
cation remains unclear (Kampfenkel, et al., 1995; 1.
Mendelssohn, personal communication). The plant
might transport excess iron into the cell’s waste
disposal sites, the vacuoles, where it can be retained
in complexes with organic acids and delayed from
injuring the cell’s fundamental biochemical equip-
ment. No necrotic cells have been observed, which
indicates that the plant has the full control of the
excess iron. This observation is verified by the
results of SEM and EDX analysis which show flow
of nutrients, particularly phosphorus and potassium,
to the xylem (Figs 7G, H, 8E). The measured total
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concentrations of phosphorus and potassium in the
shoot of ¥. bulbosus were optimal (K: 0.66+0.14 and
0.954+0.13 mmol g* d. wt; P: 0.0240.01 and
0.03+0.001 mmol g™ d. wt; data not shown) and
verify the functioning of root cells and translocation
mechanism. It seems that an excess of iron in the
environment did not cause any decrease in the
absorption of potassium and phosphorus as it has, by
contrast, been demonstrated to do in rice plants
(Yoshida, 1981 ; Benckiser et al., 1984) and in Lobelia
dortmanna (Christensen & Wigand, 1998). Such a
conclusion raises the question whether or not ¥.
bulbosus employs molecules known as phytochelatins
which can bind metal iron in forms less toxic or
whether the active uptake of potassium and phos-
phorus could be important in hindering iron toxicity.

In conclusion, ROL increases E; and induces iron
plaque formation (e.g. micro-space) which might
foster a favourable zone for rhizobacterial estab-
lishment and a C source for plant metabolism as well
as some alleviation of soil acidity. The REM and
EDX analyses demonstrated that iron plaque form-
ation by ¥. bulbosus in acid lignite mining sediment
can immobilize iron but does not prevent adequate
iron uptake and translocation into the root. The
endodermis (white spots) and perhaps compart-
mentation of iron in subcellular structures (e. g.
vacuoles) seem to be a second effective strategy for
the avoidance of iron toxicity.

Survival of ¥. bulbosus in acid lignite mine
sediment is not a single mechanism but a complex of
interactions constituting morphological, physiologi-
cal and biochemical adaptation. These interactions
may help explain why 7. bulbosus initiates plant
colonization in acid lignite mining lakes in spite of
extreme conditions.
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