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ABSTRACT

2. IRON SOURCES IN FRESHWATER LAKES

Iron is an essential element for almost all living spe-
cies. Its environmental impacts on physiology and ecol-
ogy of aquatic organisms are always the focus of limnol-
ogy and oceanography. To gain insight into iron biogeo-
chemistry and its environmental impacts in freshwater
lakes, we collected and reviewed numerous studies on iron
in combination with our own work. Our review reports
iron sources, iron speciation, iron cycle and iron uptake
mechanisms as well as impacts of iron on physiology and
ecology of phytoplankton and aquatic plants in freshwater
lakes. We also proposed some suggestions for further
studies.

KEYWORDS: iron biogeochemistry, freshwater lakes, iron speci-
ation, size-fractionated iron, iron uptake mechanisms

1. INTRODUCTION

Iron is the second most abundant metal and fourth
most abundant element in the Earth's crust [1], but its
concentration in water is quite low because of low solu-
bility [2, 3]. Generally, iron concentrations in natural
freshwaters do not exceed 1 mg L™ [4]. However, popula-
tion explosion, rapid urbanization and growth of indus-
tries result in various ecological problems in the ecosys-
tems of most water-bodies. Lakes act as a recipient of
wastewaters like a dustbin, which leads to eutrophication
and algal blooms. As a consequence, significant changes
in speciation, concentration and bioavailability of iron in
lake water and sediment occur [5-7]. Conversely, varia-
tions of iron profoundly influence the structure and func-
tion of lake ecosystems [3]. Therefore, iron biogeochem-
istry and its environmental impacts in freshwater lakes are
always the research focus in limnology. The review con-
sists of iron sources, iron speciation, iron cycle, iron up-
take mechanisms and impacts of iron on physiology as
well as ecology of phytoplankton and aquatic plants in
freshwater lakes.
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There are many iron sources in freshwater lakes. In
natural conditions, iron primarily comes from the prod-
ucts of weathered rocks and soil around watersheds, con-
trolled by many factors, such as geological process, soil
composition, environmental temperature, precipitation, and
hydrology [8]. Another important contributor is air deposi-
tion [9-12]. Some nutrient elements, like nitrogen, phos-
phorus, sulphur and iron, can fall into lakes with precipi-
tation and dust, or simply due to gravity. More important,
wastewater and storm-water discharges have already been
the first source of iron in freshwater lakes because of an-
thropogenic influences [5].

3. IRON SPECIATION AND IRON CYCLE

Numerous studies about iron speciation in freshwater
lakes have been carried out. However, most studies have
focused on redox reactions at oxic/anoxic boundaries in
water columns [13-17]. The redox transformations at the
oxic/anoxic boundary influence the iron cycle in lakes
because of the solubility difference between ferrous (Fe*")
and ferric (Fe®") iron [4]. In oxic waters, ferric iron is the
stable oxidation state and, at neutral pH, it forms highly
insoluble oxides and hydroxides [4, 16, 17]. Ferrous iron
is stable in anoxic waters and, in many freshwater sys-
tems, it exists usually as a dissolved ion, although, in the
presence of high carbonate, sulphide and orthophosphate
levels, it forms insoluble salts [18]. Most studies showed
that reduction of ferric iron can also occur in oxygenated,
high pH, surface lake waters, although this usually results
in much lower concentration of ferrous iron [19-21]. These
redox reactions would enhance iron availability to phyto-
plankton and aquatic plants by releasing organically bound
Fe (Fe’") [22], or upon reoxidation.

However, iron speciation is highly affected by the
chemical composition of the lake water, iron inputs and
removal processes, as well as internal recycling [13]. The
physicochemical speciation of iron, which profoundly in-
fluences its bioavailability, depends on the relative impor-
tance of various competing processes including adsorption-
desorption, precipitation-dissolution, ion exchange, com-
plexation-dissociation, and redox reactions [3]. Hence, the
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traditional classification of iron speciation could not sat-
isfy the demand of collecting information on iron biogeo-
chemistry in presently complex lakes anymore.

The following method based on size separation has
been accepted and applied in limnology. Operationally de-
fined filtration and ultra-filtration techniques set boundaries
in the continuum between dissolved, colloidal and particu-
late phases. Accordingly, iron in lake water is separated
for three size fractions: particulate iron (>0.22 pm), col-
loidal iron (0.025-0.22 um) and soluble iron (<0.025 pm)
[3, 5-7, 23, 24]. The highly reactive colloidal iron may
either coagulate or flocculate to form larger particles, or be-
come soluble [18, 25]. In addition to controlling iron so-
lubility, the formation of colloidal and larger, more refrac-
tory iron particles provides a mechanism for removing
dissolved iron and other trace metals from the water by
adsorption and co-precipitation [18]. Bioavailable iron has
been studied clearly, but the cycle involving the new iron
speciation is not well understood.

According to the above new method, experiments of
iron separation were conducted in Dianchi Lake (China) [5-
7]. Concentrations of size-fractionated iron in lake water
were much higher than that in other lakes (e.g. Kinneret
Lake, Israel) and varied with season because of serious
cyanobacterial blooms in summer and autumn. Similar to
the view of Shaked et al. [3], we found that size-fractionated
iron could transform into each other, especially the highly
reactive colloidal iron [5-7], and significant linear correla-
tions were found between iron in different size fractions [5].

4. IRON UPTAKE MECHANISMS OF
PHYTOPLANKTON AND AQUATIC PLANTS

Iron availability to organisms depends on (1) total con-
centration of iron, (2) its chemical speciation, and (3) how
the physicochemical properties of a system alter that speci-
ation [26].

4.1. Iron uptake mechanisms of phytoplankton

Phytoplankton differs from land-based plants in that
they do not have roots, stems, or leaves. But the whole
body of phytoplankton can take up nutrients from ambient
environment. There are many studies on iron uptake mecha-
nisms of phytoplankton, but there is little information about
freshwater phytoplankton used as experimental material
compared to oceanic phytoplankton.

Possible uptake mechanisms of freshwater phyto-
plankton are as follows:

4.1.1. Iron uptake through membrane transport

The mechanism includes two steps. First step is a
passive adsorption process, that is, physical adsorption or
ion exchange occurs on algal cell surface. Moreover, no
energy is consumed and very short time is needed in the
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step. Second step is an active absorption process. Because
it is related to metabolisms of organisms, thereby, large
amount of energy is consumed [27].

Importantly, ferric iron (Fe'") must transform into fer-
rous iron (Fe*") before it can be absorbed in the pathway.
Fe’" is then transported into phytoplankton cells though
special transport points on the membrane [28]. The mecha-
nism may be a main pathway for freshwater phytoplankton,
especially cyanobacteria [27].

4.1.2. Iron uptake through Fe3+-siderophores

Siderophores are organic Fe''/metal-chelating mole-
cules that serve to solubilize and scavenge Fe*" from ambi-
ent environment. They are classified as phenolates—catecho-
lates or hydroxamates, or mixtures of the two forms [29].
The Fe*'-siderophore complex is subsequently imported
into the cell. Most freshwater phytoplankton, especially cy-
anobacteria, can secrete siderophores under iron-limited
environment [30-34]. Lammers and Sanders-Loehr [30]
proved that some strains of Anabaena can produce schizoki-
nen (a siderophore). Besides Anabaena, M. aeruginosa can
also produce hydroxamate-type siderophores [32]. In our
previous study, siderophores were found in culture solu-
tions of M. aeruginosa and M. wesenbergii isolated from
Dianchi Lake (China) [34]. Furthermore, the amount of
siderophores of M. aeruginosa was much more than that
of M. wesenbergii, as M. aeruginosa requires a higher
iron concentration than M. wesenbergii [34].

4.1.3. Iron excess absorption and storage

Most phytoplankton species have the ability to exces-
sively absorb (luxury consumption) and store nutrients,
especially phosphate under good environment [35]. When
times get tough, the storage nutrients would be used by
phytoplankton to keep normal metabolisms. But studies
on luxury consumption of iron are rare. Wang et al. [36]
indicated that iron contents of two strains (a unicellular
strain of M. aeruginosa PCC7806 and a colonial strain of
M. aeruginosa XWO01) were less than 1/3 cultured in iron-
limited than in iron-replete conditions.

4.2. Iron uptake mechanisms of aquatic plants

It is well-known that roots are the main absorbing or-
gans for water and nutrients from environment. Most
aquatic plants have an active transpiration-mediated root-
pressure system which can transport water and dissolved
nutrients from roots through stems to leaves [37]. More-
over, leaves or/and stems of some aquatic plants, such as
submerged macrophytes, can also absorb nutrients from am-
bient environment. Gentner [38] had used *Fe’" as a tracer
to study uptake and transportation of iron in Vallisneria
spiralis L.. Data showed that roots take up more iron than
shoots, and transport within the plant occurs principally in
the shoot to root direction [38]. In addition, nutrient con-
centrations in aquatic plants are far higher than necessary
concentrations of metabolisms due to active absorption
[37].
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Roots of aquatic plants mainly take up iron from lake
sediment. Meanwhile, leaves and stems can also absorb
iron from water column. But their absorption processes
are identical with iron transport into cells of aquatic plants
through transferrin [39]. Transferrin binds extracellular iron
with high affinity, docks at transferrin receptors on the cell
membrane, and is taken up into cells by means of the in-
vagination of sections of this membrane. The iron is then
unloaded from transferrin into specialized intracellular com-
partments, from where it can be transferred to the cyto-
plasm [29]. In addition, aquatic plants also have the ability
to produce siderophores (phytosiderophores, PS) which can
retrieve adequate amounts of iron from sediment or/and
water [40]. This chelation strategy is more efficient than
the reduction strategy used by other plants.

5. EFFECTS OF IRON ON
PHYSIOLOGY OF PHYTOPLANKTON AND
AQUATIC PLANTS IN FRESHWATER LAKES

As it is well-known, iron is an essential trace element
for biological requirements of phytoplankton and aquatic
plants. It can be involved in chlorophyll pigment biosyn-
thesis, in many components of photosynthesis (PS I and
PS 1I) and electron transport systems, as well as in nitrate
assimilation as an enzyme cofactor (nitrate reductase and
nitrite reductase) [41, 42]. Therefore, only good iron con-
centration promotes growth and physiological metabo-
lisms of phytoplankton and aquatic plants [34, 43-47]. The
physiological features determined in studies are generally
as follows: growth rate, pigment content, photosynthesis,
respiration, nutrient contents, enzyme activities (e.g. nitrate
reductase, antioxidant enzymes) and others.

5.1. Phytoplankton

Different phytoplankton species have different thresh-
olds of iron concentration for growth [32, 48]. Sun et al.
[48] found that a Fe concentration of 10 to 1077 M is the
threshold for growth of Anabaena circinalis (cyanobacte-
rium). Iron stress can inhibit photosystem II (PS II) pho-
tochemistry, the amount of photooxidizable reaction cen-
ter pigment of photosystem I (PS I) (P700), and the partial
reaction rates associated with PS II and PS I, respectively
[49, 50]. Concomitantly, a large decrease in the amount of
phycocyanin (PC) and Chl @ accompanied by structural
alterations of the thylakoid membranes and phycobilisomes
as well as a blue shift of 5-6 nm in the main red absorption
band of Chl a are characteristics of iron-stressed cyanobac-
teria [S1]. Furthermore, the number of iron-containing pro-
teins within the photosynthetic apparatus reduces because of
iron limitation [49]. In our previous study, iron limitation
(0.01 pM Fe’") seriously affected the growth, pigment
content and photosynthesis of M. aeruginosa and M. we-
senbergii [34].

Oxidative stress induced by iron starvation could be a
common feature of photosynthetic bacteria [52]. Latifi et
al. [52] pointed out that iron deficiency causes oxidative
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stress in the cyanobacterium Anabaena sp. strain PCC
7120. In addition, iron limitation inhibited remarkably the
activities of ATPases (Ca®’-ATPase, Mg®-ATPase), nitrate
reductase (NR) as well as acid phosphatase (ACP) and al-
kaline phosphatase (ALP) of M. wesenbergii [45].

5.2. Aquatic plants

Compared to phytoplankton, studies on effects of iron
limitation or iron deficiency on aquatic plants are not fully
understood. Most studies focused on phytoremediation of
aquatic ecosystems which suffered from contaminations of
iron and other heavy metals [46, 47, 53-56]. Therefore, high
capacity of metal accumulation with normal physiological
metabolisms is a hot topic of phytoremediation using aquatic
plants in aquatic environments [53, 56].

Duckweed is a suitable plant model because of its small
size, rapid growth, and ease of culture [46, 57, 58]. Lemna
minor L., Lemna paucicostata Hegelm., Lemna gibba L.
and Spirodela polyrrhiza (L.) Schleid are all widespreadly
used in toxicity evaluation experiments. In our previous
study, S. polyrrhiza was used to evaluate its physiological
responses to excess iron (1, 10, and 100 mg L Fe%, added
in the form of FeCl;-6H,0) [46]. After a 24-h short-term
exposure, 10 and 100 mg L™ Fe®* caused plants necrosis or
death and colonies disintegration as well as roots abscis-
sion. Moreover, significant differences in chlorophyll fluo-
rescence (Fv/Fm) were observed at 1-100 mg L™ iron. Fur-
thermore, the synthesis of chlorophyll and protein as well
as carbohydrate, and the uptake of phosphate and nitrogen,
were inhibited seriously by excess iron. In addition, with
the increase of iron concentration, malondialdehyde (MDA)
content increased, but proline content decreased.

Though submerged macrophytes and emergent plants
are extensively studied, effects of iron on physiology of
them are relatively rare. At higher iron solution concen-
trations, plants exhibit visual symptoms of possible iron
toxicity, including root flaccidity, reduced root branching,
increased shoot die-back and mottling of leaves [44, 59,
60]. Moreover, Basiouny et al. [43] pointed out that con-
tents of iron and chlorophyll in Hydrilla verticillata (L.f.)
Royle increased with the increase of iron concentration
(0-8.0 ppm). Batty and Younger [44] found a threshold of
iron concentration (1 mg L") above which seedling growth
of Phragmites australis was severely inhibited. In addition,
P. australis is proposed as a more appropriate biological in-
dicator of iron and manganese pollutions [61]. Like phyto-
plankton, the activities of antioxidative enzymes in aquatic
plants, such as Elodea nuttallii (Planch.) H. St. John,
are inhibited seriously by high iron concentration (beyond
10 mg L™ [Fe’™)) [47].

6. EFFECTS OF IRON ON
ECOLOGY OF PHYTOPLANKTON AND
AQUATIC PLANTS IN FRESHWATER LAKES

Since “Iron Hypothesis” has been proposed [62], ef-
fects of iron on ecology of phytoplankton in ocean and
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fresh water are always research focus in limnology and
oceanography [3, 6, 21-24, 63-65]. Though less compre-
hensively than in the ocean, iron influences algal produc-
tivity and species composition in freshwater lakes [3, 66,
67]. It is reported that when iron concentration ranges
from 0.1 to 1.0 mg L™, algal community in lakes shifts
from green algae to cyanobacteria [66]. Pollingher et al. [67]
also found that iron addition affects species composition
of phytoplankton in Lake Kinneret, and markedly pro-
moted the growth of green algae and bacteria. In an in situ
experiment in Lake Erken (Sweden), phosphate and nitrate
were added to all enclosures, but Gloeotrichia echinulata
only increased in abundance in enclosures to which iron
had also been added [68].

Our mimic experiment in enclosures on lakeshore of
Dianchi Lake (China) revealed a positive relationship be-
tween the decrease of dissolved iron and the increase of bio-
mass of aquatic organisms (submerged macrophytes and
bloom-forming cyanobacteria) in the period of June-
September [23]. It has been a common phenomenon that
dissolved iron concentration is relatively low in summer
because of rapid reproduction of phytoplankton, particu-
larly bloom-forming cyanobacteria [23, 69]. However, at
the whole-lake scale, iron had no obvious influences on
formation of cyanobacterial blooms in shallow and eutro-
phic Dianchi Lake [6].

For aquatic plants, long-time iron accumulation and
iron toxicity could change physiology and ecology of them,
such as morphology, anatomy, life-history traits, species
composition and community dynamics. Stankovi¢ et al.
[70] evaluated iron contents in the most common submerged
and floating aquatic plants (Ceratophyllum demersum L.,
Myriophyllum spicatum L., and Nymphoides flava Hill.)
of Provala Lake, and iron contents in submerged species
were considerably higher than in floating ones, and this
may be a reason for degradation of submerged macrophytes.
Van der Welle et al. [71, 72] proved that iron profoundly
influences species composition and distribution of wetland
plants.

Iron plaque is commonly formed on the roots of aquatic
plant species, such as Typha latifolia L. and Phragmites
australis Trin. The iron plaque may be amorphous or crys-
talline [73]. It is composed mainly of ferrihydrite (63%)
with lesser amounts of goethite (32%) and minor levels of
siderite (5%) [74, 75]. The effect of iron plaque on plant
uptake of nutrients and/or contaminants may depend on
the amount of iron plaque that is formed on the plant roots
[75, 76]. Interestingly, the amount of iron in root plaque is
not related to the amount of iron taken up to the shoot,
and toxicity symptom expression is not related to root
iron plaque [44]. Iron plaques may also act as a nutrient
reservoir in times of deficiency that help to solubilize
nutrients with restricted availability by acidification [77].
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7. PERSPECTIVE OF RESEARCH
ON IRON IN FRESHWATER LAKES

Though iron cycle and its impact on phytoplankton
and aquatic plants in freshwater lakes are completely re-
viewed here, some aspects of iron biogeochemistry in fresh-
water lakes are still not clear. Therefore, based on the re-
view, the following questions of iron are suggested to pay
more attention in further studies:

(1) size-fractionated iron cycle in lake ecosystems;

(2) bioavailability of different iron speciation and regime
shifts of freshwater lakes;

(3) iron uptake mechanisms and detailed transport path-
ways at various levels;

(4) iron biogeochemistry and global climate change.

ACKNOWLEDGEMENTS

We thank Prof. Xiaoli Cheng and Harry Goon for
correcting the English and providing helpful suggestions.
This work was funded by the Natural Science Foundation

of China (31000163) and the National S&T Major Pro-
jects (2008ZX07103-004, 2008ZX07002-005).

REFERENCES

[1] Taylor, S.R. (1964) Abundance of chemical elements in the
continental crust: a new table. Geochimica et Cosmochimica
Acta, 28, 1273-1285.

[2] Molot, L.A. and Dillon, P.J. (2003) Variation in iron, alumi-
num and dissolved organic carbon mass transfer coefficients
in lakes. Water Research, 37, 1759-1768.

[3] Shaked, Y., Erel, Y. and Sukenik, A. (2004) The biogeo-
chemical cycle of iron and associated elements in Lake Kin-
neret. Geochimica et Cosmochimica Acta, 68, 1439-1451.

[4] Wang, S.M. and Dou, H.S. (1998). Chinese Lake Notes. Sci-
ence Press: Beijing. (In Chinese)

[5] Xing, W., Huang, W.M., Shen, Y.W., Li, D.H., Li, G.B. and
Liu, Y.D. (2006) Changes in the concentrations of size- frac-
tionated iron and related environmental factors in northeast-
ern part of Lake Dianchi (China). Fresenius Environmental
Bulletin, 15, 563-570.

[6] Xing, W., Huang, W.M., Shen, Y.W., Li, D.H., Li, G.B. and
Liu, Y.D. (2007) Environmental mechanism of change in cy-
anobacterial species composition in the northeastern part of
lake Dianchi (China). Fresenius Environmental Bulletin, 16,
82-90.

[7] Xing, W., Huang, W.M., Liu, G.H. and Liu, Y.D. (2009) Ver-
tical distributions of size-fractionated iron in three typical
bays of Lake Dianchi (China). Fresenius Environmental Bul-
letin, 18, 624-627.

[8] Harris, J.E. (1992) Weathering of rock, corrosion of stone
and rusting of iron. Meccanica, 27, 233-250.

[91 Winchester, J.W. and Nifong, G.D. (1971) Water pollution in
Lake Michigan by trace elements from pollution aerosol fall-
out. Water, Air, and Soil Pollution, 1, 50-64.

1342


Will
打字机

Will
下划线


© by PSP Volume 20 — No 6. 2011

[10] Semb, A., Hanssen, J.E., Francois, F., Maenhaut, W. and Pa-
cyna, J.M. (1995). Long range transport and deposition of
mineral matter as a source for base cations. Water, Air, and
Soil Pollution, 85, 1933-1940.

[11] Ganor, E., Deutsch, Y. and Foner, H.A. (2000) Mineralogical
composition and sources of airborne settling particles on
Lake Kinneret (The Sea of Galilee), Israel. Water, Air, and
Soil Pollution, 118, 245-262.

[12] Herut, B., Nimmo, M., Medway, A., Chester, R. and Krom
M.D. (2001) Dry atmospheric inputs of trace metals at the
Mediterranean coast of Israel (SE Mediterranean): Sources
and fluxes. Atmospheric Environment, 35, 803-813.

[13] Davison, W. (1993) Iron and manganese in lakes. Earth Sci-
ence Reviews, 34, 119-163.

[14] Belzile, N., Pizarro, J., Filella, M. and Buffle, J. (1996) Sed-
iment diffusive fluxes of Fe, Mn, and P in a eutrophic lake:
Contribution from lateral vs. bottom sediments. Aquatic Sci-
ence, 58, 327-354.

[15] Hamilton, T.J., Davison, W. and Morfett, K. (1996) The bio-
geochemical cycling of Zn, Cu, Fe, Mn, and dissolved or-
ganic C in a seasonally anoxic lake. Limnology and Ocean-
ography, 41, 408-418.

[16] Zhang, X.H. (1999) Iron cycle and transformation in drinking
water source. Water and wastewater, 25, 18-22. (In Chinese)

[17] Simpson, S.L., Rochford, L. and Birch, G.F. (2002) Geo-
chemical influences on metal partitioning in contaminated es-
tuarine sediments. Marine and Freshwater Research, 53, 9-17

[18] Stumm, W. and Morgan, J. J. (1981). Aquatic Chemistry.
Wiley: New York.

[19] Aldrich, A.P., van den Berg, C.M.G., Thies, H. and Nickus,
U. (2001) The redox speciation of iron in two lakes. Marine
and Freshwater Research, 52, 885-890.

[20] Emmenegger, L., Schonenberger, R.R., Sigg, L. and Sulzber-
ger, B. (2001) Light-induced redox cycling of iron in circum-
neutral lakes. Limnology and Oceanography, 46, 49-61.

[21] Shaked, Y., Erel, Y. and Sukenik, A. (2002) Phytoplankton-
mediated redox cycle of iron in the epilimnion of Lake Kin-
neret. Environmental Science and Technology, 36, 460-467.

[22] Nagai, T., Imai A., Matsushige K. and Fukushima, T. (2006)
Effect of iron complexation with dissolved organic matter on
the growth of cyanobacteria in a eutrophic lake. Aquatic Mi-
crobial Ecology, 44, 231-239.

[23] Xing, W., Li, D.H., Shen, Y.W. and Liu, Y.D. (2006) Effects
of aquatic plant and phytoplankton on concentrations of size-
fractionated iron in algal controlling enclosures. Journal of
Agro-Environment Science, 25, 1571-1575. (In Chinese with
English abstract)

[24] Nagai, T., Imai, A., Matsushige, K., Yokoi, K. and Fuku-
shima, T. (2007) Dissolved iron and its speciation in a shal-
low eutrophic lake and its inflowing rivers. Water Research,
41, 775-784.

[25] Sigg, L. (1985) Metal transfer mechanisms in lakes: The role
of settling particles. In chemical processes in lakes (ed.
Stumm, W.). Wiley: New York.

[26] Buffle, J. (1988) Complexation reactions in aquatic systems:
An analytic approach. Wiley: New York.

[27] Cornelis, P. and Andrews, S. (2010) Iron uptake and homeo-
stasis in microorganisms. Caister Academic Press: Norwich,
UK.

1343

Fresenius Environmental Bulletin

FEB

[28] Hudson, R.J.M. and Morel, F.M.M. (1990) Iron transport in
marine phytoplankton: Kinetics of cellular and medium coor-
dination reactions. Limnology and Oceanography, 35, 1002-
1020.

[29] Barasch, J. and Mori, K. (2004) Iron thievery. Nature, 432,
811-813.

[30] Lammers, P. J. and Sanders-Loehr, J. (1982) Active transport
of ferric schizokinen in Anabaena sp. Journal of Bacteriol-
ogy, 122, 1-11.

[31] Wilhelm, S. W. and Trick, C. G. (1994) Iron-limited growth
of cyanobacteria: multiple siderophore production is a com-
mon response. Limnology and Oceanography, 39, 1979-
1984.

[32] Imai, A., Fukushima, T. and Matsushige, K. (1999) Effects of
iron limitation and aquatic humic subatances on the growth
of Microcystis aeruginosa. Canadian Journal of Fisheries and
Aquatic Sciences, 56, 1927-1937.

[33] Courtney, D.G., Ron, G.T., Carlyn, J.M. and Harold, G.W.
(2004) Biological availability of iron to the freshwater cya-
nobacterium Anabaena flos-aquae. Journal of Phycology, 40,
879-886.

[34] Xing, W., Huang, W.M., Li, D.H. and Liu, Y.D. (2007) Ef-
fects of iron on growth, pigment content, photosystem II effi-
ciency and siderophores production of Microcystis aerugi-
nosa and Microcystis wesenbergii. Current Microbiology, 55,
94-98.

[35] Powell, N., Shilton, A.N., Pratt, S. and Chisti, Y. (2008) Fac-
tors influencing luxury uptake of phosphorus by microalgae
in waste stabilization ponds. Environmental Science and
Technology, 42, 5958-5962.

[36] Wang, Y.W., Li, J.H., Fu, L., Wu, M., Weng, Y.P. and Zhou,
Y.M. (2009). Effects of different iron concentrations on the
growths of a unicellular strain and a colonial strain of Micro-
cystis aeruginosa. Environmental Science, 30, 254-259. (In
Chinese with English abstract)

[37] Tanner, W. and Beevers, H. (2001) Transpiration, a prerequi-
site for long-distance transport of minerals in plants? Pro-
ceedings of the National Academy of Sciences, 98, 9443-
9447.

[38] Gentner, S.R. (1977) Uptake and transport of iron and phos-
phate by Vallisneria spiralis L.. Aquatic Botany, 3, 267-272.

[39] Fisher, M., Gokhman, 1., Pick, U. and Zamir, A. (1997) A
structurally-novel transferrin-like protein accumulates in the
plasma membrane of the unicellular green alga Dunaliella sa-
lina grown in high salinities. Journal of Biological Chemis-
try, 272, 1565-1570.

[40] Waterworth, W.M. and Bray, C.M. (2006). Enigma variations
for peptides and their transporters in higher plants. Annals of
Botany, 98, 1-8.

[41] Geider, R.J. and Laroche, J. (1994) The role of iron in phyto-
plankton photosynthesis, and the potential for iron-limitation
of primary productivity in the sea. Photosynthesis Research,
39, 275-301.

[42] Raven, J.A., Evans, M.C.W. and Korb, R.E. (1999). The role
of trace metals in photosynthetic electron transport in O,-
evolving organisms. Photosynthesis Research, 60, 111-150.

[43] Basiouny, F.M., Garrard, L.A. and Haller, W.T. (1977) Ab-
sorption of iron and growth of Hydrilla verticillata (L.F.)
Royle. Aquatic Botany, 3, 349-356.



© by PSP Volume 20 — No 6. 2011

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55

[}

[56]

[57]

[58]

[59]

Batty, L.C. and Younger, P.L. (2003) Effects of external iron
concentration upon seedling growth and uptake of Fe and
phosphate by the common reed, Phragmites australis (Cav.)
Trin ex. Steudel. Annals of Botany, 92, 801-806.

Xing, W., Huang, W.M., Liu, G.H. and Liu, Y.D. (2008). Ef-
fects of iron on physiological and biochemical characteristics
of Microcystis wesenbergii (Kom.) Kom. (Cyanobacterium).
Fresenius Environmental Bulletin, 17, 2034-2042.

Xing, W., Huang, W.M. and Liu, G.H. (2010) Effect of ex-
cess iron and copper on physiology of aquatic plant Spirodela
polyrrhiza (L.) Schleid. Environmental Toxicology, 25, 103-
112.

Xing, W., Li, D.H. and Liu, G.H. (2010). Antioxidative re-
sponses of Elodea nuttallii (Planch.) H. St. John to short-term
iron exposure. Plant Physiology and Biochemistry, 48, 873-
878.

Sun, B., Tanji, Y. and Unno, H. (2005) Influences of iron and
humic acid on the growth of the cyanobacterium Anabaena
circinalis. Biochemical Engineering Journal, 24, 195-201.

Sandmann, G. (1985) Consequences of iron deficiency on
photosynthetic and respiratory electron transport in blue-
green algae. Photosynthesis Research, 6, 261-271.

Umamaheswari, A. and Venkateswarlu, K. (2004) Impact of
nitrophenols on the photosynthetic electron transport chain
and ATP content in Nostoc muscorum and Chlorella vul-
garis. Ecotoxicology and Environmental Safety, 58, 256-259.

Ivanov, A.G., Park, Y.I., Miskiewicz, E., Raven, J.A., Huner,
N.P.A. and Oquist, G. (2000) Iron stress restricts photosyn-
thetic intersystem electron transport in Synechococcus sp.
PCC 7942. FEBS Letters, 485, 173-177.

Latifi, A., Jeanjean, R., Lemeille, S., Havaux, M. and Zhang,
C.C. (2005) Iron starvation leads to oxidative stress in Ana-
baena sp. strain PCC 7120. Journal of Bacteriology, 187,
6596-6598.

Robinson, B., Kim, N., Marchetti, M., Moni, C., Schroeter,
L., van den Dijssel, C., Milne, G. and Clothier, B. (2006) Ar-
senic hyperaccumulation by aquatic macrophytes in the
Taupo Volcanic Zone, New Zealand. Environmental and Ex-
perimental Botany, 58, 206-215.

Rai, P.K. (2008) Heavy metal pollution in aquatic ecosystems
and its phytoremediation using wetland plants: An ecosus-
tainable approach. International Journal of Phytoremediation,
10, 133-160.

Rai, P.K. (2009) Heavy metal phytoremediation from aquatic
ecosystems with special reference to macrophytes. Critical Re-
views in Environmental Science and Technology, 39, 697-753.

Mishra, V. and B. Tripathi (2009) Accumulation of chro-
mium and zinc from aqueous solutions using water hyacinth
(Eichhornia crassipes). Journal of Hazardous Materials, 164,
1059-1063.

Razinger, J., Dermastia, M., Drinovec, L., Drobne, D.,
Zrimec, A. and Koce, J.D. (2007) Antioxidative responses of
duckweed (Lemna minor L.) to short-term copper exposure.
Environmental Science and Pollution Research, 14, 194-201.

Razinger, J., Dermastia, M., Koce, J. D. and Zrimec, A.
(2008) Oxidative stress in duckweed (Lemna minor L.)
caused by short-term cadmium exposure. Environmental Pol-
lution, 153, 687-694.

Snowden, R.E.D. and Wheeler, B.D. (1993) Iron toxicity to
fen plant species. Journal of Ecology, 81, 35-46.

1344

Fresenius Environmental Bulletin

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

FEB

Snowden, R.E.D. and Wheeler, B.D. (1995) Chemical chang-
es in selected wetland plant species with increasing Fe sup-
ply, with specific reference to root precipitates and Fe toler-
ance. New Phytologist, 131, 503-520.

Demirezen, D. and Aksoy, A. (2006) Common hydrophytes
as bioindicators of iron and manganese pollutions. Ecological
Indicators, 6, 388-393.

Martin, J.H. and Fitzwater, S.E. (1988). Iron deficiency limits
phytoplankton growth in the north-east Pacific subarctic. Na-
ture, 331, 341-343.

Wells, M.L. (1994) Pumping iron in the Pacific. Nature, 368,
295-296.

Frost, B.W. (1996) Phytoplankton bloom on iron rations. Na-
ture, 383, 475-476.

Nagai, T., Imai, A., Matsushige, K., Yokoi, K. and Fuku-
shima, T. (2008) Short-term temporal variations in iron con-
centration and speciation in a canal during a summer algal
bloom. Aquatic Sciences, 70, 388-396.

Morton, S.D. and Lee, T.H. (1974) Algal blooms-Possible ef-
fects of iron. Environmental Science and Technology, 8, 673-
674.

Pollingher, U., Kaplan, B. and Berman, T. (1995) The impact
of iron and chelators on Lake Kinneret phytoplankton. Jour-
nal of Plankton Research, 17, 1977-1992.

Hyenstrand, P., Rydin, E., Gunnerhed, M., Linder, J. and
Blomqpvist, P. (2001) Response of the cyanobacterium Gloe-
otrichia echinulata to iron and boron additions - an experi-
ment from Lake Erken. Freshwater Biology, 46, 735-741.

Horne, A.J. and Goldman, C.R. (1994) Limnology. McGraw
and Hill Inc.: New York.

Stankovié, Z., Pajevi¢, S., Vuckovi¢, M. and Stojanovic, S.
(2000) Concentrations of Trace Metals in Dominant Aquatic
Plants of the Lake Provala (Vojvodina, Yugoslavia). Biologia
Plantarum, 43, 583-585.

Van der Welle, M.E.W., Niggebrugge, K., Lamers, L.P.M.
and Roelofs, J.G.M. (2007) Differential responses of the
freshwater wetland species Juncus effusus L. and Caltha pal-
ustris L. to iron supply in sulfidic environments. Environ-
mental Pollution, 147, 222-230.

Van der Welle, M.E.W., Smolders, A.J.P., Op den Camp,
H.J.M., Roelofs, J.G.M. and Lamers, L.P.M. (2007) Biogeo-
chemical interactions between iron and sulphate in freshwater
wetlands and their implications for interspecific competition
between aquatic macrophytes. Freshwater Biology, 52, 434-
447.

Chen, C.C., Dixon, J.B. and Turner, F.T. (1980) Iron coatings
on rice roots: morphology and models of development. Soil
Science Society of America Journal, 44, 1113-1119.

Hansel, C.M., Fendorf, S., Sutton, S. and Newville, M.
(2001) Characterization of Fe plaque and associated metals
on the roots of mine-waste impacted aquatic plants. Envi-
ronmental Science and Technology, 35, 3863-3868.

Hupfer, M. and Dollan, A. (2003) Immobilisation of phos-
phorus by iron-coated roots of submerged macrophytes. Hy-
drobiologia, 506-509, 635-640.

Liu, W.J., Zhu, Y.G., Smith, F.A. and Smith, S.E. (2004) Do
iron plaque and genotypes affect arsenate uptake and translo-
cation by rice seedlings (Oryza sativa L.) grown in solution
culture? Journal of Experimental Botany, 55, 1707-1713.



© by PSP Volume 20 — No 6. 2011 Fresenius Environmental Bulletin

[77] Begg, C.B.M,, Kirk, G.J.D., Mackenzie, A.F. and Neue, H.U.
(1994) Root-induced iron oxidation and pH changes in the
lowland rice rhizosphere. New Phytologist, 128, 469-477.

Received: November 16, 2010
Revised: January 31, 2011
Accepted: February 23, 2011

CORRESPONDING AUTHOR

Guihua Liu

Key Laboratory of Aquatic Botany
and Watershed Ecology

Wuhan Botanical Garden

Chinese Academy of Sciences
Botanical Garden Road, 1#
Wuhan, 430074

Hubei Province

P.R. CHINA

Phone: +86 27 87510392
E-mail: liugh@rose.whiob.ac.cn

FEB/ Vol 20/ No 6/ 2011 — pages 1339 - 1345

1345

FEB



