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SUMMARY: This review deals with the distribution of fluoride tolerance be-
tween algae and cyanobacteria, their physiological response differences, and
possible mechanisms of action of fluoride in these groups. Algae and cyano-
bacteria differ in their response to fluoride, the latter being more sensitive to
fluoride toxicity. The threshold concentration at which toxicity is manifested
varies between organisms and is pH dependent. Being a strong hydrogen
bonding species fluoride is capable of interacting with most of the cellular
components and thus has a plethora of effects on cell metabolism.
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INTRODUCTION
Fluorine is the strongest oxidizing agent known. It occurs in natural waters

as a free anion (F-), undissociated hydrofluoric acid (HF), and its complexes.1
The natural level of fluoride in uncontaminated fresh surface water is <5 µM,
although industrial activities can increase concentrations to toxic levels. It is a
major component of sea water where the concentration ranges from 1-3 mg kg-1.2

F levels equal to or exceeding 75 µM are hazardous to the marine environment,3
restricting the abundance and distribution of biota as has been observed by
Pankhurst et al.4 Accumulation of fluoride and consequent impairment of nor-
mal functioning occurs both in plants5,6 and animals.7,8 Though voluminous
information is available on the impact of fluoride on higher plants and animals,
comparatively few studies have been reported on fluoride uptake and its effects
on algae and cyanobacteria.

UPTAKE AND SENSITIVITY TO FLUORIDE
Among marine organisms, red algae are known to accumulate the highest

levels of fluoride.9 Kesava Rao and Indusekhar10 reported 11.35-20.04 mg kg-1

fluoride in red algae as compared to 4.78-17.82 and 3.02-18.86 mg kg-1 F in
brown and green algae, respectively. This range of fluoride observed in algae
was much higher than what occurs in land plants (<10 mg kg-1). Studies on the
distribution of certain halogens in sea weeds show the equivalent concentrations
of halogens in sea weeds was in the order I>F>Br>Cl, whereas in sea water the
trend was Cl>Br>F>I.11 No fluorine was detected in green algae even after 50 h
of exposure to 2.5 mM fluoride but was accumulated in the cyanobacterium
Synechococcus leopoliensis, Oscillatoria limnetica, and the diatom Cyclotella
meneghiniana up to 54±16, 71±17, and 116±18 mgF.gDW-1, respectively.12

Sensitivity to fluoride varies. Growth of Chlorella pyrenoidosa was reduced
by 37% in the presence of 100 µM fluoride at pH 6.8,13 whereas 2.3 mM F
proved to be lethal to Scenedesmus sp.14 Of the six freshwater planktonic mi-
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croalgae studied by Hekman, et al,12 only growth of the cyanobacterium Syne-
chococcus leopoliensis, was transiently inhibited by addition of 2.6 mM NaF
during the mid-logarithmic phase of the growth curve with resumption of
growth at reduced F levels. They proposed that inhibition was probably due to
a loss of cell potassium. Loss of up to 90% of cell potassium within a few
hours of exposure to 7.9 mM F was shown by MacArthur et al.15 Resumption
of growth was preceded by resorption of potassium from the medium. In gen-
eral, cyanobacteria are highly sensitive to fluoride, whereas green algae appear
almost resistant to F concentrations up to 10 mM.16 It has been suggested that
the ambient fluoride concentrations observed in nature should have minimal
effects on indigenous algal flora.

PH AND FLUORIDE
Fluoride toxicity appears to be a pH-related phenomenon. The synergistic ef-

fect of fluoride and low pH in reducing algal growth has been reported earlier
by Nichol et al17 for Synechococcus leopoliensis and Oscillatoria limnetica and
on higher plants by Horner and Bell.18 The observed dependence of fluoride
toxicity on pH may be a consequence of the pH-transformed chemical form of
fluoride in solution. It has been hypothesized that F transport through biologi-
cal membranes occurs primarily through non-ionic diffusion of HF19 that
crosses five to seven orders of magnitude faster than the F ion (F-).20 Since HF
is a relatively weak acid (pKa 3.45),21 significant concentrations of the HF
molecule exist at physiological pH and increase as the pH falls. Thus it is the
HF concentration and not the quantity of total fluoride which governs toxicity.
HF concentration can be calculated from the Henderson-Hasselbalch equation:
pH = pKa + log(F-/HF). Based on this equation, threshold levels of approxi-
mately 1.1 µM HF for S. leopoliensis17 and 0.742 µM HF for A. khannae16

have been detected.
Tolerance of Nitzschia palea and Amphora coffeaeformis to high concentra-

tion of F at pH 7.6-8.2 has been reported by Joy and Balakrishnan.22 The
authors suggested that the stimulation of growth up to 4.5 mM fluoride could
be a result of F-induced increase in cell multiplication. These authors along
with Oliviera et al23 suspected a nutritional role of F in algae. Similar growth
enhancement using concentrations up to 2.5 mM F in Plectonema sp. and
Anabaena fertilissima, have been reported by Bhatnagar16 who ascribed it to
the phenomenon of hormoligosis.

Resistance to fluoride toxicity in microalgae has been correlated to be due to
a lack of fluoride uptake.12,16,17 Nichol et al17 isolated both resistant and toler-
ant forms of Synechococcus leopoliensis and observed that while the resistant
cells show passive permeation of both F- as well as HF across the cell mem-
brane, the sensitive cells are permeable only to HF and thus accumulate fluo-
ride to toxic concentrations.

Another mechanism of F resistance has been observed in Chara fragilis
which can chemically combine fluoride into insoluble CaF2 at the expense of
CaCO3.24 Slow but successful adaptation to growth inhibitory concentrations of
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fluoride accompanied by ultrastructural changes has been reported for Am-
phidinium carterii by Klut et al.25

PHYSIOLOGICAL RESPONSES TO FLUORIDE
Algae and cyanobacteria show differential response to fluoride. Most of

these effects are apparent at millimolar and lower concentrations. On the basis
of available reports, a generalized speculative model of F action in the two
groups is presented in the Figure.

MEMBRANE DAMAGE
Permeability and transport of fluoride across the cell membrane are the

source of all the toxic effects of fluoride on the cell. Membranes can be af-
fected either because insufficient energy is available for rapid synthesis of
membrane components or because membrane lipids are hydrolyzed and used as
alternative sources of energy.26-28 Since lipids are major components of the cell
membrane, any change in the lipid or fatty acid composition can lead to altered
membrane structure and function thereby causing greater electrolyte leak-
age.29,30 Heavy leaching of the electrolytes and phycobilins along with disrup-
tion of the cells of diazotroph A. khannae at higher F concentrations within a
few hours of exposure to fluoride was indicative of a direct oxidative damage
to the cell envelope. The effect accelerated with decrease in pH.16

A steady-state model for F transport across membranes and its subcellular
partitioning was proposed by Miller et al.31 The basis of this model, as dis-
cussed earlier, resides in the different abilities of F- and HF to pass through
lipid membranes.20 The charged ion has a permeability coefficient of 4.9x10-11

cm sec-1, nearly 106 times slower than HF that crosses a membrane at a rate of
1.4x10-4 cm sec -1. Once in the cytoplasm, accumulating fluorides subsequently
partition into the chloroplasts, mitochondria, and vacuoles, driven by trans-
membrane pH gradients and concentration differences. The transmembrane
movement continues until organelle function is disrupted. Wei32 showed that
fluoride at 10 mM concentration inhibits the maintenance of the transmem-
brane pH gradient. The cause of this disruption is blockage of chloride antiport
movement inwardly during proton extrusion. Fluoride also interferes with the
sodium pump distributing the equilibrium between intracellular potassium and
extracellular sodium.33

PHOTOSYNTHESIS
Fluoride is a classical inhibitor of algal photosynthesis. It enters cells of

Chlorella at pH 4.0 and inhibits photosynthesis by limiting CO2 utilization.34

Vennesland35 reported an immediate burst of CO2 on addition of sodium fluo-
ride to acid-grown Chlorella. Bishop and Gaffron36 confirmed this and further
showed that this CO2 burst was probably a fluoride-induced decarboxylation of
glutamic acid. The phenomenon however was not a generalized response to
fluoride since several other algal forms such as Chlorella, Scenedesmus obli-
quus, Ankistrodesmus braunii and Chlamydomonas moewusii did not show
fluoride-induced bursts of CO2.
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FIGURE.  Speculative model proposing basis of differential
fluoride activity in green algae (upper) and cyanobacteria (lower).

NOTE: pictures not displayed here.
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FIGURE LEGEND

1.  Fluoride crosses the cell envelope in the non-ionic form HF (pKa 3.45),
which dissociates subsequently to form H+ and F- depending upon the intra-
cellular pH. At low nontoxic dosages, it supposedly provides a chloride sparing
effect and thus stimulates growth.

2.  Single most important barrier to fluoride is the cell envelope (cell wall +
cell membrane). Cellulosic cell wall of eukaryotic algae is much tougher than
the gram-negative type cyanobacterial cell wall that offers more susceptible
sites for direct F action.

3.  Toxic action starts by damage to the transport channels associated with the
cytoplasmic membrane. Being a very strong H-bonding agent, F- is able to
couple with virtually most of the cell constituents. It disrupts the cell envelope
of the prokaryotic algae causing leakage of the cell material. It inhibits mem-
brane-bound enzymes.

4.  Driven by transmembrane pH gradients and concentration differences, par-
titioning of accumulated fluoride to subcellular organelles continues till organ-
elle function is lost.

5.  Other than thylakoid discs, prokaryotes have no internal membrane systems
allowing direct exposure to fluoride. On the other hand the high level of inter-
nal compartmentalization in eukaryotes checks fluoride movement thus re-
quiring a higher threshold level for F action.

6.  Fluoride disrupts phycobilisomes from the photosynthetic apparatus in cya-
nobacteria leading to their leaching out of the cell.

7.  Once inside the cytoplasm or an organelle, F- has easy access to the enzyme
systems, and some important respiratory and photosynthetic enzymes are in-
hibited. However, the pentose phosphate pathway, the major respiratory path-
way in cyanobacteria, is stimulated while in eukaryotic algae matrix proteins of
mitochondrion and presumably the enzymes of Krebs cycle are inhibited, thus
having severe adverse effects.

8.  Fluoride also modifies the ratio of free nucleotides and that of RNA, de-
creases the rate of RNA synthesis, and enhances RNAse activity. As a result, it
affects protein synthesis negatively.
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Vennesland and Turkington37 identified two loci of fluoride action – a pri-
mary locus in the light independent reaction of photosynthesis and a secondary
site associated with the light-driven H2O splitting Hill reaction, the latter being
lesser sensitive. Sensitivity increased with decrease in pH. Increasing concen-
trations of CO2 (optimum 0.5%) had a protective effect on the Hill reaction.
Evidence for the action of fluoride on the light-independent reactions of photo-
synthesis was obtained for Synechococcus leopoliensis by Hekman et al,12

where photosynthetic O2 release was inhibited by growth inhibitory F concen-
trations with marginal reduction in the Hill reaction.

Nichol et al17 opined that photosynthesis was ATP limited in the presence of
fluoride. Giannini et al38 reported interaction of fluoride with the thylakoid
FoF1-ATPase of chloroplasts. Fluoride stress has been shown to cause shrink-
age of thylakoids of the dinoflagellate Amphidinium carterii.25 This effect is
probably due to osmotic and/or molecular changes in its envelope membrane.
Alternatively, the depletion of cellular ATP may be caused by a reduction in
cytoplasmic pH which leads to activation of the plasma membrane proton ex-
truding ATPase, thus causing ATP consumption. Such activation is well
documented for weak acids.39,40 The consequent ATP depletion may affect a
wide range of cellular functions like inhibition of phosphate uptake41 and also
loss of K+ ions.15

RESPIRATION
Alterations in oxygen consumption and CO2 evolution of plants exposed to

fluoride result from changes in glucose metabolism caused by stimulation42 or
inhibition43,44 of respiratory pathways. Respiratory inhibition starts at the mito-
chondrial membrane with restriction in the movement of Na+ and K+ ions45

which, in turn, inhibits activity of systems necessary for the process. Mem-
brane-bound enzymes such as ATPases are affected the most.

Regulation of respiration by the relative ratio of ADP/ATP has been sug-
gested by Miller and Miller.46 At 1.05x10-3 M fluoride, oxygen consumption in
Chlorella increased to more than 107% and esterified phosphate increased by
160%.47 This is indicative of multiple enzyme inhibition as proposed by
Reiner.48 However, the application of Reiner’s theoretical treatment depends
essentially on the increased esterified phosphates being ATP. Growth inhibi-
tory NaF treatments have been shown to decrease the ATP level in the cells of
S. leopoliensis by 75% and phosphate uptake by 95 - 97 %.17

Enolase, the key enzyme of glycolytic pathways, has been shown to be F
sensitive,12,49 although dark respiration was unaffected in the chlorophytes
Scenedesmus quadricauda and Ankistrodesmus braunii studied by Hekman et
al.12 Synechococcus leopoliensis on the other hand showed a stimulation of O2
uptake during a 5 h exposure to 2.6 mM fluoride, a growth inhibitory concen-
tration. Its mechanism is not clear. Either wound respiration (a secondary re-
sponse to F-induced physiological damage) or more directly, uncoupling of
energy conservation from electron flow as proposed by Miller and Miller46 for
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F action on plants, may be involved. It is also possible that an inhibition of
glycolysis is accompanied by the channeling of carbohydrates through the
pentose phosphate pathway (PPP).50 An increase in the relative proportion of
PPP over glycolysis along with stimulation of G6P dehydrogenase has been
reported in higher plants.51,52,53 The observed difference in the response of
Anabaena khannae and Chlorococcum humicola was attributed to the differ-
ence in the respiratory metabolism of the two forms. In the green algae the pro-
cess is similar to the higher plants being carried out via the Krebs cycle, while
in cyanobacteria respiration occurs exclusively through the oxidative PPP.54

Fluoroacetate-induced inhibition of endogenous respiration has also been re-
ported.55 In fluoride adapted Amphidinium carterii, strong evidence of changes
in the mitochondrial matrix suggestive of competitive inhibition of matrix
proteins and associated enzymes (presumably those of the Krebs cycle) were
observed by Klut et al.25 Many of the tricarboxylic acid dehydrogenases such
as succinic, malic, and NADH dehydrogenases are sensitive to fluoride.56,57

Oxidative enzymes such as catalase, peroxidase, ascorbic acid oxidase, poly-
phenol oxidase, and cytochrome oxidase are stimulated.58

NITROGEN FIXATION
Stress on the processes of photosynthesis and respiration leads to alterations

in a number of other biochemical pathways. Diazotrophic cyanobacteria fulfill
their N requirement by fixing atmospheric nitrogen through the molybdenum-
requiring enzyme, nitrogenase. Inhibition of nitrogen fixation by fluoride has
been shown in plants by Sheridan59 and in Nostoc calcicola by Rai et al.60 Ba-
hal and Talpasayi61 reported heterocyst inhibition in Anabaena ambigua under
F stress. A dose-dependent decrease in nitrogenase activity was observed in the
cyanobacterium Anabaena khannae.16 The observed inhibition could be a result
of direct involvement of fluoride with the enzyme or in part be due to altera-
tions in photosynthesis and respiration that provide the necessary reductants
and carbon skeletons for this energy intensive process.

CONCLUSION
Algae and cyanobacteria differ in their response to fluoride, the latter being

more sensitive to fluoride toxicity. The single most important feature providing
protection to the cell is the cell envelope. Once fluoride is inside the cell, the
absence of internal compartmentalization in prokaryotic algae brings all the
constituents under direct attack. Being a strong hydrogen bonding agent, fluo-
ride has the ability to interact with most cellular components and thus shows a
multipronged effect on cell metabolism. However, the threshold concentration
at which toxicity is manifested varies between algae and cyanobacteria and is
strongly pH dependent.
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