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VANADIUM IN PHOTOSYNTHESIS OF CHLORELLA FUSCA AND HIGHER PLANTS
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The influence of vanadium compounds (vanadate, vanadyl citrate) on photosynthesis in Chlorella fusca and in
algal and spinach chloroplasts has been investigated. It was found that: 1. At moderately high concentrations
(at least 0.1 mM) both vanadate and vanadyl citrate enhance photosynthetic O, production in intact C. fusca
cells. At lower V concentration (about 2 uM) only vanadate stimulates photosynthesis. The increase is dependent
on culture conditions and on light intensity. 2. Up to 1 mM V, neither vanadium compound influences PS II
activity, either in intact cells or in algal or spinach chloroplasts. 3. The PS I reaction in algal and spinach chloro-
plasts is maximally enhanced (3-fold) in presence of vanadium (20 uM). The increase is independent of light
intensity. 4. Cr(VI), Mo(VI), and W(VI) (1 mM) stimulate photosynthesis in intact C. fusca cells, but do not
influence the photosystems of isolated chloroplasts. Vanadium is suggested to act as a redox catalyst in the

electron transport from PSII to PS 1.

Introduction

The transition element vanadium is supposed to be
essential for both green plants [1] and animals [2].
Although several approaches were made to explain
this on a biochemical basis [3,4], many aspects of the
role of vanadium remain unknown to date. For green
plants, the function of the metal proved to be rather
complex, most investigations having been done only
with unicellular green algae. In 1953, Arnon and Wes-
sel [1] were the first to report a stimulatory effect of
vanadate on growth and chlorophyll content of
Scenedesmus obligyus, but not until 20 years later
was addition of traces of vanadate generally recom-
mended to obtain maximal biomass in cultures of
Chlorella and Scenedesmus [5]. At this time, the

* Taken in part from the forthcoming doctoral thesis of
LJM.B.

Abbreviations: PS, photosystem; DCMU, 3+«3,4-dichloro-

phenyl)-1,1-dimethylurea; DAD, 2,3,5,6-tetramethyl-p-phe-

nylenediamine; DCIP, 2,6-dichlorophenolindophenol; Tri-

cine, V-tris(hydroxymethyl)methylglycine.

first investigations were started which focused on the
biochemical background of the essential function of
vanadium in green algae: Meisch and Bielig [6] found
that a limited iron chlorosis may be completely over-
come in the presence of traces of vanadate, and it
could also be demonstrated that vanadium is likely to
have two different sites of action in Chlorella, the
first being located in the biosynthesis of the chloro-
phylls and the second dealing with photosynthesis
[7]. With respect to chlorophyll biosynthesis, vanadi-
um was found to stimulate light-dependent formation
of the porphyrin precursor §-aminolevulinic acid
[8,9]. The effect is considered to be catalytic during
the §-aminolevulinic acid transaminase reaction [8,
10]. Since §-aminolevulinic acid formation is known
to be a critical regulatory step in the light-induced
plastid development and the greening of plants [11],
vanadium has consequently a considerable influence
on the structure of the Chlorella chloroplast, especi-
ally, during iron deficiency {12]. This is accompanied
by an increase in the level of some carotenes [13], of
cytochrome f and of chlorophyll P-700 [14].
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Concerning photosynthesis, Warbiirg et al. [15]
reported that the addition of vanadate (as NaVO,)
to Chlorella suspensions spontaneously increased the
photosynthetic O, production, while vanadyl sul-
phate had no influence. Amon [16] found that
growth of Scenedesmus in the presence of vanadium
leads to a higher photosynthetic O, productivity than
found in cells which were cultivated in the absence of
the trace element. Therefore two different aspects of
V on photosynthesis have to be considered: an imme-
diate effect upon the addition of vanadium to algal
cells and a long-term effect on growth after incuba-
tion of cultures with vanadium.

Since no definite explanation of these observa-
tions had been given, and no further work had been
done in this field, the present work deals with the
influence of several vanadium compounds on photo-
synthesis, the investigations being made not only with
intact cells of Chlorella fusca, but also with chloro-
plast preparations of both green algae and higher
plants.

Materials and Methods

Chlorella fusca strain 211-8b (Collection of Algae,
Gottingen) was autotrophically cultivated for 3 days
in continuous light (20 W/m?, 1.5% CO,, 28°C) in a
liquid medium [6] with Fe(lIII) citrate in four differ-
ent ways: in the absence or in the presence of vanadi-
um (0.4 uM as NH,VO,;), (2) with normal iron supply
(18 uM) and (b) with reduced iron content (1.8 uM)
in order to cause iron stress.

Photosynthetically active particles of C. fisca were
isolated according to Senger and Mell [17]. Chloro-
plasts from market spinach were prepared as
described elsewhere [18]. Chlorophyll was estimated
spectrophotometrically [6].

Photosynthetic O, production of intact C. fusca
cells was monitored polarographically with a Clark
electrode (Oxygen monitor YSI-53) in 0.1% NaHCO;
(28°C) during illumination with red light (A > 620
nm). Light intensity was determined with a YSI Ket-
tering radiometer 65 A.

PS II activity of intact cells was measured using
p-benzoquinone [17], while the PS II reaction of
chloroplasts was investigated using either p-benzo-
quinone or ferricyanide. The PS I reaction of chloro-
plast preparations was determined polarographically

as O uptake during the light-dependent reduction of
methyl viologen with either DCIP [19] or DAD [20]
as electron donors.

L-(+)-Ascorbic acid, DCIP, and the metal com-
pounds were obtained from E. Merck (Darmstadt).
Tricine was purchased from Sigma (Munich), DCMU
and methyl viologen from Serva (Heidelberg) and
DAD from EGA-Chemie (Steinheim).

Cr(I1I) glycine was prepared according to Kiintzel
and Droscher [21]. Stock solutions of VO citrate were
made by adding equimolar amounts of VOSO, -
5SH,0 and trisodium citrate to the appropriate buffer
solution.

Results

Photosynthesis in intact C. fusca cells

From earlier observations it is known that the cul-
ture conditions (iron supply, V treatment) exert a
striking influence on the development of the photo-
synthetic apparatus of C. fusca [12]. The algae were
therefore cultivated for 3 days in the four different
ways mentioned in the methods. These cells were
then tested for their photosynthetic productivity.
Cell suspensions (2 ml samples in 0.1% NaHCO,, con-
taining about 15 ug chlorophyll) were transferred to
the polarographic cell, and the O, production was
monitored during illumination with red light (light
saturation) for 5 min, vanadate (as NaVOj) in increas-
ing concentrations (10"*-10% uM) was added and the
O, output was measured for another 5 min. The rela-
tive increase of O, productivity (calculated as umol
0,/mg chlorophyll per h) in presence of vanadium is
shown in Fig. 1.

Fig. 1 demonstrates that vanadate generally stimu-
lates algal photosynthesis in a wide molar range. The
characteristics show a maximum at 2 M V (up to
70% increase); with higher V concentration, the
effect drops, while above 100 M V a steep increase
can be observed. This effect, however, is dependent
on ,the conditions of precultivation. Highest values
were observed with cells grown with V during iron
deficiency.

Similar tests were performed with vanady! citrate
as V(IV) compound (Fig.2), because insoluble
VO(OH), precipitates at physiological pH from
uncomplexed VO salts such as VOSO,. In contrast to
the investigations with vanadate, it may be noted that
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Fig. 1. Influence of NaVO3 on photosynthesis of C. fusca
cultivated under various conditions. Indicated is the V-
induced, relative O, productivity as percentage of the con-
trols. Photosynthetic O, production was measured with algal
suspensions (2 ml, 15 ug chlorophyll) in 0.1% NaHCOj at
28°C and under red light (over 620 nm, light saturation). Cul-
ture conditions: x, normal Fe supply (18 uM); +, normal Fe
supply +V (0.4 uM); e, iron deficiency (1.8 uM); o, iron
deficiency + V (0.4 uM).
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Fig. 2. Influence of VO citrate on photosynthesis of C. fusca,
cultivated under various conditions. Indicated is the vana-
dium-induced, relative O, productivity as percentage of the
controls. For illustrations of symbols and conditions see
Fig. 1.
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low concentrations (1—10 uM) of VO citrate do not
enhance photosynthesis. A positive effect of the VO
complex can be observed only at a higher molarity
(over 100 pM V). Iron-deficient cells show a slight
increase in photosynthesis only when cultivated in
presence of V, while maximal enhancement (more
than 200%) was measured with cells which were culti-
vated with both normal iron supply and V. Iron stres-
sed cells cultivated without V, however, generally
failed to respond to the addition of the vanadyl com-
pound.

To investigate the light dependence of the ob-
served vanadium effect on algal photosynthesis, C.
fusca grown in the absence of V (normal iron supply)
was prepared for O, measurements as above. The
intensity of the actinic red light was varied from 5 to
88 W/m? and V (1 uM or 1 mM) was added either as
NaVO; or as VO citrate (Fig. 3).

The V-induced increase in photosynthetic O,
production is dependent not only on V concentra-
tion, but also on light intensity. At the high V con-
centration of 1mM, NaVO; and VO citrate yield
nearly the same increase (max. 120% at 88 W/m?),
while at 1 uM V, only vanadate enhances photosyn-
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Fig. 3. Influence of light intensity on photosynthesis of C.
fusca with and without addition of vanadium compounds.
Measurements were performed with cells grown in the absence
of vanadium as indicated in Fig. 1. o, without V; 4, VO
citrate (1 uM); +, NaVO3 (1 uM); e, VO citrate (1 mM); x,
NaVO;3 (1 mM).
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thesis to a certain extent (maximum 50% increase at
44 W/m?).

From former studies [26] it is known that C. fusca
which has been grown in the presence of trace
amounts of chromium (as Cr(IIl) glycine or K,Cr,0,)
shows a small (20%) enhancement in photosynthesis.
Thus we were interested to know whether other
transition elements related to V, e.g., Cr, Mo, W, Mn,
are able to enhance algal photosynthesis in a similar
manner. Photosynthetic O, production in C. fusca
was monitored as above (light saturation) after addi-
tion of 1 mM of Cr (KQCI207), Mo [(NI‘L )6M07 024 ] ,
W (Na,WO,), and of Mn (KMnO,), respectively.
Except for Mn, all other elements were found to sti-
mulate the O, output, and in the order of effective-
ness, the following sequence could be established:
V(V)> Cr(VI) > Mo(VI) > W(VI) > Mn(VII) = 0.
Vanadate proved to be the most effective of the
metals tested; dichromate and molybdate enhanced
photosynthesis to about 50% and 25%, respectively,
while tungstate was only slightly stimulatory (8%
increase).

The Hill reaction was measured with intact C.
Sfusca cells. p-Benzoquinone was used as a Hill
reagent, since it is known to penetrate the cell wall
and the chloroplast membrane easily [17]. In the

molar range 1 to 100 uM, neither V(V) (NaVOs) nor-

V({AV) (VO citrate) was found to enhance the Hill
reaction significantly. At higher V concentration,
however, inhibition occurs (25% at 1 mM V).

Photosynthesis in C. fusca chloroplasts

In order to define the site of action of vanadium in
photosynthesis, we isolated photosynthetically active
chloroplast particles from C. fusca. In these prepara-
tions, both PS I and PS II activity were tested in con-
nection with the trace element.

Table I shows that PS II (assayed with either
p-benzoquinone of ferricyanide as electron accep-
tors) is not influenced by NaVO; or VO citrate over
a wide concentration range (10"-10° pM); 10* uM
V inhibits the reaction. When PS I activity was mea-
sured, only NaVOj; was added, since vanadate is read-
ily reduced to V(IV) in presence of ascorbate (Fig. 4).

Fig. 4 shows that V remarkably enhances the PS I
activity of C. fusca chloroplasts. Maximal effects were
observed with about 10% uM V, the extent of stimula-
tion being dependent on culture conditions (see Ma-

TABLE [

INFLUENCE OF VANADIUM ON THE PS II REACTION
IN CHLOROPLAST PARTICLES OF CHLORELLA FUSCA

The PS II assay contained (2 ml): chloroplasts (15 ug chloro-
phyll), 2 pmol p-benzoquinone, 20 umot NaCl, 20 umol KQl,
5 pmol MgCl, 20 nmol EDTA, 40 umol Tricine, pH 7.5,
0.68 mmol sucrose and the vanadium compounds as indi-
cated; the reaction was carried out at 15°C under actinic red
light (greater than 620 nm, light saturation). All values are
percentages of the V-free controls.

Vcompound  PS Il activity after addition of V (uM)

added

0.1 1 10 100 1000 10000
NaVOy 97 99 99 98 95 51
VO citrate 96 90 103 102 101 0

terials and Methods) of the algal cells from which the
chloroplast particles had been prepared. A maximal
2.8-fold increase of PS I activity can be obtained with
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Fig. 4. The effect of vanadium on the PS I activity of C. fusca
chloroplasts as indicated by the vanadium-induced relative
O, uptake as percentage of the controls. The reaction mix-
tur€ contained (2 ml): chloroplasts (15 ug chlorophyll); 0.1
mmol potassium phosphate, pH 6.5; 10 umol potassium
ascorbate; 0.4 umol methyl viologen; 0.2 umol DCIP; 0.2
umol NaNj3; 5§ nmol DCMU and varying concentrations of
vanadium, added as NaVOQg3. The assays were performed at
15°C in red light (over 620 nm, light saturation). For illustra-
tions of symbols and culture conditions see Fig. 1.



0.2 mM V in chloroplasts derived from organisms
grown in the presence of V and normally supplied
with Fe. In all cases, high V concentrations (over
2 mM) inhibit the reaction.

Similar tests with 0.1 mM of Cr(III), Cr (VI), Mo-
(VI), W(VI), and Mn(VII), respectively (compounds
used as above) revealed no positive influence of the
metals on either PS II or PS I activity in isolated chlo-
roplasts.

In contrast to the V effect on photosynthesis in
intact cells, vanadate was found to stimulate the PS I
reaction of chloroplast particles independent of light
intensity: In the range 5 W/m? to light saturation .
(over 100 W/m?) and in presence of 0.1 mM V, a
fairly constant increase of 140—150% can be ob-
served.

Photosynthesis in spinach chloroplasts

Since most investigations concerning the function
of vanadium in green plants had been performed with
unicellular green algae, no clear answer can be given
as to whether this trace metal is also essential for
higher plants. Preliminary studies have shown that
vanadate stimulates photosynthesis in higher plants
(Elodea, Lemna) in a similar manner as with C. fusca
(Meisch and Becker, unpublished results). Chloro-
plasts from spinach which are easy to prepare were
therefore chosen to check the influence of V on
photosynthesis of higher plants.

PS 1I activity of spinach chloroplasts was investi-
gated in connection with either vanadate or VO
citrate as above. Both V compounds, in the molar
range 1—10? uM do not enhance the PS II reaction.
Higher V concentrations decrease the photoreaction,
the VO compound being more inhibitory than vana-
date (64 and 17% inhibition, respectively with 1 mM
V).

Investigation of the PS I activity in spinach chlo-
roplasts revealed a. considerable enhancement by V
with an optimum (320% increase) at about 20 M V
(Fig. 5). The effect can also be demonstrated in the
presence of uncouplers of photophosphorylation such
as ammonia (250% increase with 1 mM of both V and
NH,* compared to 178% with V and 91% with NH,",
respectively). When DAD is used instead of DCIP as
an electron donor, a similar V effect can be ob-
served, thereby demonstrating that the same V effect
occurs within the different chemical systems used to
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Fig. 5. The effect of vanadium on the PS [ activity of spinach
chloroplasts. Indicated is the vanadium-induced relative O,
uptake as percentage of the controls. The reaction mixture
contained (2 ml): chloroplasts (15 ug chlorophyll); 2 umol
potassium phosphate, pH 7.4; 70 umol NaCl; 10 pmol MgCl, ;
0.4 umol methyl viologen; 0.4 umol DCIP; 0.2 umol NaNj;
40 nmol DCMU; 10 umol potassium ascorbate and varying
concentrations of vanadium, added as NaVOs.

stimulate photosynthetic electron transport by PS 1.

Similar investigations with the other transition
elements (Cr, Mo, W, Mn) showed that they do not
enhance the activity of either of the two photosys-
tems in spinach chloroplasts.

Discussion

The trace element vanadium is able to act as a
potent accelerator of photosynthesis in both green
algae and higher plants. Two different effects have to
be discussed. The first is closely connected with the
growth conditions of the organisms, where traces of
vanadate promote the development of the photosyn-

-thetic structures within the chloroplasts, paralleled by

an increase of a number of photosynthetically active
pigments [13,14]. This long-term effect is combined
with a higher rate of photosynthesis in plants grown
in the presence of V as was discovered by Arnon

[16]. A second V effect is the spontaneous response
of intact cells or isolated chloroplasts to the addition
of V compounds by an increased rate of O, produc-
tion (intact cells) or a higher electron flow via PS I
(chloroplasts). Warburg et al. [15], who first demon-
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strated that vanadate spontaneously enhances the
photosynthetic O, production of intact Chlorella
cells, did not explain this phenomenon. On the other
hand, vanadyl sulphate, which he had also tested,
proved to be inactive.

In our tests to show vanadium effects of C. fusca
cells, we find maximal response after addition of 50—
100 ug V/1 (approx. 1—2 uM), the very amount of V
which is known to have optimal influence on algal
growth [7] and also a V concentration which natur-
ally occurs in living plants [22]. In this range of V
concentration, the vanadyl compound proved to be
ineffective, the observation being consistent with
the findings of Warburg et al. [15] who treated the
algae with 2 uM VOSO,. Higher V concentrations
(over 0.2 mM) show an even stronger enhancement of
the O, output, VO?* being as effective as VO5 . The
lack of the V effect with low concentrations of vana-
dyl ions may be due to a slower uptake of V into the
cell or vanadyl complexation in the cytoplasm.

As known from the studies of Rosen et al. [23],
vanadyl and vanadate ions can act as artificial elec-
tron donors or acceptors in photosynthesis of isolated
chloroplasts, when applied in high concentration
(0.03—0.4 M). We therefore suggest that the effect of
vanadium on photosynthesis at the lower V concen-
tration could be physiological, while with increased
V supply the natural system is superimposed by an
artificial donor/acceptor operation of VO**/VO;™.

The effect of V on the PS I reactions of isolated
chloroplasts did not show any light dependence, as
observed with intact C. fusca cells. This suggests that
the uptake of V into the cell which is known to be
energy dependent [24], accounts for this different
behaviour.

With respect to the effect of V in PS I, we have to
discuss the point of impact of the metal during the
light mediated electron flow in this system. Uncoup-
ling of photophosphorylation by V can be excluded,
because the V effect is also observed in the presence
of known uncouplers like ammonia.

The oxidation of vanadyl ions to vanadate has a
standard potential of about 1 volt [25], and the reac-
tion occurs according to the following equation:

VO* +2H,0=V0; " +4H +e”

Since four protons are involved, the potential at pH 7
may be lowered to 400—0 mV, depending on the

ratio VO37/VO?*. This leads to the suggestion that
the effect of vanadium is based on a reversible change
between its tetra- and pentavalent states in the elec-
tron transport chain from PS II to PS I. This points to
an exclusive role of vanadium in photosynthesis com-
pared to the other transition metals tested, since the
latter failed to influence the photosystems in isolated
chloroplasts.
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