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We investigated the effect of exogenous cytokinins and marine

bioactive substances containing seaweed extracts (marketed by
the ROULLIER Group under the trade name N PROTM.) on

nitrate reductase activity in Arabidopsis. Cytokinins, applied
either directly in the growth medium or as a foliar spray, did

not significantly influence nitrate reductase activity in extracts

from in vitro grownArabidopsis plants. Conversely,Arabidopsis
grown in the presence of or sprayed with N PRO had increased
nitrate reductase activity. This stimulatory effect of N PROwas

even higher when the plants were grown on low nitrate concen-

tration, suggesting that these marine bioactive substances may

be beneficial for plant growth in adverse nutritional conditions.

Introduction

Marine bioactive substances extracted from seaweeds have
now been used for several decades to enhance plant growth
and productivity. Application of these substances is often
performed by foliar spraying and it has been reported that
they stimulate, among other processes, seed germination
and resistance to various pathogens, and that they induce
higher yields and a better nutrient use efficiency (for review
see Mooney and van Staden 1986, Jolivet et al. 1991). The
stimulatory effect of the marine bioactive substances has
often been ascribed to the presence of biologically active
cytokinins. But many other organic and inorganic mol-
ecules have been found in crude algal extracts used for
foliar spray (Verkleij 1992). It has also been reported that
the application of these extracts can stimulate nitrogen
uptake and metabolism in the treated plants (Jolivet et al.
1991). Nitrate reductase (NR, EC 1.6.6.1) has been shown
to be a major controlling step of the plant N-metabolism
(Crawford 1995). Indeed NR, which catalyses the first
committed step of the nitrate assimilation pathway, i.e.
the reduction of nitrate into nitrite, is the subject of many
different regulations.

First, it has been shown that the expression of the NR
gene is highly regulated at the transcriptional level by

many endogenous and environmental factors such as
hormones, light, nitrogen source and carbohydrates (for
a review see Lillo 1994, Crawford 1995, Meyer and Stitt
2001). For instance nitrate, the NR substrate, activates
the transcription of the NR gene (Campbell 1999, Meyer
and Stitt 2001). In addition to nitrate, light is an import-
ant signal for NR regulation (Lillo 1994). As for other
genes, transcriptional regulations probably determine the
long-term fluctuations in NR protein level. On the other
hand, a reversible post-translational regulation of the
NR protein involving protein phosphorylation allows a
short-term modulation of the enzyme activity in response
to, among others factors, light-dark transitions (Kaiser
et al. 1999). Inactivation of NR probably occurs via
phosphorylation of a conserved serine residue and sub-
sequent binding of 14-3-3 proteins (Kaiser et al. 1999).

Among the plant hormones, it seems that cytokinin
application has the most influence on NR expression.
An induction of NR activity by exogenous cytokinins
was first described by Borriss (1967) in Agrostemma
githago. This induction has since also been reported in
bean roots (Hänisch Ten Cate and Breteler 1982) and in
cucumber (Kuznetsov et al. 1985) among other species
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(see Gaudinova 1990 for a review). Furthermore, addition
of benzyladenine (BA) to excised chicory roots strongly
stimulated NR mRNA, protein and activity (Vuylsteker
et al. 1997).

Cytokinins have also been shown to increase NR
activity in etiolated plants, or in cell suspension cultures
in many species (Banowetz 1992, Lu et al. 1992, Suty
et al. 1993). Light is often required in addition to cyto-
kinins for the hormonal enhancement to be effective.

In etiolated barley leaves, it has been shown that cyto-
kinin enhancement of NR expression is in part transcrip-
tional (Lu et al. 1992). The increase in NR activity can be
quite substantial in barley where application of cyto-
kinins increases NR activity by 25% in the roots and
by 100% in the shoots (Samuelson et al. 1995). In some
case, cytokinins may regulate NR mRNA stability
through the extent of polyadenylation (Suty et al.
1993). On the other hand, abscisic acid (ABA) can sup-
press the cytokinin induction of NR mRNA level as well
as reduce the NR mRNA accumulation in etiolated
barley leaves transferred to light. It seems that the reg-
ulatory factor modulating the NR transcription is in fact
the BA to ABA ratio (Lu et al. 1992). In Arabidopsis,
which carries two NR genes, Nia1 and Nia2, it has been
shown that the Nia1 expression is specifically induced by
exogenous cytokinins (Yu et al. 1998). This enhancement
of the enzymatic activity derived from the Nia1 gene was
observed in both seedlings germinated on cytokinin-
containing medium and in soil-grown seedlings sprayed
with cytokinins (Yu et al. 1998). This is one of the few
examples of NR induction in non-etiolated tissues.

In this work, we have studied the influence of both
exogenous synthetic cytokinins and marine bioactive
substances (marketed under the trade name N PRO) on
NR activity from in vitro grown Arabidopsis seedlings.
We have thus shown that, in our experimental condi-
tions, exogenous cytokinins have little effects on NR
activity whereas the addition of N PRO clearly induces
NR activity.

Materials and methods

Plant material and growth conditions

Plants of A. thaliana ecotype Columbia were used for the
experiments. G5 is a mutant of the same ecotype carrying
a complete deletion of the Nia2 gene (Wilkinson and
Crawford 1991). Seeds were surface sterilized and
grown in vitro for 3weeks on solid medium (as described
by Estelle and Sommerville 1987) containing nitrate
(9mM) as sole nitrogen source with a photoperiod of
16 h light (250 mmol photonsm�2 s�1) at 20�C and 8 h
dark at 15�C.

For some experiments, sterile BA, iso-pentenyladenine
(iP) or algal marine bioactive substances were added
in the growth medium at different concentrations. The
marine bioactive substances N PRO was provided by the
SECMABIO company (a division of the ROULLIER
Group). The cytokinin biological activity for the

N PRO preparation was expressed in mg equivalent of
BA l�1 and was determined by the Amaranthus test
(Biddington and Thomas 1973). This cytokinin activity
for the N PRO batch number 160197.3, which was used
for these experiments, was 220mg eq. BA l�1 (corres-
ponding to a BA concentration of about 1mM).

NR extraction and activity measurement

Leaves were harvested 2 h after the beginning of the day
period from plants grown in vitro and were immediately
frozen in liquid nitrogen and stored at � 80�C.

Frozen leaves were ground in liquid nitrogen using a
mortar and pestle and extracted at 4�C in 4ml of the
following buffer g�1 FW: 50mM KOH-HEPES pH7.6,
10mM MgCl2, 0.5mM EDTA pH8.2, 5mM FAD, 1 mM
leupeptine and 2mM b-mercaptoethanol. The mixture
was incubated for 15min on ice, and then centrifuged
at 15 000 g for 5min. The supernatant (subsequently
referred to as crude extract) was used immediately for
NR activity assays as previously described (Pigaglio et al.
1999) with the following modifications: a supernatant
volume of 300ml was used for each assay which was
carried out in 50mM KOH-HEPES pH7.6 containing
1mMEDTApH8.2, 5mM potassium nitrate and 0.1mM
NADH in a total volume of 1 ml at 30�C for 10min. The
reaction was stopped by the addition of 1ml of 1%
sulfanilamide in 3N HCl followed by 1ml 0.02%
N-naphthylethylenediamine dihydrochloride. A blank
sample, in which sulfanilamide was added prior to the
extract, was used for background control. The OD at
540 nm was measured and enzyme activity was expressed
in nmoles NO2

– formed min�1mg�1 soluble proteins.
Soluble proteins were assayed in the crude extract,

according to Bradford (1976).

Results

Influence of cytokinins on NR activity

In order to determine the influence of cytokinins on NR
activity, Arabidopsis plants were grown on solid medium
containing increasing concentrations of BA, iP and
zeatin (5–500 nM) and in the presence or absence of
1% sucrose. It was observed that, as expected, the higher
concentrations of cytokinins (100 and 500 nM) inhibited
plant growth (data not shown). The influence of cyto-
kinins on NR activity was thus only measured between
5 and 100 nM for iP as the growth of the seedlings was
too slow at 500 nM. The presence of BA in the growth
medium did not significantly affect NR activity, except
maybe at high concentrations of BA, which were found
to slightly inhibit NR activity (Fig. 1). The decrease in
NR activity may not be a specific response as this was
correlated with an overall decrease in plant growth. The
effect of iP on NR activity was even less marked (Fig. 2)
as was the one of zeatin (data not shown). It was pre-
viously reported that BA significantly enhanced NR
activity in Arabidopsis plantlets grown in vitro and that
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this enhancement was related to an increase in Nia1
expression (Yu et al. 1998). We did not observe any
significant effect of exogenous BA on NR activity in
the Arabidopsis G5 mutant (Fig. 1). In this mutant, NR
activity is exclusively derived from the Nia1 gene expres-
sion (Wilkinson and Crawford 1991). Thus, in our
experimental conditions, BA seems to have no effects
on NR activity, whether this activity is derived from
the Nia1 gene expression, as in the G5 mutant, or mainly
from the Nia2 gene, as in the wild type. An explanation
for the discrepancies observed between the two experi-
ments (Yu et al. 1998 and this work) could be that an
environmental factor abolishes the NR activity induction
by cytokinins. Indeed, as mentioned in the Introduction,

it has been shown previously that ABA can suppress the
induction of NR activity by cytokinins (Lu et al. 1992).
Thus the plants we used could contain high levels of
ABA, or of other interacting molecules, as a consequence
of our in vitro culture conditions.

Effect of N PRO algal extract in the growth medium

The stimulatory influence of seaweed bioactive sub-
stances on the level of NR activity was often reported
in the literature (Mooney and van Staden 1986, Jolivet
et al. 1991) but these extracts were usually only applied
by foliar spraying. We thus wanted to investigate the
effect of marine bioactive substances when continuously
present in the growth medium of Arabidopsis plantlets
and in the presence or absence of sucrose. For this
purpose, we used the SECMABIO N PRO extract. We
first checked that this extract did not contain high con-
centrations of nitrate, which could then induce NR activ-
ity. We found in fact very low nitrate concentrations
(between 3 and 5mM) in the N PRO extracts. As for
cytokinins, highly concentrated marine bioactive sub-
stances strongly inhibited plant growth (Fig. 3). But,
unlike cytokinins, N PRO addition in the growth
medium clearly increased NR activity in the absence of
sucrose (Fig. 4). In the presence of exogenous sugar, the
stimulation of NR activity was less apparent. Indeed, in
the absence of sugar, NR activity in the presence of 3.3%
N PRO was 2.4 times higher than in the control plants,
whereas in the presence of 1% sucrose it was only 1.4
times higher (Fig. 4).

It has been noted previously that marine bioactive sub-
stances are more efficient when plant are starved of nutri-
ents (Verkleij 1992). We thus investigated the impact of the
marine bioactive substances on NR activity in N-limited
and N-sufficient Arabidopsis plants growing, respectively,
on 1mM and 7mM nitrate with 1.7% (v/v) N PRO. As
observed in many plant species (Meyer and Stitt 2001),
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Fig. 1. The effect of exogenous BA addition on NR activity.
Arabidopsis plants were grown in vitro with increasing concentrations
of BA and in the presence (^) or absence (&) of 1% sucrose. The
Arabidopsis G5 mutant was grown in the same conditions in the
presence of 1% sucrose (*). NR activity was measured in vitro from
leaf extracts. Each value represents the mean (– SD) of three
independent experiments.
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Fig. 2. The effect of exogenous iP addition on NR activity.
Arabidopsis plants were grown in vitro with increasing
concentrations of iP and in the presence (^) or absence (&) of
1% sucrose. NR activity was measured in vitro from leaf extracts.
Each value represents the mean ( – SD) of three independent
experiments.
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Fig. 3. In vitro growth of Arabidopsis plants with increasing
concentrations of N PRO extract (in percentage of the growth
medium, v/v).
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high concentrations of nitrate increased NR activity in
Arabidopsis but BA seemed to have little or no effect on
NR activity (Table 1). As in the experiments described
above, the addition of N PRO stimulated NR activity in
N-sufficient conditions (Table 1, 2.2-fold increase) but this
stimulation was much more apparent in N-limited condi-
tions (Table 1, 9.5-fold increase). Indeed, when plants were
growing with N PRO, NR activity was almost the same in
both fertilization regimes.

Effect of N PRO spraying

Marine bioactive substances are most often applied by
foliar pulverization on crops rather than in the soil. We
thus tried to compare the effects of N PRO when added
directly to the growth medium or sprayed onto in vitro

grown Arabidopsis plantlets. For this purpose, 3-week-
old Arabidopsis plants were directly sprayed in Petri
dishes with water (control), N PRO (10%, v/v) or with
BA (0.5 mM) and NR activity was measured after 24 and
48 h of culture (Fig. 5). The foliar addition of these com-
pounds had no effects on plant phenotype or growth
(data not shown) during this time course. As before,
the N PRO enhanced NR activity whereas BA applica-
tion had little or no effect (Fig. 5). Nevertheless, the
increase in NR activity was much more modest in these
conditions than when N PRO was added directly to the
growth medium. It is likely that these marine bioactive
substances are less efficiently taken up through the leaves
than through the roots and that their effects are more
evident when the plants are in contact with the sub-
stances for a longer time. The same effect on NR activity
was observed when Arabidopsis plants were grown in the
greenhouse and subsequently sprayed with diluted
marine bioactive substances (N. Durand, X. Briand,
C. Meyer, in preparation).

Discussion

We did not see any clear effect of exogenous cytokinins
on NR activity, whether they were applied by spraying or
added directly in the growth medium. Nevertheless,
increasing cytokinin concentrations gradually affected
plant growth as expected, showing that they had a

0

2

4

6

8

10

12

0 4
N PRO concentration (%, v/v)

1 2 3 5 6

N
R

 a
ct

iv
ity

(n
m

ol
 n

itr
ite

 m
g–1

pr
ot

ei
n 

m
in

–1
)

Fig. 4. The effect of N PRO addition on NR activity. Arabidopsis
plants were grown in vitro with increasing concentrations of the
seaweed-containing N PRO extract and in the presence (^) or
absence (&) of 1% sucrose. NR activity was measured in vitro from
leaf extracts. Each value represents the mean (– SD) of three
independent experiments.

Table 1. In vitro NR activity from N-limited (1 mM nitrate) and N-
sufficient (7 mM) Arabidopsis control plants and plants growing
with BA (0.01 mM) or algal N PRO (1.7% v/v). NR activities are
expressed as means (– SD, n¼ 3).

NR activity
(nmol nitrite mg�1protein min�1)
Nitrate concentration 1 mM 7 mM

no addition 0.36– 0.18 1.75– 0.66
BA 0.39– 0.21 1.99– 0.76
N PRO 3.43– 1.30 3.80– 1.38
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Fig. 5. The effect of BA or N PRO
spraying on NR activity.
Arabidopsis plants were grown in
vitro and sprayed with either
water (control plants), BA (0.5 mM)
or seaweed-containing N PRO
extract (EA, 10% v/v). NR
activity was then measured in vitro
from leaf extracts 24 or 48 h after
spraying. NR activities are given
as percent of control (plants
sprayed with water). Mean NR
activity of the control plants was
3.6 nmol nitrite formed mg
protein�1 min�1 after 24 h and
2.3 nmol nitrite formed mg
protein�1 min�1 after 48 h.
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biological effect (Gaudinova 1990). Similarly, the addi-
tion of marine bioactive substances inhibited plant
growth and this effect could be partly due to the presence
of cytokinins in these seaweed-containing preparations.
But only marine bioactive substances had a clear impact
on NR activity. This points to the involvement of other
molecules than cytokinins in the stimulation of NR
expression by N PRO. Indeed seaweed extracts contain
a large number of both organic and inorganic molecules,
like macro- and micronutrients, phytohormones, poly-
saccharides, polyphenols, betaines, etc. (Verkleij 1992,
Crouch and van Staden 1993) but nitrate concentration
in the N PRO extract is far too low to explain its stimu-
latory effect on NR activity. The molecules which have
mostly attracted attention in seaweed extracts are cyto-
kinins (Mooney and van Staden 1986, Stirk and van
Staden 1997) and many authors have ascribed the prop-
erties of seaweed extracts to these phytohormones.
Therefore information on the role of the other seaweed
compounds is hitherto rather scarce. The fact that N
PRO produced a higher enhancement of NR activity in
limiting nitrogen conditions (low nitrate) suggests that
the main influence of this extract would be to induce the
nitrate reducing capacities, and thus maybe the overall N
nutrition of the plant, in adverse growth conditions. The
stimulation of NR activity observed in this study may
thus be one of the reasons for the better nitrogen use
efficiency observed in seaweed-complemented plants
(Jeannin et al. 1991, Verkleij 1992). The fact that exo-
genously supplied cytokinins had no obvious effects on
NR activity does not exclude a participation of these
phytohormones in association with other molecules in
the complex marine bioactive substances. Our goal is
now to identify the molecule(s) of N PRO responsible
for the stimulation of NR activity.
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