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Abstract

An in situ method for measuring nitrate reductase (NR) activity in Dunaliella viridis was optimized in terms of
incubationtime, concentration of KNO3, permeabilisers (1-propanol and toluene), pH, salinity, and reducing power
(glucose and NADH). NR activity was measured by following nitrite production and was best assayed with 50 mM
KNOg, 1.2 mM NADH, 5% 1-propanol (v/v), at pH 8.5. The estimated half-saturation constant (K ;) for KNO3 was
5 mM. Glucose had no effect as external reducing power source, and NADH concentrations >1.2 mM inhibited
NR activity. Nitrite production was linear up to 20 min; longer incubation did not lead to higher nitrate reduction.
The use of the optimized assay predicted the rate of NO3 removal from the external medium by D. viridis with

high degree of precision.

Introduction

Nitrogen assimilation — from external nitrogen to
amino acids — by phytoplankton depends on the inte-
grated activity of a number of enzymes; the first step
in nitrate assimilation is its reduction to nitrite by
means of nitrate reductase (NR); then, nitrite reduc-
tase reduces nitrite to ammonium and the glutamine
synthetase/glutamine- oxoglutarate aminotransferase
(GS/GOGAT) system completesmajor nitrogen assim-
ilation (Syrett, 1981).

NR activity is usually considered to be either the
rate-limiting for nitrogen assimilation or closely cou-
pled to the rate-limiting step (Eppley et a., 1970;
Berges & Harrison, 1995a). If thisis true, NR activ-
ity measurements would be able to predict the rate
of external nitrate assimilation to organic material if
nitrate being derived for intracellular storageisknown;
indeed, NR activity has been widely used by marine
biologists as an indicator of nitrate utilization by phy-
toplankton (Eppley et a., 1970; Blasco & Packard,
1974; Blasco et a., 1984). Traditionally the method
used has been the in vitro assay developed by Epp-

ley et a. (1969) and improved by Eppley (1978) and
Packard et a. (1978). The main problem of thein vit-
ro assay is that sometimes the enzyme acitivity can
not be detected, indicating that it has been degraded
or inactivated. Nevertheless, recently several authors
have improved the in vitro method for estimation of
NR activity in severa marine micro and macroalgae
(Berges & Harrison, 1995a, b; Hurd et al., 1995). On
the other hand, in situ measurements are an alternative
method when in vitro problems cannot be overcome,
and give higher NR activitiesin some cases (Hochman
et al., 1986; Hurd et al., 1995).

The in situ method requires: (i) buffer, (ii) com-
pound able to permeabilisethe membraneto substrates
and products, (iii) source of NO3 and (iv) source of
reducing power. Production of nitriteismeasured. This
assay must be performed in the dark to avoid the fur-
ther reduction of NO, by nitrite reductase which needs
reduced ferredoxin from light reactions. It also has to
be done under anaerobic conditionsto avoid the com-
petition between nitrate and O, for the NADH (Canvin
& Woo, 1979). The term in situ is used to stress that
the enzymatic activity is being assayed at its cellular
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site. Itiscommonto find in the literature the same sort
of techniquereferred to asin vivo NR assay; however,
Corzo and Nidll (1991) proposed that in vivo should
be reserved for non-intrusive methods, in which the
biological material could grow again after the assay.
Many variations exist in the in situ method depending
on the species and on the preferences of the investi-
gators for one compound or another, but it must be
pointed out that NR activity has different behaviour
depending on the species, assay conditions and reac-
tion mixture composition (Hochman et al., 1986).

Hypersaline environments are distributed all over
the planet, being specially important in arid and semi-
arid areas. Among the organi smsthat inhabit these con-
tinental water bodies, Dunaliellaisthe best known and
possibly isubiquituousin hypersaline systems (Borow-
itzka& Borowitzka, 1988; Javor, 1989). Species of the
genus Dunaliella are the only eukaryotic microorgan-
ismsthat can survivein saturated salt solutions (>5M
NaCl) (Javor, 1989). It is an obligately phototrophic,
oxygenic, aerobic unicellular organism, representing
the most important primary producer in continental
saline waters (Javor, 1989). Dunaliella species show
high requirementsof nitratefor growth, and most of the
authors propose an optimum nitrate concentration of
5-10mM (Johnsonet al., 1968; Borowitzka & Borow-
itzka, 1988) to achieve optimal yield.

As NR activity differs between species and there
are no current data for halotolerant microalgae, the
aim of this study is to set the optimal conditions for
the in situ nitrate reductase assay to enable an accu-
rate prediction of NOj utilization in the halotolerant
microalgae Dunaliella viridis Teodoresco.

Material and methods

Dunaliellaviridiswasisolated from the athalassic lake
of Fuente de Piedra (37°06' N, 04°45" W). It was
grownin batch culturesin the medium of Johnson et al.
(1968) at 1 M NaCl and 5 mM NOj, without TRIS
buffer, under continuous white light (250 zmol m—2
s~1) provided by Silvania Daylight (20 W) commer-
cial fluorescent lamps, at 25 °C in continuous orbital
shaking.

Thein situ NR assay was performed by taking 1 ml
of cell suspension (5-30 10° cell mi—1) in NO; -free
medium and adding 2 mL of reaction mixture. This
initial mixture consisted of 0.1 M phosphate buffer,
0.5 mM EDTA, 5% (v/v) 1-propanol, 30 mM KNOsg,
1M NaCl, pH 8.0. Before the addition of the cells, the

reaction tubes and the cell suspension were separately
bubbled for 2 min with N, in order to remove oxy-
gen. The tubes were quickly sealed and covered with
aluminium foil and so incubated in the dark at 30 °C
in a water bath under continuous shaking (50 rpm).
Other parameters of the assay were changed and test-
ed. Incubation time, NO3 concentration, pH, salinity,
substitution of NaCl by glycerol in the assay medi-
um, permeabilising agents (propanol and toluene) and
reducing power (glucose and NADH) weretested. The
concentration of EDTA (0.5 mM) and phosphate buffer
(0.1 M) were selected following thework of Corzo and
Niell (1991) for the green alga Ulva rigida; pH of the
reaction mixturewasmonitored and did not significant-
ly deviate from the test values during the incubation
period.

After the incubation, the reaction was stopped by
filtering the assay mixture (Whatman GF/F) in order to
remove the enzyme-containing cells. Thefiltered solu-
tion was used for nitrite determination according to
Snell and Snell (1949). Nitrite concentration remained
constant once the medium was filtered indicating that
no significant active enzyme from broken or dam-
aged cells passed through the filter. When NADH was
present in the reaction mixture, it had to be removed
before the diazotization reaction to allow color evo-
lution. Active charcoal (2.78 mg mL—1) was used to
remove the remaining NADH added in the solution
by adsorption (after strong stirring) and centrifugation
(Hernandez et al., 1993). This procedure reduced com-
pletely the absorbance in the 340 nm region ensuring
atotal removal of interfering NADH.

NR measurements under the optimal assay con-
ditions found were compared with real NO3 uptake
rates. For this comparison, D. viridis was grown as
described above; exponentially growing (N-replete)
cells were centrifuged and resuspended in fresh medi-
um with 1 mM KNOsz. NO3  uptake was measured as
NO;3 disappearance from the culture medium in light
during 8 h (sampling each 1 h) and NR activity was
measured at 0, 4 and 8 h. External KNOs concentra-
tion was selected to be 1 mM at the beginning of the
experiment rather than the 5 mM used in the growth
medium to enable the detection of changesin NO3 in
atimescale of few hours. Since NR activity isapoten-
tial measurement, with substrate being in saturation
(50 mM), the obtained value was recal culated from the
kinetic constants estimated in this work to obtain the
activity corresponding to 1 mM.

NO3 concentrations were estimated using a
Bran+Luebbe Technicon Traacs 800 flow analyser,
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Figure 1. Time course of nitrite production during the NR assay.

using the methods of Shinn (1941) and Wood et al.
(1967).

All cultures were run in duplicate and three deter-
minations were performed from each culture; results
were compared by means of aoneway analysis of vari-
ance (ANOVA) at asignificance level of o =0.05.

Results
Incubation time

Theproduction of nitriteduringthe NR assay followed
alinear trend during the first 20 min (Figure 1). After
this period of time, nitrite production rapidly stopped,
the concentration of nitrite in the medium remaining
constant over the next 30 min. The limit of colour
detection of the method to estimate nitrite was not
achieved during this period so the non-linearity of the
assay after 20 min was not due to oversaturation of
colour detection by the method. The optimal incu-
bation time was, therefore, stated in 20 min; longer
incubation times might lead to underestimation of the
nitrite productionratein D. viridis.

KNO3 concentration

NR activity followed a hyperbolic saturation curve
with increasing NO3™ concentration in the assay medi-
um (Figure 2a), indicating atypical Michaelis-Menten
behaviour. The Lineweaver-Burk plot (Figure 2b) gave
ahalf-saturation constant K, of 5mM and a maximum
velocity (V,,) valueof 11.2nmol NO, 10° cell -1 h—2.
The concentration of NO3 in the assay medium was
never limiting (not shown), so the non-linearity of the
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Figure 2. (&) NR activity in D. viridis as a function of nitrate
concentration in the assay mixture; (b)Lineweaver-Burk plot.

assay time course after 20 min was not dueto depletion
of the substrate for the reaction.

Permeabilisers

Increasing concentration of propanol and toluene, both
separately and mixed together, were tested. The high-
est NR activity was found with 5% (v/v) 1-propanol
in the absence of toluene; increasing acohol concen-
tration led to a decrease of the NR activity (Figure 3).
Toluene only gave higher activity than propanol when
the concentration of the latter was below 3% (v/v).
Toluene did not increase NR activity but it also caused
the opposite effect, decreasing the effect of propanol
when the latter was present in a concentration higher
than 1% (v/v).

Salinity and glycerol
Inthein situ NR assay, the outer membrane of thecells

is permeabilised and the enzyme could be affected by
the external medium. We tested the effect of increasing
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Figure 3. Effect of several toluene and propanol concentrations on
NR activity in D. viridis.
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Figure 4. Influence of osmotic pressurein NR activity in D. viridis.
Algae were grown at three different NaCl concentrations, and equiv-
alent osmotic pressures in the reaction mixture were achieved by
adding NaCl or glycerol.

salinity in the range 1-3 M NaCl, both in the culture
and in the assay reaction mixture, and the substitution
of thissalt in the assay medium by glycerol, the natural
osmotic compound produced by D. viridis. When glyc-
erol was the osmotic compound present in the assay
medium, the NR activity was lower than with NaCl in
all cases, being their values between 30 and 86% of
the activities reached in NaCl (Figure 4). Moreover,
NR activity in D. viridis showed a significant decrease
as the osmotic strength of the growth medium was
increased.

pH of the reaction mixture
External pH strongly affected the NR activity, which

was reduced to 50% in the range of pH tested in this
work (6-9.5) (Figure 5). The maximal activity was

NR (nmol NO,° 10° cell* 1Y)

2 | L L |
6 7 8 9 10
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Figure 5. Variation of the NR activity as a function of externa pH
in the assay medium.

reached at pH 8.5, which is the highest value of pH
reported in the literarure for the in situ method. A pH
range of the assay mixture from 8 to 9 appeared to
be adequate for the estimation of the NR activity in
D. viridis.

Reducing power

NADH is the main physiological source of reduc-
ing power for nitrate reduction in Chlorophyceae
(Syrett, 1981), athough nitrate reduction in other
algae is NADPH-dependent. NADH in darkness can
be obtained after glucose respiration with a potential
yield of 12 NADH from each molecule of glucose.
We tested the effect of increasing external reducing
power in the form of NADH and glucose (Figure 6);
D. viridis could not use glucose as a suitable source
of reducing power under the assay conditions, since
addition of glucose had no effect on the NR activity,
but the addition of NADH highly increased the activity
of theenzyme. Neverthel ess, when NADH was present
at 4.8 mM avery significant decay of the activity was
detected.

NR activity vs NO; incorporation

A comparison between NR activity measurement using
the optimized medium and real NO3 consumption by
D. viridis was carried out (Figure 7). Uptake of NO3
by exponentially growing D. viridis was linear during
the 8 h of experiments (r2 = 0.96, p<0.01). NR activity
was estimated at 0, 4 and 8 h. There was no significant
changein NR activity during thisexperiment (ANOVA,
p<0.1). Mean NR value recaculated for 1 mM of
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Figure7. Comparison between the NOj" assimilation rate predicted
by optimized NR assay (continuous line) and NO3" uptake measured
as external NO; decrease (linear fit as dashed line, p<0.01).

NO; (the external concentration in the experiment)
was 0.754 nmol NO, 10° cell=! h—1 and the Slope
of the linear curve fitted for NOj; disappearance was
0.817 nmol NO3 10° cell=! h~1, both values being
not statistically different (test for comparison of slopes,
p<0.01).

Discussion

Permeabilisers and incubation time

Thetime course of nitrite production (Figure 1) shows
a linear trend during the first 20 min; afterwards the

conditions developed into the test tubes stopped the
production, remaining constant the concentration of
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nitrite in the medium. Both NO3" and NADH are in
excess concentration in the mixture, so their possi-
ble limitation is not responsible for the non-linearity
of the assay after 20 min. Similar results have been
reported for Ulvarigida (Corzo & Niell, 1991) with a
linear phase during the first 30 min. The inactivation
or degradation of the enzyme could explain the stop
of the nitrite production after that period. Hochman
et al. (1986) found adelay of 20 min beforereaching a
clear linear nitrite production rate using tol uene-treated
Chlorellacells. Thisdelay could bedueto thediffusion
restrictions exerted by the viscosity of toluene.

Permeabilisers classically used in the in situ NR
assays seem to operate by increasing membrane per-
meability, therefore favouring both the entry of nitrate
to the reduction site and the exit of nitrite to the medi-
um (Mann et al., 1979; Lawrence & Herrick, 1982).
Among the alcohols, 1-propanal is the most effec-
tive in a number of species (Sym, 1984; Brinkhuis
et al., 1989; Hernandez et al., 1993). Tolueneis anoth-
er of the permeabilising agentsextensively used, giving
better results than propanol in some cases (Hochman
et al., 1986). Freezing and thawing has been used for
the same purpose as a mechanical alternative to the
utilization of organic compounds (Rhodes & Stewart,
1974; Maurifio et al., 1985). Estimated NR activity in
D. viridisis higher when 1-propanol is used as perme-
abiliser agent, with an optimum concentration of 5%
(v/v). Thisconcentrationisin the same range of previ-
ous reports, both for the marine macroalgae Laminar-
ia japonica (Brinkhuis et a., 1989) and the freshwa-
ter microalgae Monoraphidium braunii (Corzo et al.,
1991); neverthel ess, the optimum concentration for the
marine macrophytesUlvarigida (Corzo & Niell,1991)
and Porphyraumbilicalis(Hernandez et al., 1993) were
obtained using much lower 1-propanol concentrations
(0.1%). Toluene severely reduces the production of
nitrite at concentrations higher than 1% (v/v), proba-
bly due to its high viscosity that could prevent proper
molecular diffusion.

KNO3 supply

The estimated half-saturation constant (K,) for NO3
in D. viridis was 5 mM. This value is much higher
than those reported for several microalgae (Berges &
Harrison, 1995b) and the brown macroalga Laminaria
digitata (Davison & Stewart, 1984) using the in vitro
assay, al of them in the uM range. Nevertheless, in
Ulva rigida, a K, in the mM range, using the in situ
method, has al so been reported (Corzo & Niell, 1991).
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Thissuggeststhat the kinetic parametersare dependent
of the method used for NR activity estimation (Hurd
et a., 1995) and they are not usefull as K™ valueslike
valuesfrominvitro studiesare. Higher K valuesinthe
insitu assay could be the result of moredifficult acces-
sibility for NO3 to the reduction site. It is interesting
to point out that thishigh valuefor K inD. viridisisin
the same range of the optimum concentration of NO3
for growth of halotolerant microalgae.

pH

The optimal pH for in situ NR estimation in D. viridis
was found to be the highest value reported in the lit-
erature. In higher plants, these values ranged between
7.0 and 7.5 (Sym, 1984; Maurifio et al., 1986), for
somemicroalgae, between 7.5and 7.6 (Hochman et al.,
1986), and for Ulva rigida the optimum was found at
pH 8.0 (Corzo & Niell, 1991), close to the pH of sea-
water (8.2). Optimum pH for NR assay in D. viridis
is 8.5-9.0, in the same range than optimum pH for
growth of halotolerant species of Dunaliella (Borow-
itzka & Borowitzka, 1988).

Salinity

D. viridis is a halotolerant microalga with an optimal
growthat 1 M NaCl, being ableto grow over 4 M NaCl
(Jiménez & Niell, 1991); nevertheless, Nat cell con-
centration remainslow whatever isthe external salinity
of the medium (Katz & Avron, 1985). Due to the use
of permeabilising agents in the in situ assay, it could
be possible that those high concentrations of Na* and
Cl— may affect the activity of the enzyme; therefore,
we tested three salinities (1, 2 and 3 M NaCl) and the
substitution of the salt in the assays by an osmotic and
non-ionic compound, glycerol, which is the natural
‘osmoticum’ in Dunaliella. Nevertheless, the use of
glycerol in the NR assay was unsuccessful (Figure 4),
reaching val ues between 30 and 86% of those obtained
in NaCl. The reason for this decrease in the estimated
NR activity could also be found in the high viscosity
of glycerol. The lower activity found with increasing
NaCl concentration may not be an effect of high NaCl
levelsin the reaction mixture, but anatural decreasein
nitrogen assimilation ability according to the decrease
ingrowth rate at high salinity (Jiménez & Niell, 1991).

Reducing power

NADH has been widely used as an external source
of reducing power in NR assays both in vitro and
in situ; but the use of NADH has some problems
becauseit interfereswith the full devel opment of color
in the diazotization of nitrite with sulfanilamide and
N-(1-naphtyl) ethylendiamine dihydrochloride; there-
fore, several post-assay treatments have been devel-
oped (e.g. Scholl et a., 1974; Scheidler & Ninemann,
1986). In thiswork, active charcoal (Stulen, 1970) was
used for removing NADH from the assay medium, and
none of the problemsmentioned by Scholl et al. (1974)
were detected.

Corzo & Niell (1991) found an increase of 69%
in the NR activity in Ulva rigida using glucose with
respect to a control without external supply of reduc-
ing power. Glucose was not effective as a source of
reducing power in thein situ NR assay in D. viridis.

It has also been found that excess NADH leads
to an inhibition of nitrite production. The possibility
of an inefficient removal of all the NADH by active
charcoal and the subsequent inhibition of color devel-
opment was discarded as we found that the post-assay
charcoal treatment was able to completely remove the
absorbance in the 340 nm region (NADH absorbing
region). It was previoudy reported that NADH chemi-
cally inactivates the NR enzyme under in vitro condi-
tions, both when NO3 was not present (Moreno et al .,
1972; Aryan et a., 1983) and in the presence of NO3
(Berges & Harrison, 19953). In our case, high lev-
els of NADH in the assay medium led to a significant
decrease of the NR activity. It is well established that
NR in Chlorella is inactivated in vivo by NADH and
cyanide (Lorimer et a., 1974; Pistorious et al., 1976).
The significance of this effect acting in vivo under
active photosynthesis is uncertain, athough a control
rolein C-N interacting metabolism cannot be discard-
ed. Maximal activity was found at 1.2 mM NADH
being in agreement with the optimal range reported for
the brown macroalgae Fucus gardneri by Hurd et al.,
(1995) using an improved in vitro assay.

As concluding remarks, the in situ method gives
good reproducibility for its usein hypersaline systems
since NaCl in the assay medium seems not to affect the
activity of theenzyme. Moreover, the activity of theNR
in D. viridisis dependent on the presence of NADH as
source of reducing power, which can cause inhibition
when is added in excess. Glucose is not an effective
supply to generate reducing power in the species used.
Finally, if optimal conditions for the assay are not



properly established, it will be imposible to predict
nitrogen metabolism from NR estimations. I n addition,
if internal NO; storage is being carried out, internal
accumulation rate must be taken into account when the
in situ method is being used as an estimation of nitrate
milation.

Acknowledgements

This work has been supported by the CICYT project
AMB96-0782. F. J. L. Gordillo is supported by agrant
from the Spanish Ministry of Education and Science.
The authors gladly thank John Berges for the revision
of the manuscript.

References

Aryan AP, Batt RG, Wallace W (1983) Reversible inactivation of
nitrate reductase by NADH and the occurrence of partialy inac-
tive enzyme in the Wheat Leaf. Plant Physiol. 71: 582-587.

Berges JA, Harrison PJ (1995a) Nitrate reductase activity quanti-
tatively predicts the rate of nitrate incorporation under steady
state light limitation: A revised assay and characterization of
the enzyme in three species of marine phytoplankton. Limnol.
Oceanogr. 40: 82-93.

Berges JA, Harrison PJ(1995b) Relationships between nitrate reduc-
tase activity and nitrate incorporation under steady-state light or
nitrate limitation in the marine diatom Thalassiosira pseudonana
(Bacillarophyceae). J. Phycal. 31: 85-95.

Blasco D, Maclsaac JJ, Packard TT, Dugdale RC (1984) Relationship
between nitrate reductase and nitrate uptake in phytoplankton in
the Peru upwelling region. Limnol. Oceanogr. 29: 275-286.

Blasco D, Packard TT (1974) Nitrate reductase measurements in
upwelling regions: 1. Significance of the distribution off Baja
California. Tethys 6: 239-246.

Borowitzka MA, Borowitzka LJ (1988) Dunaliella. In Borowitz-
kaMA & Borowitzka LJ(eds), Microalga Biotechnology. Cam-
bridge University Press, 27-58.

Brinkhuis BH, Renzhi L, Chaoyuan W, Xun-Sen J (1989) Nitrite
uptake transients and consequences for in vivo algal nitrate reduc-
tase assays. J. Phycol. 25: 539-545.

Canvin DT, Woo KC (1979) The regulation of nitrate reduction in
spinach leaves. Can. J. Bot. 57: 1155-1160.

Corzo A, Niell FX (1991) Determination of nitrate reductase activity
inUlvarigida C. Agardh by thein situ method. J. exp. mar. Biol.
Ecol. 146: 181-191.

Corzo A, Plasa R, Ullrich WR (1991) Extracellular ferricyanide
reduction and nitrate reductase activity in the green alga Mono-
raphidium braunii. Plant Sci. 75: 221-228.

Davison IR, Stewart WDP (1984) Studies on nitrate reductase activ-
ity in Laminaria digitata (Huds.) Lamour. 1l. Therole of nitrate
availability in the regulation of the enzyme activity. J. exp. mar.
Biol. Ecol. 79: 65-78.

Eppley RW, Coatsworth JL, Solorzano L (1969) Studies of nitrate
reductase in marine phytoplankton. Limnol. Oceanogr. 14: 194—
205.

105

Eppley RW, Packard TT, Mclsaac JJ(1970) Nitrate reductasein Peru
current phytoplankton. Mar. Biol. 6: 135-139.

Hernandez |, Corzo A, Gordillo FJL, Robles MD, Saez E, Fernan-
dez JA, Niell FX (1993) Seasonal cycle of the gametophytic form
of Porphyra umbilicalis: nitrogen and carbon. Mar. Ecol. Prog.
Ser. 99: 301-311.

Hochman A, Nissany A, Wynne D, Kaplan B, Berman T (1986)
Nitrate reductase: an improved assay method for phytoplankton.
J. Plankton Res. 8: 385-392.

Hurd CL, Berges JA, Osborne J, Harrison PJ (1995) An in vitro
nitrate reductase assay for marine macroalgae: optimization and
characterization of the enzyme for Fucus gardneri (Phaeophyta).
J. Phycol. 31: 835-843.

Javor B (1989) Hypersaline Environments. Brock/Springer Seriesin
Contemporary Biosciences, 328 pp.

Jiménez C, Niell FX (1991) Growth of Dunaliella viridis Teodor-
esco: effect of salinity, temperature and nitrogen concentration.
J. appl. Phycol. 3: 319-327.

Johnson MK, Johnson RD, Macelroy RD, Speer HL, Bruff BS(1968)
Effects of salts on the haophilic alga Dunaliella viridis. J. Bact.
95: 1461-1468.

Katz A, Avron M (1985) Determination of intracellular osmotic
volume and sodium concnetration in Dunaliella. Plant Physiol.
78: 817-820.

Lawrence JM, Herrick HE (1982) Mediafor in vivo nitrate reductase
assay of plant tissue. Plant Sci. Lett. 24: 273-275.

Lorimer GH, Gewitz HS, Vdlker W, Solomonson LP, Vennesland B
(1974) The presence of bound cyanide in the naturally inactivated
form of nitratereductase of Chlorellavulgaris. J. biol. Chem. 249:
6074-6079.

Mann AF, Hucklesby DP, Hewitt EJ (1979) Effect of aerobic and
anaerobic conditions on the in vivo nitrate reductase assay in
spinach leaves. Planta 146: 83-89.

Maurifio SG, Echevarria C, Mgjias JA, Vargas MA, Madonado JM
(1986) Properties of thein vivo nitrate reductase activity assay in
mai ze, soybean and spinach leaves. J. Plant Physiol. 24: 123-130.

Maurifio SG, Echevarria C, Vargas MA, Madonado JM (1985)
Freezing and thawing on in situ nitrate reductase activity in
spinach leaves. J. Plant Physiol. 120: 409-417.

Moreno CG, Aparicio PJ, Paacian E, LosadaM (1972) Interconver-
sion of theactiveandinactiveformsof Chlorellanitratereductase.
FEBS Lett. 26: 11-14.

Packard TT, Dugdale RC, Goering JJ, Barber JJ(1978) Nitratereduc-
tase activity in the subsurface waters of the Peru current. J. Mar.
Res. 36: 59-76.

Pistorius EK, Gewitz HS, Voss H, Vennesland B (1976) Reversible
inactivation of nitrate reductase in Chlorella wulgaris in vivo.
Panta 128: 73-80.

Rhodes D, Stewart GR (1974) A procedure for the in vivo deter-
mination of enzyme activity in higher plant tissue. Planta 118:
133-144.

Scheidler L, Ninneman H (1986) Nitrate reductase activi-
ty: phenazine methosulfate-ferricyanide stop reagent replaces
postassay trestment. Analyt. Biochem. 154: 29-33.

Scholl RL, Harper JE, Hageman RH (1974) Improvements of
the nitrite color development in assays of nitrate reductase by
phenazine methosulfate and zinc acetate. Plant Physiol. 124: 123~
130.

Shinn JA (1941) Ind. Eng. Chem. (annual edition), 13: 33. In Strick-
land JDH & Parsons TR (eds) A practical Approach Handbook
of Seawater Anaysis. Fish. Res. Bd Can. Bull. 167.

Snell FD, Snell CT (1949) Colorimetric Methods of Analysis. 3rd
Edition, Van Nostrand, Princeton, New Jersey. Vol. 2, 804 pp.



106

Sym GJ (1984) Optimisation of the in vivo assay conditions for
nitrate reductase in barley (Hordeum vulgare L. cv. Igri). J. Sci.
Food Agric. 35: 725-730.

Syrett PJ, (1981) Nitrogen metabolism of microagae. In Platt T
(ed.) Physiologica Bases of Phytoplankton Ecology. Bull.
No. 210182-210. Canadian Government Publishing Center.

Wood ED, Armstrong FAJ, Richards F (1967) Determination of
nitrate in seawater by cadmium-copper reduction to nitrite. J.
mar. biol. ASS. UK. 47: 23-31.



