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Abstract

Aquatic macrophytes grow in an environment where nitrogen can be available at quantitatively
significant concentrations around both roots and shoots. Because ofthe generally higher concentra-
tion of NOs - in the bulk water compared to the sediment, and because of the energetic advantage
of reducing NOs - in shoots compared to roots, aquatic plants were expected primarily to reduce
NOs* in shoots. To test this hypothesis, nitrate reductase activity (NRA) of roots and shoots was
measured in vitro on 18 aquatic macrophytes, representing 12 species. The plants were collected at
seven locations with bulk water [NO: - ] ranging from 0 to 550 piM and interstitial water [NO: - ]
ranging from 2 to 400 piM. All plants exhibited low NRA (<2 pimolNo,. g.» DWh-1) in both
roots and shoots, except for the amphibious species, Cardamine amare, where shoot NRA reached
24 pimolINo - _g.. DWh-1. Higher NRA was however inducible, increasing 2-17 times in five
selected species when induced with 500 piM NO: - . In 11 out of 17 plants with measurable NRA,
the shootiroot NRA ratio was <1, showing that despite the proposed advantages of shoot NOs -
reduction, root reduction is apparently still of importance in aquatic plants.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrate reductase, the primary nitrate reducing enzyme, can be present in both roots and
shoots of terrestrial plants (Gojon et al., 1994). The balance of nitrate reduction between
roots and shoots depends both on root:shoot biomass ratio and on the nitrate reductase
activity of the two organs, and it varies with plant species, age and growth conditions

* Corresponding author. Present address: Department of Agricultural Sciences, The Royal Veterinary and
Agricultural University (KVL), Hojbakkegard All¢ 9, DK-2630 Taastrup, Denmark. Tel.: +45-35-283-397;
fax: +45-35-282-175.

E-mail address: ncf@kvl.dk (N. Cedergreen).

0304-3770/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0304-3770(03)00050-0


http://www.elsevier.com/locate/aquabot
mailto:ncf@kvl.dk

204 N. Cedergieen, T Vindbek Madsen/Aquatic Botany 76 (2003) 203-212

(Andrews, 1986; Gojon et al., 1994). Studies on both NOs - concentrations in xylem sap
exudates and in vivo and in vitro nitrate reductase activity show that slow growing plant
species, such as trees and woody scrubs, typically reduce most of their nitrate in roots
(Andrews, 1986; Gojon et al., 1994). Fast growing crop species, on the other hand, tend
to reduce a larger part of their NOs - in the shoot, even when grown at similar external
[NOs -] as the slow growing species (Andrews, 1986; Gojon et al., 1994; Claussen and
Lenz, 1999). Common for a wide range of species is that shoot nitrate reductase activity
(NRA) increase compared to root NRA as external NOs- concentrations increase (Gojon
et al.,, 1994; Samuelson et al., 1995). Hence, at low external NOs - concentrations, NOs -
is primarily reduced in roots, and as NOs - concentrations increase, root NRA reaches a
plateau while shoot NRA keeps increasing (Gojon et al., 1994; Samuelson et al., 1995). It
is therefore generally believed that the rate of NOs - reduction in the shoot is determined
by the flux of nitrate reaching the shoot (Gojon et al., 1994). This hypothesis is confirmed
by studies on plants with NOs- applied directly to leaves or grown in a NCR enriched
atmosphere, showing a NRA increase in leaves with increased NOs - or NCR supply rate
(Hufton et al., 1996; Scheible et al., 1997b; Gojon et al., 1998). It is suggested that the
species-specific difference in the relationship between NRA in root and shoot depends on
plants NOs* uptake rates (Gojon et al., 1994). Hence, slow growing plants with inherently
low uptake capacity do not take up more NOs - than can be reduced in the roots, compared
to fast growing plant where high uptake rates exceed the reduction capacity of the roots
(Gojon et al,, 1994).

Unlike terrestrial plants, aquatic plants grow in an environment where nitrogen is present
at quantitatively significant concentrations around both roots and shoots. Nitrate wifi usually
only exist in high concentrations in the bulk water, since most sediments are anoxic with
NHs+ being the dominant nitrogen form (Wetzel, 1983). An exception is oxidised sediments
as might be found in streams with coarse substrate. Thus rooted macrophytes from lakes and
slow flowing rivers can only take up significant quantities of nitrate by the shoot, whereas
floating macrophytes and plants rooted in oxidised sediment have the possibility of taking
up nitrate by both roots and shoots. Knowing that NOs - uptake depends on external NOs -
concentrations (Marschner, 1995),NRA ofroots and shoots was expected to be positively re-
lated to the external [NOs - ]. This relationship however could be disturbed, ifthe presence of
NH4+ affects the uptake rate of NOs “, as has been seen for several aquatic species (Nichols
and Keeney, 1976; Ingemarsson et al., 1984; Thursby and Harlin, 1984). On the other hand,
studies of N-uptake rates ofroots and shoots of four submerged amphibious species gener-
ally showed substantial uptake rates of NOs - even in the presence of 1-10 piM NH4+ (Nils
Kongshoj, unpublished data). The suggested relationship between external NOs - concen-
trations and NRA in roots and shoots, also implies that for plants growing in an anoxic
sediment, shoot NRA will be higher than root NRA. The balance between NRA activity
in roots and shoots of floating macrophytes and plants rooted in oxidised sediment, might
depend more on root and shoot dry weight specific NOs - uptake rates and on the availabil-
ity of energy and carbon for nitrate reduction in the two tissues. From an energetic point
of view, photosynthetic tissue would be a more advantageous location for nitrate reduction
than respiratory root tissue when viewed on a whole plant basis (Raven, 1985). Thus, both
the external availability of NOs - and the physiological properties ofroots and shoots seem
to favour shoot NOs - reduction over root NOs - reduction for aquatic macrophytes.
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In this study we test whether the activity of nitrate reductase of aquatic macrophytes are
coupled to the availability of nitrate in the environment and how external availability affects
induction and distribution of nitrate reductase between root and shoot tissue.

2. Materials and methods
2.1. Plant material

Submerged aquatic plants, of both submerged and amphibious species growing at depths
<50 cm and at temperatures of 9-15 °C, were collected in September 2000 from four lakes:
Hald So (56°23'N, 9°22/E), Hampen So (56°01'N, 9°24'E), Slden So (56°7'N, 9°38'E)
and Torup So (56°0EN, 9°26/E) and from three streams: Dollerup Baek (56°22/N, 9° 18'E),
Mattrup A (55°58/N, 9°30/E) and Arhus A (6hMEN, 10°00/E). In total 12 species were
collected, with two species being present at more than two locations. The collected plants
were stored on ice when transported to the laboratory, where they were separated into roots
and shoots, weighed and stored in liquid nitrogen for later analysis.

2.2. NRA induction

Shoots (5-10 cm) of four species, two from lakes: Myriophyllum alterniflora, Elodea
canadensis and two from streams Callitriche cophocarpa and Batrachium peltatum were
placed in nets in a N-free growth medium in an aquarium situated in a growth cabinet.
Lemnagibbaras left floating on N-free growth medium. The growth cabinet had a day/night
temperature of 20 °C/15 °C and a photon flux density of400 pimol m-> s-1 (PAR) provided
by metal halide bulbs (Osram 250 W) in a 16 h photoperiod. The N-free medium consisted
of: 1.65mM MgSUs, 1.00mM CaCD, 0.65 mM NaEBPO” 0.50mM K:SO., 0.50mM
KNO:s - ,0.16 mM KCOs and 27 piM Fe-EDTA, 5.77 piM H; BOs , 1.13 piMMnCH, 0.19 piM
ZnSUs, 0.08 piM CUSO: and 0.05 piM NaMoo 4 , and was changed once a week. When
roots had emerged (after 1-3 weeks), plants were incubated for 2 days in growth medium
with 500 piM KNO:s - , after which they were separated in roots and shoots, weighed, frozen
in liquid nitrogen and used for NRA determination.

2.3. NRA measurements and chemical analysis

Nitrate reductase activity was measured on the stored plant material as maximal nitrate
reductase activity (MacKintosh et al., 1995). The analysis was performed according to
Scheible et al. (1997a) using an extraction buffer of 50 mM HEPES (pH 7.5), 5 mM MgAc,
ImM EDTA, 2.5 mM DTT, 0.5% (w:v) BSA and 1% (w:v) PVP-40 and an assay-mix con-
sisting of 30mM phosphate buffer (pH 7.5), IOmM KNO:, 0.30mM NADH and 5SmM
EDTA. The NO: - formed by nitrate reductase was determined by adding 300 pil sulphanil-
amide (1% (w:v) in 3N HCI) and 300 ¢ 155 piM TV-1-Naphtylethylen-diamine to 700 pi
incubated assay and measuring OD at 540 nm after 20 min. Dry weight/fresh weight ra-
tio of the plants was measured on samples similar to those analysed for nitrate reductase
activity.
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On each site of plant collection, samples of the bulk water and 3-4 sediment cores were
obtained. The upper 5 cm ofeach sediment core was removed, mixed and centrifuged at 7000
RPM for 5min in a Sorvall Super Speed RC2-B centrifuge (CT, USA) and the supernatant
removed and used for determination of pore water concentrations of NOs- and NH4+.
NH4+ analyses of bulk and pore water were performed immediately, using the salicylate
method (Lachat Instruments, Quickchem Methods No. 10-107-06-3-A, Milwaukee, USA).
Subsamples were acidified with HC1 to a pH of ca. 2 and frozen for later analysis of
NOs -, employing a Lachat flow injection analyser (QuickChem Method 10-107-04-1-C,
Milwaukee, USA).

2.4. Statistical analysis

Differences between root and shoot NRA of plants from lakes and streams, and differences
between NOs - and NH4+ concentrations in lakes and streams and between interstitial water
and bulk water were tested by two way analysis of variance (ANOVA) where tissue type
(root versus shoot) or ion location (interstitial versus bulk water) constituted one factor
and plant location (lake versus stream) constituted the other. If interactions between factors
were significant (P < 0.05), data were split into two one-way ANOVA’s. Homogeneity of
variance was tested by Cochran’s test, and data were log transformed if necessary.

3. Results

The nitrate reductase activity of all plants tested was low, being less than 2 pimoIN02
g 1DWh_1 except for the amphibious species Cardamine amare which had root and
shoot maximal nitrate reductase activities of 8.4+ 0.0 pimoIN02 g-1 DW h-1 and 23.7+
3.6 pimoINO02- g-1 DW h-1 (Table 1). There was no relationship between NRA of roots
and shoots and the external NCH- concentration in the interstitial water and the bulk water
(r2 = 0.00, P = 0.67, n = 74 on log transformed data, omitting data from Cardamine
amare) (Fig. 1). Knowing that large species-specific differences in the induction of NRA
in response to external availability exist (Gojon et al., 1994), the effect of external NCH-
concentrations on NRA in roots and shoots was tested on Elodea canadensis and Batra-
chium peltatum collected at three locations where [NCH- ] varied from 0 to 95piM and
from 4 to 551 pJVL There was no correlation between external [NCH- ] and NRA (Elodea:
r2= 0.10, P = 0.33, n = 12; Batrachium:r2 = 0.02, P = 0.61, n = 12), and there was
no difference in NRA between tissue type (root versus shoot) or between growth habitat
(lake versus stream) for the investigated species (two-way ANOVA: F(jnteraction) = 0-0.
P = 0.84; F(ss,1)) = 0.8, P = 0.36 for root versus shoot and F(ss,i) = 2.6, P = 0.11 for
lake versus stream).

Comparing the nitrate reductase activity in roots and shoots using the shoot:root NRA
ratio showed that root NRA was larger than shoot NRA in 11 out of 17 plants (shoot:root
NRA ratio < 1: expressed on weight basis) (Table 1). Difference in the shoot:root NRA ratio
between growth habitats was not found (ANOVA: F(is,i) = 0.10, P = 0.76).

The five plant species grown in the laboratory at 500 piM NO:- showed a 2—17-fold
increase in both root and shoot NRA compared to ambient NRA for all species, except for
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Table 1
Nitrate reductase activity of roots and shoots of 18 aquatic macrophytes, representing 12 species collected at 7
locations: 4 lakes and 3 streams

Locality Species Plant part NRA Shoot:root NRA
Lakes
Hald Se Elodea canadensis Root 0.33+£0.04 0.85
Shoot 0.28 £0.05
Lemna gibba Root 2.08+1.17 0.12
Shoot 0.26 £0.01
Hampen Se Litorella uniflora Root 0.12 £0.00 142
Shoot 0.17+0.01
Myriophyllum alterniflora Root 0.27 £0.00 1.35
Shoot 0.37 £0.03
Slaen Sg Nuphar lutea Root NS >1
Shoot 0.11+0.01
Sparganium minimum Root 0.30 £0.04 0.62
Shoot 0.19+0.01
Litorella uniflora Root NS -
Shoot NS
Ceratophyllum demersum Shoot NS
Torup Se Elodea canadensis Root 047 <1
Shoot NS
Streams
Dollerup Bak Carsamine amara Root 842 +£0.00 2.81
Shoot 23.69 + 3.56
Berula erecta Root 0.13+£0.01 <1
Shoot NS
Batrachium peltatum Root 0.11+£0.01 3.33
Shoot 0.35 +0.06
Callitriche cophocarpa Root 0.19+£0.03 0.84
Shoot 0.16 +0.00
Mattrup A Elodea canadensis Root 028 £0.02 <1
Shoot NS
Berulae erecta Root 0.22 £0.00 0.61
Shoot 0.13+0.01
Batrachium circinatum Root 1.30 £0.04 0.45
Shoot 0.59+0.18
Batrachium peltatum Root 049+0.01 1.48
Shoot 0.73+£0.03
Arhus A Batrachium peltatum Root 0.20 £0.02 <1
Shoot NS
Sparganium erectum Root 049 £ 0.05 0.60
Shoot 0.29+0.01

The nitrate reductase activity was expressed as umol NOp~ g~! DWh~!. The relationship between nitrate re-
ductase activity in roots and shoots was given by the shootiroot ratio of NRA. Nitrate reductase activities are
mean £ S.D. (n = 2-3), activities <0.10 are considered non-significant (NS).
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Fig. 1. Nitrate reductase activity ofroots (closed circles) as a function ofthe NO3- concentration of the interstitial
water and shoots (open circles) as a function of bulk water NO3- concentration of 18 aquatic macrophytes
representing 12 species collected at 7 locations.

Elodea roots where NRA decreased (Fig. 2a and b). In the induced plants, root NRA was
1.3-7.2 pimoINo 2 - g.1 DWh.: larger than shoot NRA for Callitriche, Batrachium and
Lemna while shoot NRA was 3.1 and 0.5 pimoINo > g1 DWh-1 larger than root NRA
for Myriophyllum and Elodea (Fig. 2).

The NOs- and NFU+ concentration of interstitial water and bulk water is shown in
Table 2. There was a significant difference between NOs- concentrations in lakes and
streams, but not between interstitial water and bulk water (two-way ANOVA: /*interaction) =
12.4, P < 0.01. One-way ANOVA: F(25,1) = 13.4, P < 0.01; F(23,i)) = 0.5, P = 0.50 for
lake versus stream and interstitial versus bulk water). For NU.+ there was no difference
between lakes and streams, but a significant difference between interstitial and bulk water
(two-way ANOVA: /interaction) = 0.1, P = 0.76; /ysi,i) = 0.0, P = 0.92; /y;i,i) = 8.3,
P < 0.01 for lake versus stream and interstitial versus bulk water).

Table 2
Nitrate and ammonium concentrations of interstitial water and bulk water
Locality Interstitial water Bulk water
NOs“ (uM) NH4+ (uUM) NOs“ (uM) NH4+ (uM)
Lakes
Hald So 4+ 3 172 + 84 0 2+ 0
Hampen So 6+ 3 2+ 3 0 1+£0
Slaen So 2+ 1 18+ 16 0 1+ 1
Torup So 342 85+ 10 0 3+ 0
Streams
Dollerup Baek 391 + 187 7+ 8 551 5+ 5
Mattrup A 22 £24 21 £ 12 95 1+ 1
Arhus A 4+ 3 31+ 11 146 4+ 1

Data are mean = S.D. (n = 2-4), n = 1 for bulk water nitrate.
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NRA of induced plants

Fig. 2. Nitrate reductase activity of roots (filled bars) and shoots (open bars) of five macrophyte species grown
under (a) ambient conditions and (b) under controlled conditions in N-free medium until new roots and shoots
were formed after which they were induced for 2 days with 500 p,M NO;:

4. Discussion

The ambient nitrate reductase activity of roots and shoots, being less than 2 ptmol
NO02- g-+ DWh.: for all the aquatic macrophyte species tested, except Cardamine amare,
was similar to the in vivo NRA reported for herbs and scrubs from heathlands, mire, swamp
forests and arctic habitats when grown in their natural habitat or with NH4++ as the main
nitrogen source (Hogbom and Ohlson, 1991; Atkin and Cummins, 1994; Troelstra et al.,
1995a, b; Atkin, 1996). Care must be taken when comparing values of nitrate reductase ac-
tivity measured in vivo, where plant tissue is intact but NRA often substrate limited, to those
measured in vitro, where plants are homogenised but substrates exist at saturating concen-
trations. Usually in vitro NRA is higher than in vivo NRA (Fredeen et al., 1991; Cruz et al,,
1991; Gojon et al., 1994). The in vitro NRA of this study, however, are still low compared
to the in vivo NRA ofroots and leaves of crop plants and ofleaves of more than 100 British
ruderal and woodland species, being in the rage 0f0.3-52.6 pimol N02_g.: DW h.1 with
the average of the British species being 6.0 £ 5.3 pimoIlN02_ g.: DWh-1 (« = 102)
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(Gharbi and Hipkin, 1984; Gojon et al., 1994) (All fresh weight data was recalculated using
a dry to fresh weight ratio of 0.38 (Roderick et al., 1999)).

The lack of correlation between ambient NRA and external NOs - concentrations in in-
terstitial water and bulk water, even at NOs - concentrations of 391-551 piM as in Dollerup
bak, indicate that factors other than NOs - influence ambient NRA. One factor considered to
be of importance, is the presence of NH4+,which is known to be preferred over nitrate by a
variety of aquatic species (Nichols and Keeney, 1976; Ingemarsson etal., 1984; Thursby and
Harlin, 1984). Thus, studies on Myriophyllum spicatum showed that NHa+ concentrations
in the bulk water above 2 piM impeded the uptake of bulk water NOs - (24 piM) (Nichols
and Keeney, 1976), and in Lemna NHs+ concentrations had to be <10 piM before NO:s -
uptake could be initiated (Ingemarsson et al., 1984). In Ruppia maritima leaf NOs - uptake
decreased by 50% when 40 piM NH4+ was applied to either leaves or roots and a total sup-
pression ofroot NOs “ uptake was found when roots were exposed to 40 piM NTUY" (Thursby
and Harlin, 1984). Thus, the low NRA found in the aquatic species tested in this study might
be explained by NH4+ suppression of nitrate reductase. This hypothesis was strengthened
by the >15 times increase in root NRA of Callitriche and Batrachium when grown under
controlled conditions without NH4+, but at NOs - concentrations comparable to ambient
[NOs-]. Other factors such as temperature, light and carbon availability might also have
influenced the NRA of induced plants, with an approximate doubling of temperature con-
sidered the most important difference. A doubling of root zone temperature in selected
arctic plants from 10 to 20 °C, however, maximally resulted in a doubling of NRA. Thus a
difference in temperature is not believed to have cause the large increase in NRA observed in
induced plants compared to plants grown at ambient conditions. The high nitrate reductase
activity of Cardamine amare was comparable to the activity of terrestrial herbs and grasses
(Gharbi and Hipkin, 1984; Gojon et al., 1994). Contrary to the studies on aquatic plants
showing a preference for NHs+ over NOs - , some amphibious and terrestrial plants are
shown to take up NOs - (Deane-Drummond and Glass, 1983; Samuelson et al., 1995; Ourry
et al., 1996, Niels Kongshoj, unpublished data) and induce nitrate reductase in the presence
of NH4+ (Samuelson et al., 1995). Thus, Cardamine amare might, in terms of nitrogen up-
take, resemble a terrestrial herb more than an aquatic macrophyte, and therefore might pos-
sess the ability to take up NOs - and induce nitrate reductase even in the presence of NH4+.

For the species tested, there were no consistent indications that NRA was higher in
shoots compared to roots, as was expected from an energetic viewpoint (Raven, 1985).
On the contrary root NRA exceeded shoot NRA in 11 out of 17 specimen. In terrestrial
plants, root NOs - reduction typically dominate in plants from habitats where NH4+ or
N: is the major N-source (Raven, 1985; Claussen and Tenz, 1999). It has been suggested
that assimilating NOs - in roots might be advantageous because the enzymes of primary,
non-photorespiration related, NHs+ assimilation is located only in roots in these plants
(Raven, 1985). If NH4+ is the primary nitrogen-ion taken up by aquatic macrophytes, this
hypothesis could apply to aquatic plants as well, since NH4+ concentrations will usually be
larger in the sediment than in the bulk water, as was also seen in the present study. In floating
plants as Lemna, the dominating root NOs “ reduction is a more puzzling phenomenon, since
both root and shoot is exposed to the same nitrogen source, leaving no obvious arguments
for a predominant root NOs- reduction. In Lemna minor there are indications that even
NOs* taken up by leaves is transported to the roots for reduction there (Cedergreen, 2001).
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When considering the ecological importance of reducing NOs- in roots compared to
shoots, it must be remembered, that even if the NRA on a biomass basis is larger in roots
than in shoots, this does not necessarily mean that root NOs - reduction is predominant
on a whole plant basis, since the root weight proportion of total plant biomass is usually
small in aquatic macrophytes. Thus, for 14 aquatic macrophyte species grown under varying
light temperature and sediment conditions, roots contributed less than 25% to total plant
dry weight, except in rosette plants as Valisneria americana and Litorella uniflora where
the root system can account for more than 50% of the weight (Barko and Smart, 1981a, b;
Barko et al., 1982; Sand-Jensen and Madsen, 1991; Robe and Griffiths, 1998).

In summary, the results ofthis study indicate that NO:s - is probably oflimited importance
as a nitrogen source for aquatic macrophytes under natural late summer conditions, even
when present in high concentrations. This was suggested to be due to a plant preference
for NH4+. It was also shown that root NRA was still of considerable importance in plants,
naturally expected to experience higher NOs - concentrations around shoots than around
roots. The relatively high root NRA activity was proposed to be due to roots being the main
location of nitrogen assimilation in plants naturally taking up a majority of their nitrogen
as NH4+ by roots.

Acknowledgements

This work was supported by the Faculty of Natural Sciences, University of Aarhus and
by the Danish Natural Research Council (grant no. 9502156).

References

Andrews, M., 1986. The partitioning of nitrate assimilation between root and shoot of higher plants. Plant Cell
Environ. 9, 511-519.

Atkin, O.K., 1996. Reassessing the nitrogen relations of Arctic plants: a mini-review. Plant Cell Environ. 19,
695-704.

Atkin, O.K., Cummins, W.R., 1994. The effect of root temperature on the induction of nitrate reductase activity
and nitrogen uptake rates in arctic species. Plant Soil 159, 187-197.

Barko, J.W., Smart, R.M., 1981a. Comparative influences of light and temperature on the growth and metabolism
of selected submersed freshwater macrophytes. Ecol. Monogr. 51, 219-235.

Barko, J.W., Smart, R.M., 1981b. Sediment-based nutrition of submersed macrophytes. Aquat. Bot. 10, 339-352.

Barko, J.W., Hardin, D.G., Matthews, M.S., 1982. Growth and morphology ofsubmersed freshwater macrophytes
in relation to light and temperature. Can. J. Bot. 60, 877-887.

Cedergreen, N., 2001. Nitrogen Uptake by Aquatic Macrophytes. Ph.D. Thesis. University of Aarhus, Denmark.

Claussen, W., Lenz, F., 1999. Effect of ammonium or nitrate nutrition on net photosynthesis, growth, and activity
ofthe enzymes nitrate reductase and glutamine synthetase in blueberry, raspberry and strawberry. Plant Soil
208,95-102.

Cruz, C.M., Soares, M.I.M., Martins-Loucao, M.A., Lips, S.H., 1991. Nitrate reduction in seedlings of carob
(Ceratonia siliqua L.). New Phytol. 119, 413-419.

Deane-Drummond, C.E., Glass, A.D.M., 1983. Short term studies of nitrate uptake into barley plants using
ion-specific electrodes and 36C103-1. II. Regulation of NO3- efflux by NH4+ . Plant Physiol. 73, 105-110.
Fredeen, A.L., Griffin, K., Field, C.B., 1991. Effect of light quantity and quality and soil nitrogen status on nitrate

reductase activity in rainforest species of the genus Piper. Oecologia. 86, 441-446.



212 N. Cedergreen, T. Vindbek Madsen/Aquatic Botany 76 (2003) 203-212

Gharbi, A.A., Hipkin, C.R., 1984. Studies on nitrate reductase in British angiosperms. I. A comparison of nitrate
reductase activity in ruderal, woodland-edge and woody species. New Phytol. 97, 629-639.

Gojon, A., Dapoigny, L., Lejay, L., Tillard, P., Rufty, TW., 1998. Effect of genetic modification of nitrate reductase
expression on 1°NO3 ~ uptake and reduction in Nicotiana plants. Plant Cell Environ. 21, 43-53.

Gojon, A., Plassard, C., Bussi, C., 1994. Root/shoot distribution of NO3 ™ assimilation in herbaceous and woody
species. In: Roy, J., Garnier, E. (Eds.), A Whole Plant Perspective on Carbon-Nitrogen Interactions. SPB
Academic Publishing, Hague, pp. 131-148.

Hufton, C.A., Besford, R.T., Wellburn, A.R., 1996. Effects of NO (+-NOy) pollution on growth, nitrate reductase
activities and associated protein content in glasshouse lettuce grown hydroponically in winter with COy
enrichment. New Phytol. 133, 495-501.

Hégbom, L., Ohlson, M., 1991. Nitrate assimilation in coexcisting vascular plants in mire and swamp forest
habitats in central Sweden. Oecologia 87, 495-499.

Ingemarsson, B., Johansson, L., Larsson, C.M., 1984. Photosynthesis and nitrogen utilization in exponentially
growing nitrogen-limited cultures of Lemna gibba. Physiol. Plant 62, 363-369.

MacKintosh, C., Douglas, P., Lillo, C., 1995. Identification of a protein that inhibits the phosphorylated form of
nitrate reductase from spinach (Spinacia oleracea) leaves. Plant Physiol. 107, 451-457.

Marschner, H., 1995. Ion uptake mechanisms of individual cells and roots: short-distance transport. In: Mineral
Nutrition of Higher Plants. Academic Press, London, pp. 6-78.

Nichols, D.S., Keeney, D.R., 1976. Nitrogen nutrition of Myriophyllum spicatum: uptake and translocation of '°N
by shoots and roots. Freshwat. Biol. 6, 145-154.

Ourry, A., MacDuff, J.H., Prudhomme, M., Boucaud, J., 1996. Diurnal variation in the simultaneous uptake
and “sink” allocation of NH4™ and NO3™ by Lolium perenne in flowing solution culture. J. Exp. Ecol. 47,
1853-1863.

Raven, J.A., 1985. Regulation of pH and generation of osmolarity in vascular plants: a cost-benefit analysis in
relation to efficiency of use of energy, nitrogen and water. New Phytol. 101, 25-77.

Robe, WE., Griffiths, H., 1998. Adaptations for an amphibious life: changes in leaf morphology, growth rate,
carbon and nitrogen investment, and reproduction during adjustment to emersion by the freshwater macrophyte
Litorella uniflora. New Phytol. 140, 9-23.

Roderick, M.L., Berry, S.L., Saunders, A.R., Noble, L.R., 1999. On the relationship between the composition,
morphology and function of leaves. Funct. Ecol. 13, 696-710.

Samuelson, M., Ohlén, E., Lind, M., Larsson, C.M., 1995. Nitrate regulation of nitrate uptake and nitrate reductase
expression in barley grown at different nitrate:ammonium ratios at constant relative nitrogen addition rates.
Physiol. Plant 94, 254-260.

Sand-Jensen, K., Madsen, T.V.,, 1991. Minimum light requirements of submerged freshwater macrophytes in
laboratory growth experiments. J. Ecol. 79, 749-764.

Scheible, W.R., Lauerer, M., Schulze, E., Caboche, M., Stitt, M., 1997a. Accumulation of nitrate in the shoots acts
as a signal to regulate shoot-root allocation in tobacco. Plant J. 11, 671-691.

Scheible, W.R., Gonzéles-Fontes, A., Morcuende, R., Lauerer, M., Geiger, M., Glaab, J., Gojon, A., Schulze, E.,
Stitt, M., 1997b. Tobacco mutants with a decreased number of functional nia genes compensate by modifying
the diurnal regulation of transcription, post-translational modification and turnover of nitrate reductase. Planta
203, 304-319.

Thursby, G.B., Harlin, M.M., 1984. Interaction of leaves and roots of Ruppia maritima in the uptake of phosphate,
ammonia and nitrate. Mar. Biol. 83, 61-67.

Troelstra, S.R., Wagenaar, R., Smant, W., 1995a. Nitrogen utilization by plant species from acid heathland soils II.
Growth and shoot/root partitioning of NO3~ assimilation at constant low pH and varying NO3~/NH; ™ ratio.
J. Exp. Bot. 46, 1113-1121.

Troelstra, S.R., Wagenaar, R., Smant, W., 1995b. Nitrogen utilization by plant species from acid heathland soils.
I. Comparison between nitrate and ammonium nutrition at constant low pH. J. Exp. Bot. 46, 1103-1112.

Wetzel, R.G., 1983. The nitrogen cycle. In: Limnology. Saunders College Publishing, New York, pp. 223-254.



