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Effects of saline root environment (NaCl) on nitrate
and potassium uptake kinetics for rose plants:
a Michaelis–Menten modelling approach
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Abstract Greenhouse-grown cut flower roses are
often irrigated with moderately saline irrigation water.
The salt/ballast ions are either present initially in poor
quality raw water or reclaimed municipal water, or
accumulated in greenhouse irrigation water that is
captured and reused. Such ions can inhibit root
absorption of essential nutrients. The objective of this
work was to quantify the influence of NaCl concen-
tration on the uptake of nitrate and potassium by roses
and develop a predictive model of uptake inhibition
based on NaCl, NO3

−, and K+ concentration. One
year-old rose plants (Rosa spp. ‘Kardinal’ on ‘Natal
Briar’ rootstock) were moved into growth chambers

where nitrogen and potassium depletion were moni-
tored during 6 days. Eight different initial NaCl
treatments varying from zero to 65 mol m−3 were
used and within these there were two initial NO3

− and
K+ concentrations: high concentration (HC, 7.0 mol
m−3 and 2.6 mol m−3 NO3

− and K+ respectively) or
low concentration (LC, 3.5 mol m−3 and 1.3 mol m−3

NO3
− and K+ respectively). Plant NO3

− uptake was
negatively affected by NaCl concentration. NO3

−

maximum influx (Imax) declined from 5.1 µmol to
2.5 µmol per gram of plant dry weight per hour as
NaCl concentration increased from zero to 65 mol
m−3. A modified Michaelis–Menten (M–M) equation
taking into account inhibition by NaCl provided the best
fit for NO3

− uptake in response to varying NaCl
concentration. K+ uptake was unaffected by NaCl
concentration. A M–M equation that did not include
inhibition was suitable for describing K+ uptake at
varying NaCl concentration. The resulting empirical
models could assist with decision making, such as:
adjustment of NO3

− fertilization based on NaCl
concentration, necessity of water desalinization, or
determination of the desired leaching fraction.
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Introduction

Soil and groundwater salinization is increasing con-
tinuously in many countries around the globe and
mainly in semi-arid and costal regions (Martinez-
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Beltran and Licona-Mazur 2005; Rengasamy 2006).
This phenomenon is mainly due to massive fertiliza-
tion activity, soil erosion, and the incursion of sea
water into ground water in coastal areas (Marschner
1998; FAO 2005). Salinity is considered one of the
major factors limiting crop production, because of its
negative effects on plant growth and nutrition (Munns
2002; Parida and Das 2005). As it is well known, a
saline root-zone environment induces osmotic
changes in plants, affects water and nutrient absorp-
tion, and causes toxicity (Munns 2002; Halperin et al.
2003; Parida and Das 2005). In order to mitigate the
effects of saline environments on plant cultivation
several studies have attempted to develop strategies
able to improve, water and nutrient use efficiency,
product quality and yield under salinity stress for rose
plants (Raviv et al. 1998; Baas and Van den Berg
1999; Brun et al. 2001), while others have focused on
the effects produced by salt ions on plant growth,
product quality and nutrient absorption (Lorenzo et al.
2000; Cabrera and Perdomo 2003).

With regard to fertilization strategies for horticul-
tural crops some authors suggest that higher fertilizer
concentrations in the root medium can mitigate the
competitive action of salt ions on nutrient ion
absorption (Grattan and Grieve 1999). K+ concentra-
tion can influence Na+ influx by reducing the affinity
between Na+ and non selective channels (Grattan and
Grieve 1999; Rodriguez-Navarro and Rubio 2006),
while Cachorro et al. (1994) reported that addition of
calcium to the saline media prevented root membrane
degradation of bean and minimised leakage of
NO3

−and H2PO4
−. To this extent it has been found

that a positive relationship occurs between Ca2+

absorption and its external concentration under saline
conditions (Rengel 1992). High Cl− concentrations
are known to act as an antagonist ion to decrease
NO3

− uptake, and can indirectly inhibit nitrate
reductase activity which is positively correlated to
NO3

− influx (Barber 1995; Debouba et al. 2007).
Therefore increased nitrogen fertilization is generally
considered appropriate to counteract chloride antago-
nism under moderate salinity (Grattan and Grieve
1999). Nevertheless, increased fertilizer has a nega-
tive environmental impact and increases production
costs due to high nutrient leaching that can occur if
the kinetics of nutrient absorption is not well known
(e.g. under stress conditions). In effect, greenhouse
rose production already uses fertilizers intensively

without regard to salt/ballast ions which effect
nutrient absorption. As a consequence, Cabrera et al.
(1993) reported potential nitrogen losses in green-
house rose production of 2,000 kg of N per hectare
per year.

In the past rose plants have been reported to be salt
sensitive (Hughes and Hanan 1978). However, more
recent research has found roses to be relatively
tolerant to salt stress, but that this depends on cultivar
and rootstock (Cabrera 2002), cultivation system
(Cabrera and Perdomo 2003), and the specific salt
constituents (Solìs-Pèrez and Cabrera 2007). Several
authors have demonstrated that soilless-grown plants
may tolerate higher salinity levels without relevant
loss of yield and quality (Baas and van den Berg
1999; Brun et al. 2001; Cabrera and Perdomo 2003;
Pardossi et al. 2006).

Current cut flower rose production typically use
soilless media that is kept moist through irrigation
with a nutrient solution (Mattson et al. 2006). In
recirculating nutrient solution systems the concentra-
tion of nutrients is kept constant by an equilibrium
resulting between fertilizer additions and plant nutri-
ent demand. When poor quality water is used, saline
ions would build up in the recirculating nutrient
solution, because of their limited absorption by plants.
The same happens in soil cultivation where this
phenomenon occurs more or less rapidly depending
on soil type and water leaching fraction. As a
consequence, the accumulation of ballast ions
increases and this is reflected in increasing solution
salinity and measured EC (Electrical Conductivity)
(Baas and van den Berg 1999; Brun et al. 2001). The
use of poor quality water is declared economically
unacceptable in terms of reduced crop yield (Stan-
ghellini et al. 2005). However, the use of salt-stress
tolerant cultivars, coupled with different water man-
agement strategies may become one of the most
valuable strategies for the cultivation of horticultural
crops such as tomato or rose when high quality water
is not available (Raviv et al. 1998; Brun et al. 2001;
Pardossi et al. 2006). Further, there is interest in using
reclaimed urban water, which is often high in
dissolved salts, for landscape, nursery, and green-
house irrigation (Morgan et al. 2008). For the above
mentioned reasons, an increased knowledge of nutri-
ent uptake kinetics of plants under saline stress is
essential for improving nutrient uptake efficiency and
optimizing fertilization procedures of rose crop
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cultivated in soilless as well as in the open field. The
main objective of this paper is to mathematically
represent rose plant NO3

− and K+ absorption under a
saline (NaCl) root environment by fitting modified
M−M equations to experimental data.

Michaelis–Menten kinetics

Mechanistic models such as M–M kinetics are
typically used to express ion influx (I) mathemati-
cally. The large interest in short-term uptake studies
has evolved from the early work of Epstein (1972)
showing that the M–M equation fits the relationship
between uptake rate and external ion concentration
(Adamowicz and Le Bot 1999). The main evidence
for this hypothesis came from the similarity in the
behaviour of ion uptake versus external ion concen-
tration and that of enzyme activity versus substrate
concentration. According to this mechanism, trans-
porters are membrane-bound proteins that exhibit a
high degree of specificity for individual ions in much
the same way enzymes do for a specific substrate
(Bassirirad 2000). Therefore, ion uptake rate follows
a rectangular hyperbola pattern as a function of the
external ion concentration. The general M–M equa-
tion is mathematically represented by the following
formula:

I ¼ ImaxC

Km þ C
ð1Þ

where I is the net flux of the ion into the plant,
Imax is the asymptotic maximum value at ion
concentration approaching infinity, Km is a constant
value which represents the concentration of ion at
which I=1/2·Imax and C is the concentration of the
ion in the root zone.

The Imax and the Km terms represent the maximum
uptake rate and the affinity between carriers and ion,
respectively. These constants may change as a
function of internal factors (e.g. internal tissue ion
concentration) (Siddiqi and Glass 1986), climate
conditions (e.g. temperature or light intensity)
(Wheeler et al. 1998), plant development phase
(Sharifi and Zebarth 2006) and interaction with other
ions (e.g. ion uptake inhibition) (Peuke and Jeschke
1999). Hence interaction between ions can be
represented as modified M–M parameters. This is
typically expressed as an increase in Km or a decrease

in Imax, which can occur separately or in combination
depending on the type of inhibition. An ion (inhibitor)
may interact with another (nutrient) in three different
ways. The first is a competitive inhibition which takes
place between the carrier and the inhibitor. This
interaction does not change the total amount of
carriers but limits the amount of nutrient taken up,
by competing with the nutrient for the binding site on
the carrier. Competitive inhibition is represented in
M–M kinetics as a linear increase in a nutrient’s Km

parameter (a decreased nutrient affinity) as a function
of the inhibitor concentration, without changes in
Imax. Such competition is mathematically represented
by the following equation:

I ¼ ImaxC

Cþ Km 1þ ½Ir�
Ki

� � ð2Þ

where [Ir] represents the concentration of the
inhibitor in the root zone while Ki represents its
constant affinity.

In contrast to above, in non-competitive inhibition
(Eq. 3) an ion interacts with the carrier by changing
its activity without performing any competition for
the binding site. As a result Imax decreases, following
an hyperbolic pattern, as a function of the inhibitor
concentration. In this case, the process does not affect
Km.

I ¼ ImaxC

Cþ Kmð Þ 1þ ½Ir�
Ki

� � ð3Þ

A third mechanism, mixed competitive inhibition,
is the combination of the two. It is typically
represented by changes in both Imax and Km (Eq. 4).

I ¼ ImaxC

Km 1þ ½Ir�
Ki

� �
þ C 1þ ½Ir�

Ki2

� � ð4Þ

All these equations have been revised and widely
discussed by Dixon and Webb (1979).

Experimentally, data collection for fitting M–M
curve necessitates exposing plant roots to several
different ion concentrations. As it is often reported in
the literature, there are different mechanisms, for
absorbing ions at different external ion concentra-
tions. Therefore the molecular interpretation of influx
kinetics over a wide range of concentration has led to
considerable debate, but the dual transport mechanism
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of Epstein (1972) is the most widely accepted. At
relatively low concentration (mmol m−3) mechanism I
(or HATS, High Affinity Transport System) operates
for the most important macronutrients which show
very low Imax and Km values. Mechanism II (or
LATS, Low Affinity Transport System) operates at
higher ion concentration range and its kinetics are not
well characterized (Le Bot et al. 1998).

Several studies focus on M–M-simulated rose
nutrition (Silberbush and Lieth 2004; Mattson et al.
2006) but most of them do not quantify or report the
influence of antagonistic ions on primary nutrient
absorption. Although such inhibition has been
assessed for many crops as reported by Silberbush et
al. (2005), nevertheless very little is known with
regard to rose plants.

Materials and methods

Growing conditions

The experiment was conducted on rose plants (Rosa
spp. cv. ‘Kardinal’ grafted on ‘Natal Briar’ root-
stock) at the Department of Plant Science, University
of California Davis (USA). One year old plants were
moved from the nursery to solution culture systems
and grown in a glasshouse where temperature was
kept under control by using an automatic cooling
system and ventilation. During the summer the roof
was covered with shading compound (ca. 50%
shading) to avoid greenhouse warming due to high
light intensity. Minimum, maximum and mean daily
temperature recorded were 21.9°C, 24.8°C and 22.8°
C respectively; minimum and maximum daily RAD
(indoor global radiation) average were respectively
1.7 MJ m−2 and 2.9 MJ m−2 while the mean RAD
over the whole summer period was 2.4 MJ m−2.
After a period of acclimatation to the hydroponic
environment (three flowering cycles, ca 100 days),
plants, which were previously trimmed to achieve
homogeneous weight and shape, were moved into
growth chambers (1 week before the experiment)
where the experiment took place. At all times while
plants were in solution culture, oxygenation of the
nutrient solution was accomplished by air pumps
continuously bubbling air into solution. This air
bubbling also served to maintain a homogenous
nutrient solution.

Growth chamber climate conditions were kept
under control by means of a computer which
monitored and recorded temperature, PPFD (Photo-
synthetic Photon Flux Density) and relative humidity.
Average temperatures during the dark and light hours
were 20°C and 24°C respectively, relative humidity
value was kept close to 85% and PPFD was 500±
25 µmol m−2 s−1 during day light. Before the
experiment, plants were grown in optimal nutrient
conditions (a modified Hoagland’s solution) with no
saline stress. Then, 24 h before experiment initiation,
plants were moved in 4 l containers with deionized
water.

The experiment was arranged in three replicates
(complete randomized blocks) and eight treatments
which differed in initial NaCl concentration (0, 5, 15,
25, 35, 45, 55, 65 mol m−3). The base nutrient
solution had two different initial NO3

− and K+

concentrations, respectively 7.0 mol m−3 and
2.6 mol m−3 (HC nutrient solution) used for 5, 25,
45, 65 NaCl treatment; 3.5 mol m−3 and 1.3 mol m−3

(LC nutrient solution) used for 0, 15, 35, 55 NaCl
treatment. The initial EC values for each NaCl
treatment were 0.73, 1.54, 2.15, 3.44, 4.05, 5.34,
5.95, 7.24 dS m−1 respectively, while initial pH
value was 5.5. The concentration of macronutrients
present in the HC solution was N-NO3 7.0, P-PO4

1.0, S-SO4 0.2, K 2.6, Ca 2.4, Mg 1.0 mol m−3; and in
the LC solution N-NO3 3.5, P-PO4 1.0, S-SO4 0.2, K
1.3, Ca 1.2, Mg 1.0 mol m−3. The difference between
the sum of anions and cation was less than 0.1 eq
m−3, which was due to carbonate that was added to
stabilize pH.

Experiment assumptions, sample collection
and analysis

During the 7 day experimental period, water con-
sumption and plant fresh weight were measured and
nutrient solution samples were collected daily. Fol-
lowing these daily measurements, deionized water
was used to replace solution lost due to evapotrans-
piration.

In order to have a suitable data set we assumed that
during the experimental period climate factors and
plant development had a negligible influence on the
uptake rate of the investigated ions. To accomplish
this goal we moved plants to the controlled environ-
ment chambers 7 days prior to experiment initiation
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for plant acclimation and stabilization. As rose plants
are known to exhibit circadian patterns of water and
nutrient absorption (Bougoul et al. 2000) we set
growth chambers to simulate greenhouse photoperiod
conditions.

As water uptake can influence ion absorption in
roses (Brun and Chazelle 1996) we attempted to
maintain constant water uptake rates regardless of
NaCl treatment. Therefore, the quite high relative
humidity (85%) was imposed to limit water stress by
reducing stomatal activity without severely affecting
plant transpiration. Furthermore, plants grown in
long-term saline conditions express reduced leaf
surface area (Parida and Das 2005), and hence
reduced water uptake rates. Therefore, our experi-
mental period occurred at the stage where shoots had
nearly open flowers and had reached stable leaf
surface area (Dayan et al. 2002).

Further benefits were gained by working with
plants at the flowering stage. At this stage, very little
dry matter accumulation occurs; hence the dry matter
accumulation rate and the stem elongation rate were
assumed both close to zero (Cabrera et al. 1995;
Gutierrez-Colomer et al. 2006). Since plant nutrition
is greatly related to plant growth rate (Cabrera et al.
1995; Schenk 1996; Mathieu et al. 1999), the nutrient
uptake was assumed, in this experiment, uninfluenced
by this plant variable. This last aspect was fundamen-
tal in our experiment because lower nutrient (NO3

−

and K+) concentrations (in the nutrient solution) were
obtained by nutrient depletion technique which
constantly occurred during the experimental period
depending on plant uptake rate. In summary we
executed the experiment assuming that nutrient
uptake rate was primarily influenced only by external
nutrient (NO3

− and K+) and non-essential ion (Cl− and
Na+) concentration.

As mentioned in the previous paragraph, plant
roots were maintained 24 h in deionized water before
experiment initiation. This accomplished the goal of
washing out possible excess of nutrients from the
apoplast. As a result of this procedure we found that
uptake rates during the first 24 h were much higher
than the rest of the experimental period (data not
shown). This period was considered necessary to
establish equilibrium between apoplastic absorption
and the external nutrient solution concentration.
Therefore the first set of data was not considered for
fitting the proposed model equations.

Nutrient solution samples were collected daily at
the same time of the early morning hours, so that the
uptake of nutrient and water was normalized with
respect to daily patterns. Previous research has shown
that the rate of nutrient uptake changes over an entire
day following the same pattern as water uptake rate
(Brun and Chazelle 1996; Bougoul et al. 2000).
Furthermore nutrient uptake is often coupled to the
carbohydrate availability (Cabrera et al. 1995) which
increases during light hours (Peuke and Jeschke
1998).

At experiment termination, plants were destruc-
tively harvested and root volume, stem length and
shoot stem, base stem, flower and leaf dry matter
were measured.

Daily nutrient solution samples were analyzed for
sodium and potassium using an atomic absorption
spectrophotometer (SpectrAA Model 55; Varian Inc.,
Palo Alto, CA, USA), nitrogen by diffusion conduc-
tivity method with an ammonia/nitrate analyzer
(Model TL200, Timberline Instruments L.L.C., Boul-
der, CO, USA) and chloride by using an ion-specific
electrode (Cole–Parmer Instrument Company, IL,
USA). Finally, the apparent uptake of salt ions was
calculated as the difference between the initial and
final ion content in solution at each sampling that
represents the net ion accumulation. Therefore,
measured net nutrient uptake is here assumed as the
difference between plant nutrient influx and efflux.

Model framework and parameterization

The experimental data collected on ion external
concentration and uptake rates were fit using non-
linear regression (Statgraphics Centurion XV, Stat
Point, Inc., Herndon, VA, USA). To verify the
correspondence between experimental data and gen-
eral M–M kinetics, nutrient uptake rates were first
analyzed by fitting the entire data set (respectively for
NO3

− and K+ uptake) with Eq. 1 and taking into
account only the external concentration of nutrients.
However, this analysis was able to confirm whether
the relationship between external nutrient concentra-
tion and nutrient uptake rate followed M–M pattern or
not, but it did not give any information about the
possible influence of NaCl on nutrient absorption.

Since Imax and Km changes represent respectively
non-competitive and competitive inhibition in ion
interactions as widely discussed previously in this
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paper, the data set was then analyzed by fitting Eq. 1
keeping each saline treatment separated. In this way
we obtained eight different equations for the different
saline treatments. Then non-linear regression proce-
dure was used to fit nutrient uptake rate (dependent
variable) with a function (Eqs. 2, 3 or 4 depending on
the type of inhibition) that took into account both
nutrient external concentration and NaCl external
concentration (independent variables). In these equa-
tions we first assumed that nutrient net influxes
tended to zero at nutrient concentrations approaching
0; however several studies point out that incorpora-
tion of a minimum nutrient concentration parameter
can greatly improve M–M kinetics in nutrient uptake
simulation (Barber 1995; Le Bot et al. 1998; Hogh-
Jensen et al. 1997; Silberbush and Lieth 2004;
Mattson et al. 2006). To this end Eq. 1 was modified
and rearranged as follow:

I ¼ Imax C� Cminð Þ
Kmþ C� Cminð Þ ð5Þ

where I is the net instantaneous flux of nutrient
expressed as (µmol gDW−1 h−1) and Cmin (mol m−3)
represents the nutrient concentration at which net
uptake (influx-efflux) would be equal to 0. This
parameter was empirically estimated by fitting data
as reported by other authors (Claassen and Barber
1974; Cedergreen and Madsen 2002; Silberbush and
Lieth 2004; Silberbush et al. 2005; Sharifi and
Zebarth 2006). Therefore, Eqs. 2, 3 and 4 were
modified replacing the term C by (C−Cmin).

Finally, the parameterization of the proposed
equations was accomplished through all collected
data (n=144).

Results

Growth, water uptake and ion uptake rate

Saline treatments did not significantly affect (accord-
ing to ANOVA) water uptake rate expressed as ml of
water absorbed per kg of total plant dry weight per
hour (P=0.999) nor growth rate expressed as mg of
total plant fresh weight per hour (P=0.561) (Fig. 1a).
The graph shows steady patterns among the different
treatments with constant values that do not imply any
significant relationship with increased NaCl concen-
tration.

With regard to non-essential ion uptake a positive
correlation was found between the external concen-
tration of NaCl and the uptake rate of Na+ and Cl−

(according to ANOVA, P<0.05) (Fig. 1b). In Fig. 1b
Na+ and Cl− uptake increased as external NaCl
concentration increased suggesting exponential rela-
tionships. However Cl− uptake rate in response to
external concentration was greater than the response
of Na+.

The initial 24-hr potassium and nitrate absorption
rates are reported under treatment HC in Fig. 2a and
LC in Fig. 2b. Nitrate uptake rate was promptly
inhibited by the presence of NaCl showing a
significant negative correlation with the external NaCl
concentration (according to ANOVA, P=0.005 and
0.017 respectively for HC and LC treatment). As
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Fig. 1 The effects of NaCl treatments on rose (cv. Kardinal
grafted on Natal Briar rootstock) water uptake rate, growth rate,
Na+ and Cl− uptake rate calculated over the whole experiment
period. One year old plants were moved, at the incipient
harvesting time, into growth chambers where water uptake and
growth rate were measured on a daily basis by means of a scale
(1a); kgDW and mgFW represent respectively kilograms of
total plant dry weight and milligrams of total plant fresh weight.
Figure 1b reports the uptake rate of Na+ and Cl− calculated over the
entire experimental period by solution depletion; gDW represents
grams of total plant dry weight. While a show no significant
difference according to ANOVA (P<0.05), b show a significant
increase of ion uptake related to NaCl treatments according to
ANOVA (P<0.05). Data are means of three plants ± SE
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reported in Fig. 2 under the greatest NaCl concentra-
tion, nitrate uptake was reduced to 50% of the initial
value. The initial 24-hr K+ uptake rates show a slight
decrease with increasing NaCl concentration (Fig. 2).
However it was not significantly affected by the NaCl
treatments (according to ANOVA, P=0.372 and 0.825
respectively for HC and LC treatment).

Nitrate and potassium uptake kinetics

Equation 1 was used to fit data on solution concen-
tration of ions versus uptake rates during the entire
experimental period for each saline treatment through

non-linear regression. The results of this analysis are
summarized in the Table 1. Estimated parameters
show a significant reduction (according to ANOVA,
P=0.001) of the estimated nitrate uptake Imax,
whereas no difference was detected for nitrate uptake
Km by increasing NaCl concentration. Imax decreased
following a hyperbolic pattern and showing a clear
decline until a NaCl concentration of 35 mol m−3,
after which an asymptotic pattern occurred (Fig. 3).

Potassium uptake kinetics, in terms of Imax and Km,
did not show any significant difference (according to
ANOVA, P<0.05) in response to NaCl treatments
(Table 1). Although a slight decrease in Imax was
detected, with respect to salinity level, nevertheless it
could not be associated with a significant pattern. It
should be noted that for HC nutrient solution, non-
linear statistic procedure was not able to estimate M–
M parameters because of an incomplete nutrient
depletion by the end of the experiment. This was
caused by too large a quantity of K+ used in the initial
solution.

Proposed models

NO3
− uptake was generally well represented by M–M

kinetics (Tables 1 and 2). Data fitting (n=144) was
accomplished by using Eq. 1; equation parameters are
reported in Table 2. In this first attempt to simulate
NO3

− uptake we obtained an equation whose shape
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Fig. 2 Effects of NaCl treatments on the 24-hr NO3
− and K+

uptake rates of rose plants (cv. Kardinal grafted on Natal Briar
rootstock). One year old plants were moved, at the incipient
harvesting time, into growth chambers where uptake rate of
NO3

− and K+ were calculated by nutrient depletion for the two
initial nutrient concentrations: high concentration (HC, 7.0 mol
m−3 and 2.6 mol-m−3 NO3

− and K+ respectively, a) or low
concentration (LC, 3.5 mol m−3 and 1.3 mol m−3 NO3

− and K+

respectively, b). gDW represents grams of total plant dry
weight. NO3

− uptake rate significantly decreased by increasing
NaCl concentration (ANOVA, P<0.05). On the contrary K+

uptake rate was not affected by the treatments. Data are means
of three plants ± SE. Means labelled with the same letter are not
significantly different based on LSD test (at 95%) separately for
each nutrient and HC and LC treatment
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Fig. 3 Effects of NaCl treatments on the estimated maximum
nitrate uptake rate (Imax). Imax values, determined through non-
linear regression to the M–M equation, were plotted against
the measured NaCl concentration. Data are estimated param-
eter (n=18) ± model SE (Y axis) and experimental data means
(n=3) ± SE (X axis)
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showed a high capability in reproducing the rectan-
gular hyperbola pattern (graph not shown). Although
this result confirmed the hypothesis of M–M kinetic
for nitrate absorption, nevertheless model verification
gave poor results on data fitting (Table 2). The
simulation was characterized by a high variability of
experimental data, while the regression line between
predicted versus measured data showed an intercept
value out of data range at lower NO3

− concentration
coupled with a slope value much lower than 1.
Moreover Eq. 1 seemed to not interpolate satisfacto-
rily experimental data because of an uneven distribu-
tion of residuals produced by an incorrect estimation
of predicted data versus measured data as suggested
by the low R2 value obtained (Table 2).

Increasing NaCl concentration produced a hyper-
bolic decrease in Imax value for NO3

− uptake (Fig. 3)
which suggested a non-competitive equation (Eq. 3)
as the best solution for fitting data and explanation of
variance. To this purpose we used Eq. 3 modified as
suggested and discussed for Eq. 5. The resulting
rearranged equation is reported below:

INO3¼ ½NO�
3 � � ½NO�

3 �min

½NO�
3 � � ½NO�

3 �minþKm

� �

� Imax�Imax
½NaCl�

½NaCl� þ Ki

� �� �
ð6Þ

were INO3 is the net instantaneous net influx of
nutrient expressed as (µmol gDW−1 h−1), Km and Ki

Table 2 Parameters estimated for the different proposed equations

Equation number Imax Imax2 Km Ki Cmin (×10
−3) MAE R2

Nitrate uptake proposed model
(1) 2.99 – 0.56 – – 0.38 0.79
(9) 4.74 0.78 0.68 39.73 9.30 0.23 0.92
Potassium uptake proposed model
(1) 0.65 – 0.25 – – 0.08 0.80

Non-linear regression was used for fitting data collected during the experiment and the different parameters were estimated
respectively for each proposed model. Imax (µmol gDW−1 h−1 where gDW correspond to grams of total plant dry weight) represents
the maximum influx of nutrients detectable when NaCl is not present in the nutrient solution while Imax2 represents the minimum value
of Imax for NaCl concentration approaching infinity. Km and Ki (mol m−3 ) are M–M kinetic affinity constants estimated for the
nutrient and the inhibitor, respectively; while Cmin (mol m−3 ) is the minimum nutrient concentration below which no net nitrogen
influx occurs. Model R2 and MAE (Mean Absolute Error) are also reported for each equation (n=144)

Table 1 The effects of NaCl (mol m−3) treatments on the kinetics of nitrate (NO3
−) and potassium (K+) uptake of roses (cv. Kardinal

grafted on Natal Briar rootstock) growing in solution culture

Initial nutrient solution concentration Nitrate uptake kinetics Potassium uptake kinetics

NaCl NO3
− or K+ Imax Km R2 Imax Km R2

0 LC 5.1±0.4 0.8±0.1 0.99 1.1±0.4 0.4±0.1 0.74
5 HC 4.3±0.3 0.8±0.2 0.89 – – –
15 LC 3.8±0.5 0.7±0.2 0.96 1.1±0.3 0.6±0.2 0.73
25 HC 3.4±0.4 0.8±0.3 0.59 – – –
35 LC 2.5±0.6 0.7±0.3 0.71 0.9±0.4 0.4±0.1 0.83
45 HC 2.6±0.3 0.7±0.3 0.68 – – –
55 LC 2.7±0.2 0.6±0.1 0.99 0.9±0.6 0.6±0.2 0.64
65 HC 2.5±0.2 0.8±0.3 0.69 – – –

One year old plants were moved at the incipient harvesting time into growth chambers where nitrogen and potassium depletion were
monitored during 6 days. Eight different initial NaCl treatments were used and within these two different initial NO3

− and K+

concentrations were used: high concentration (HC, 7.0 mol m−3 and 2.6 mol m−3 NO3
− and K+ respectively) or low concentration

(LC, 3.5 mol m−3 and 1.3 mol m−3 NO3
− and K+ respectively). Imax (µmol gDW−1 h−1 where gDW corresponds to grams of total

dry weight) and Km (mol m−3 ) were estimated via non-linear regression. Because of incomplete solution depletions (HC nutrient
solution), potassium M–M kinetic was sometimes not estimable (−). The corresponding SE is given as ± for the estimated parameters
(n=18)
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are the M–M affinity constants respectively for
nutrient and inhibitor (mol m−3) and NO�

3

� �
min (mol

m−3) is the nitrate concentration at which nitrate net
influx is equal to 0. Non-competitive inhibition
represented by Eq. 6 implies that as inhibitor
concentration approaches infinity Imax approaches
zero depending on Ki as explained in the following
equation:

lim
Ir!1

Imax�Imax
½Ir�

½Ir� þ Ki

� �
¼ 0 ð7Þ

where [Ir] represents the concentration of the
inhibitor (NaCl concentration in our experiment).
However, our results show an asymptotic pattern for
Imax depending on NaCl concentration (Fig. 3).
Therefore, in the effort of obtaining the most suitable
equation, to represent experimental data, we modified
Eq. 6 as suggested by Walsh et al. 2007 for enzymatic
kinetics. To this purpose we introduced an asymptote
equal to Imax2 which represents the minimum values
achievable by Imax when the inhibitor concentration
approaches infinity as follows:

lim
Ir!1

Imax�ΔImax
½Ir�

½Ir� þ Ki

� �
¼ Imax2 ð8Þ

where ΔImax = (Imax−Imax2). Then by rearranging
Eq. 6 as discussed above we obtained the following
equation:

INO3¼ ½NO�
3 � � ½NO�

3 �min

½NO�
3 � � ½NO�

3 �minþKm

� �

� Imax�ΔImax
NaCl½ �

NaClþ Ki½ �
� �� �

ð9Þ

Theoretically, having a minimum Imax (Imax2)
implies that the salt inhibition is not complete even
though a very high concentration of NaCl is present.
This last equation gave significant improvements,
with regard to mean absolute error (MAE) and R2

value (Table 2) compared to Eq. 1. Moreover, residual
errors resulted in a better distribution around the
median (graph not shown). Figure 4a shows the
interpolation of measured data accomplished by
Eq. 9, while in Fig. 4b predicted data are plotted
against measured data. The resulting graph (Fig. 4b)
confirms a regular spread of predicted data which are
proportionally dispersed along the regression line.
Nevertheless, the intercept value is somewhat higher

than zero (intercept=0.124) denoting a slight overes-
timation of predicted uptake especially at lower
values. Overall the proposed model resulted in a P<
0.0001 which denoted a high capability in estimating
nutrient uptake depending on sodium chloride and
nitrate external concentration.

With regard to potassium uptake once again a non-
linear regression was used for fitting experimental
data with Eq. 1. Estimated parameters are summarized
in Table 2. Despite the efforts for improving data
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Fig. 4 The effect of different NaCl levels on the relationship
between NO3

− concentration and NO3
− uptake is reported in a,

where the surface represents simulated data (Eq. 9, Table 2) and
symbols represent measured data. In b predicted data are plotted
against measured data for NO3

− uptake rates (µmol
gDW−1 h−1). Symbols represent measured and predicted uptake
events for each plant in each of the different NaCl treatments
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fitting, the equations tested for NO3
− (Eq. 9) did not

give any meaningful improvement in simulating K+

uptake rates because of a high variability among the
saline treatments. Basically it was not possible to
establish any statistical significant relationship be-
tween NaCl level and potassium Imax or Km.
Furthermore, no significant value was found for
[K+]min during experimental data fitting. Since
[K+]min was not significantly different from zero (P
>0.05) this parameter was excluded from Eq. 1. Data
fitting is reported in Fig. 5a, while model-derived
predicted data are plotted against measured data in
Fig. 5b. The graph shows a uniform data spread along
the regression line even though the intercept value
was found slightly higher than zero coupled with
slope a bit less than 1. This denotes a slight
overestimation of uptake values at low concentrations
(K+) which tend to diminish at higher concentrations.
Overall, the proposed model resulted in a P<0.0001
which denoted a high capability in estimating nutrient
uptake depending on external potassium concentra-
tion. Nevertheless it should be noted the presence of
clusters of points (Fig. 5b) due to a not complete
depletion occurred among HC treatments as explained
in the previous paragraph.

Discussion

Growth, water uptake and ion uptake rate

Water uptake rate was not affected by the different
saline treatments (Fig. 1a). As discussed previously,
salinity affects plant transpiration primarily through a
reduced leaf area and secondarily by increasing
stomatal resistance (Parida and Das 2005). Thus the
choice of using plants at the end of the flowering
cycle mitigated the influence of salinity stress on
evapotranspiration because the total leaf area was
already developed (Dayan et al. 2002). Assumptions
formulated before starting the experiment and
reported in M&M paragraph were then confirmed by
data analysis graphically reported in Fig. 1a. As
reported by other authors (Gutierrez-Colomer et al.
2006), at incipient harvesting time plant dry matter
accumulation is basically complete. Therefore, it is
reasonable to assume that the slight increment
observed as a difference of fresh weight between the
end and the beginning of the experiment is due to

water accumulated into the maturing flower (Fig. 1a).
In conclusion, no significant difference could be
found for the growth rate (expressed as fresh weight
in the Δt) because equal water uptake occurred
among the different saline treatments.

With regard to non-essential ion uptake (Fig. 1b) a
positive correlation was found between Na+, Cl− and
NaCl external concentration. A similar pattern be-
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tween the external NaCl concentration and the uptake
concentration (the ratio between ion absorbed and
water absorbed in the same Δt) of Na+ and Cl− has
been reported by Savvas et al. (2007) for bean crop.
Further studies show that sodium and chloride uptake
or plant tissue accumulation increases depending on
their external concentration (Carmassi et al. 2007;
Silberbush et al. 2005; Cabrera and Perdomo 2003)
and cultivation media (Shi et al. 2002). Mechanisms
of sodium and chloride uptake in higher plants have
been recently reviewed by Rodriguez-Navarro and
Rubio (2006) and White and Broadley (2001). The
results of our study show a clear difference between
the uptake rate of sodium and chloride; the former
appears much less influenced by its own external
concentration than chloride showing lower uptake
rates at the same external concentration level. Differ-
ing evidence has been found for rose plants with
regard to chloride and sodium uptake and their
accumulation within plant tissues. Sonneveld (2000)
found a negligible sodium uptake against a larger
chloride uptake depending on the external NaCl
concentration. Cabrera (2002) report a high variabil-
ity among rose rootstocks that show a differing
capacity to exclude or accumulate chloride and
sodium depending on genotypes. In particular their
work report that Natal Briar rootstock (the same used
in this experiment and one of the most important
rootstock used in greenhouses cut-flower rose pro-
duction) allows an accumulation of sodium and
chloride higher (respectively 40% and 100%) than
other commercial rootstocks. The same author con-
cludes that there is a need for studies which
investigate the behaviour of rose rootstock in saline
environments (Cabrera and Perdomo 2003). For this
purpose, it would be useful to apply the methods
described in this experiment to screen rose rootstocks
for salinity tolerance.

As reported in Fig. 2 nitrate absorption was
severely inhibited by the presence of NaCl in the
nutrient solution. The increase of NaCl concentration
in the cultivation medium is typically coupled with a
decrease of NO3

− uptake and tissue concentration
(Grattan and Grieve 1999). Moreover, the presence of
Cl− in the external medium inhibits NO3

− absorption,
and decreased NO3

− uptake is generally accompanied
by a high Cl− uptake and accumulation within plant
tissues (Grattan and Grieve 1999; Parida et al. 2004).
Therefore in the presence of NaCl, NO3

− uptake

would be mainly inhibited by the antagonist action
exerted by Cl−; nevertheless the literature is quite
heterogeneous with regard to this issue (Grattan and
Grieve 1999; Parida et al. 2004; Parida and Das
2005). Although some authors focus on the role of
cations as inhibitor of NO3

− uptake (Lorenzo et al.
2000), most of them remark that, under saline
conditions, the main role as nutrient’s inhibitor is
played by the anion which would effect the absorp-
tion of the nutrient more than cation composition or
the water uptake rate (Aslam et al. 1984; Cerezo et al.
1999). With regard to the latter, our results demon-
strate that the inhibition was not in response to
varying water uptake rates since no significant
difference was detected among the treatments
(Fig. 1a). However, it was not possible to determine
whether other salts or compounds (osmolytes) could
influence NO3

− uptake by osmotic effect as other
authors report (Peuke and Jeschke 1999). Generally,
at higher nutrient concentrations, which occur at
experiment initiation, the action of inhibitors is
attenuated if there is a competitive inhibition. There-
fore, our results suggested that NaCl was exerting a
non-competitive inhibition on NO3

− uptake or at least
a mixed competitive inhibition.

In contrast to NO3
− the different salinity levels

did not exert significant influence on the uptake of
potassium. Under saline conditions, potassium up-
take is typically limited by increasing NaCl concen-
tration (Cachorro et al. 1994; Parida and Das 2005).
Nevertheless, several studies report improvement in
potassium absorption depending on the presence of
adequate Ca2+ concentration in the substrate and
nitrogen-salt composition (Grattan and Grieve 1999).
With regard to this issue, differing responses have
been reported for rose plants. Lorenzo et al. (2000)
found a progressive decrease in potassium uptake
during the crop cycle and a lower K+/Na+ ratio
(tissue concentration) related to sodium external
concentration. In contrast Cabrera and Perdomo
(2003) did not find any significant change for
potassium tissue concentration on roses grown under
saline conditions. Rodriguez-Navarro and Rubio
(2006) remark that potassium and sodium uptake
can be accomplished by different cation transporters,
including non-selective cation transporters, which
implies that Na+ could not significantly influence K+

uptake. Shabala and Cuin (2007) report that Na+

addition inhibits promptly the uptake of K+ but this
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inhibition would vary among different species
depending on the ability of plants to maintain an
adequate cytosolic K+/Na+ ratio. As reported by the
same authors the optimal cyctosolic K+/Na+ ratio can
be maintained by restricting Na+ accumulation in
plant tissues or by preventing K+ loss from the cell.
The former would partially explain the reduced Na+

uptake rate compared to Cl− that had much more
affected NO3

− uptake rates in our experiment
(Fig. 1). The latter would partially explain the
insignificant [K+]min found which would denote an
high capability in preventing K+ losses at very low
external concentration (Table 2). To our knowledge
there is no other existing work that shows potassium
uptake kinetic changes for a rose crop under saline
conditions. We suspect that differences reported for
this species (tissue concentration and uptake rate) by
other authors would lie in the choice of different
cultivar and rootstock which would be differently
able to take up K+ under sodic conditions.

In conclusion, it appeared that under our experi-
mental conditions different patterns occurred for
potassium uptake compared to nitrogen uptake. These
differences likely lied both in the rose plant nutrient
demand, which may change during the crop cycle
depending on the required nutrient and carbohydrate
availability (Cabrera et al. 1995), and the ability of the
plant to contrast saline conditions. According to
Cabrera et al. (1995) and based on our previous
studies (not yet published) at the very end of the
flowering cycle rose plants show a tendency toward
decreased potassium uptake rate. In this sense the
presence of NaCl could have marginally influenced
the uptake of potassium.

In our experimental conditions we have measured
net ion uptake and it was not possible to distinguish
ion fluxes as composed by influx and efflux phenom-
ena. Other authors have established positive correlation
between the efflux/influx ratio and the external ion
concentration for potassium (Szczerba et al. 2006),
nitrate (Min et al. 1999); sodium (Davenport et al.
2005) and chloride (Britto et al. 2004). Scheurwater
et al. (1999) found that efflux/influx ratio may largely
vary during the day. Nevertheless, in our experiment
the daily basis of sampling should have mitigated such
effect. However cited works regard other species and
short-term experiment. To our knowledge no work has
been conducted on rose plant in which nutrient efflux
has been directly measured.

Modelling

Several authors have noticed that Imax is the primary
factor influencing net influx of NO3

− in response to
NaCl concentration (Sharifi and Zebarth 2006). For
this reason several modelling efforts focus on Imax

reduction, as a consequence of external stress con-
ditions or internal plant feed-back controls, for
simulating nutrient uptake by using M–M approach.
Mattson et al. (2006) relates the variation of Imax to
tissue nutrient storage; Sharifi and Zebarth (2006)
found a negative relationship between Imax and plant/
root age for potato plants; Wheeler et al. (1998)
proposed a model which related Imax changes to GER
(Growth Environment Ratio). Decreases in Imax

combined with constant Km is typically associated
with non-competitive inhibition as discussed previ-
ously in this paper. Hawkins and Lewis (1993) found
a non-competitive inhibition exerted by NaCl on
NO3

− and NH4
+ for wheat. Such inhibition was

characterized by a negative relationship between Imax

and NaCl concentration whereas no significant dif-
ference was found for estimated Km. Peuke and
Jeschke (1999) in a similar experiment, found the
same kinetics for HATS nitrate uptake in barley
seedlings, whereas a competitive relationship was
established between LATS nitrate uptake and NaCl.
We did not found any difference between LC and HC
nutrient solution with regard to the variation of Imax

and Km. Therefore we handled all data in the same
way with the result of modelling the total NO3

−

uptake.
In contrast, no significant difference was found

with regard to potassium uptake kinetics depending
on different salinity levels. In effect, the initial 24-hr
K+ uptake rate did not vary in response to NaCl as
previously discussed in the paper (Fig. 2b). Silberbush
et al. (2005) have summarized different equations
for K+ uptake kinetics that take into account the
presence of an inhibitory ion such as Na+, neverthe-
less none of them regarding rose plant. As already
mentioned, few researchers have investigated M–M-
simulated nutrient uptake under saline environments
and the effect of inhibitor ions on nutrient uptake
kinetics (Hawkins and Lewis 1993; Peuke and
Jeschke 1999) and, to our knowledge, previous
research has not focused on rose plant.

With regard to the nutrient flux phenomenon, the
approach of introducing a minimum nutrient concen-
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tration at which net nutrient uptake is equal to zero
gave the result of improving model performance.
However, it did not give directly measured informa-
tion on efflux/influx variation depending on nutrient
and/or inhibitor external concentration as reported by
other authors and discussed in the previous paragraph.

Our results show that the use of models that do not
take into account the influence of inhibitors on plant
nutrition can lead to both fertilizer waste and nutrient
deficiency depending on cultivation condition and
required nutrient. Although Eq. 1 was generally able
to represent nitrate uptake depending on its external
concentration, this equation was not suitable to
simulate plant nutrition under saline conditions
because of its mathematical limits in reproducing the
effects of inhibitor ions such as saline ions on nutrient
uptake. On the contrary Eq. 9 was able to simulate
nitrate uptake in a suitable manner optimizing the
interpolation of experimental data (Fig. 4) and
showing the best statistic performance compared to
Eq. 1 (Table 2). Finally these results suggest that the
uptake of nitrate by rose plant can be estimated
depending on the concentration of nitrate and NaCl in
the media with appreciable precision.

As discussed earlier in the paper, NaCl treatments
did not have any influence on potassium uptake
kinetics. This suggested that uptake of the nutrient
should be simulated only as a function of external K+

concentration (Eq. 1). Further, the use of Eq. 1 for K+

uptake gave much better results compared to those
obtained for NO3

− by using the same equation; which,
again, suggests that Eq. 1 is suitable to simulate K+

uptake response in ‘Kardinal’ roses regardless of
external NaCl concentration (Table 2, Fig. 5).

Conclusions

The supply of fertilizers should be determined on the
basis of plant nutrient absorption and demand which
may be influenced by plant developmental stage,
nutrient concentration and presence of ballast ions
(saline ions) as well. Therefore, the increased use of
moderately saline water, due to either groundwater
salinization or reclaimed urban water recycling,
implies reassessing rose nutrition under such con-
ditions (Cabrera and Perdomo 2003).

Nitrate uptake of ‘Kardinal’ roses on ‘Natal Briar’
rootstock was promptly inhibited in response to

increasing NaCl concentration and this inhibition
responded by decreasing NO3

− Imax asymptotically
without affecting Km. This suggested a non-compet-
itive equation to represent experimental data. On the
contrary, potassium uptake kinetic was not signifi-
cantly influenced by the presence of NaCl.

Today the tendency in soilless and soil cultivation
is to limit emissions of pollutants from the systems.
Several studies report strategies to reduce the pres-
ence of nutrients in drainage water (Pardossi et al.
2006). Our data show that increased NO3

− fertiliza-
tion rates, used to overcome antagonistic effects of
saline water (NaCl), must be done carefully to avoid
environmental impact due to leaching of pollutants
(Cabrera et al. 1993). With regard to nitrate absorp-
tion, the resulting empirical equation (Eq. 9, Table 2)
can be used as the basis for determining a modified
nitrate fertilization program in moderately saline
waters. Such model furnishes insights into rose
nutrition under saline conditions for making decision
on fertilization management. Moreover, the possibil-
ity to adopt the proposed model into a decision
support system for rose fertilization under varying
NaCl salinity could help to limit environmental
pollution, reduce variable costs and support those
management strategies that follow nutrient depletion
procedures (Pardossi et al. 2006).

Since a non-competitive inhibition occurred be-
tween Cl− and NO3

−, our results suggest that one of
the most valuable strategies to improve nitrogen
absorption is appropriate water management, to
reduce salinity level, accomplished through water
mixing strategies (Raviv et al. 1998) or appropriate
leaching fraction (Sonneveld 2000). However, our
approach can be applied to test the sensitivity of
different rose rootstocks to saline conditions with
respect to their ability in guarantying a regular
nutrient absorption.

On the other hand no significant difference was
found in potassium uptake under investigated exper-
imental conditions. Thus Eq. 1 gave much better
results in simulating the uptake of K+ compared to
NO3

−. We suspect that the limited potassium absorp-
tion, as reported in literature for roses (Lorenzo et al.
2000), is mainly due to reduced plant development
that occurs in long-term saline stress (Parida and Das
2005). Then it has also been observed i) that plants
react to saline conditions by attempting to maintain
an appropriate K+/Na+ ratio (Shabala and Cuin 2007),
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ii) the importance of K+ homeostasis in contrasting
saline stress (Rodriguez-Navarro and Rubio 2006). To
this extent, appropriate supply of potassium would be
fundamental to support plant growth under such
conditions.
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