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Abstract: Vigorous interspecific rootstocks increase nitrogen (N) uptake in tomato plants but limited
information is available on xylem transport rate. Non-grafted and self-grafted tomato plants cv. Attiya
and plants grafted onto an interspecific hybrid, Kaiser, were grown under growth chamber conditions
and subjected to two light levels, 400 or 800 µmol PAR m−2 s−1. Plant water uptake, xylem sap NO3

−

content, and stem hydraulic conductance (ks) were measured after two weeks of growth. Xylem
vessel number and diameter were evaluated in cross-sectional stem cuts and the theoretical xylem
hydraulic conductance (kh) was calculated. Only the light level modified the xylem NO3

− content.
Grafting reduced ks by 84% in comparison to non-grafted plants. The water uptake rate and xylem
sap NO3

− content were 4.02 ± 0.66 g H2O kg−1 DW h−1 and 12.78 ± 1.16 mM, respectively, across
all grafting treatments. The rootstock has a higher kh because the vessel diameter is 79.3 ± 14.4 µm
while in non-grafted plants it is 62.0 ± 10.1 µm. Nitrate concentration and transport rate changes
accordingly to the plant’s growth rate. The vigorous rootstock relies on larger vessels to supply the
required amounts of N.

Keywords: xylem vessel density; vessel diameter; stem hydraulic conductance; Solanum lycopersicum
× Solanum habrochaites

1. Introduction

The practice of grafting plants for horticultural purposes has been commercially in use since the
1920s starting in Asia [1]. The main advantage of joining two genotypes (sometimes two different
species) is the tolerance to abiotic and/or biotic stresses of the genotype in the bottom (the rootstock)
while preserving the characteristics of the genotype on top (the scion). Current solanaceous breeding
programs are mostly targeting the development of material for cultivation under greenhouse conditions,
since they promote vigorous growth of the plant which results in increased yields [1].

Vigorous plants require the uptake of higher amounts of all macronutrients including nitrogen
(N). Depending on the combination of rootstock and scion, contrasting results have been reported with
regards to the concentration of N in the biomass, resulting in similar [2] or higher [3] contents than in
non-grafted plants. Once N is absorbed by the roots, it is loaded into the xylem where it is transported
upwards by mass flow in the transpiration stream. Then, the unloading from the xylem vessels occurs
following the concentration gradients generated in the growing tissues [4]. In fruit trees, it has been
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observed that rootstocks can supply higher quantities of mineral nutrients to the shoots by increasing
the concentration of these elements in the xylem sap and/or enhancing the transpiration rate [5], but no
information is available for grafted tomato plants.

Several reports provide evidence that rootstocks increase NO3
− uptake in tomato plants [2,6], but

most studies have been conducted to test the effects under salinity stress conditions [7–9]. However,
these studies do not address the concentration of NO3

− in the xylem sap which has been shown
to change in cucumber (Cucumis sativus) plants exposed to different root-zone temperatures [10],
watermelon (Citrullus lanatus) plants grafted onto different rootstocks [11], or melon (Cucumis melo)
plants grafted onto vigorous rootstocks [12]. Albacete et al. [13] report that various Solanum lycopersicum
× Solanum cheesmaniae recombinant inbred lines with contrasting size-controlling characteristics affect
the K+ levels in the xylem sap, but they do not provide information on the content of NO3

−.
In terms of the transport through the stem, rootstocks can affect the delivery of nutrients to the

shoots by altering the transpiration rate. The transpiration flux through the stem is controlled by
gradients in the stem water potential (Ψw). Due to the restrictions imposed by the graft union or at the
root level, rootstocks can affect the stem water potential [14]. To a lesser extent, the water potential in
the stem can be modified by changes in the osmotic potential of the xylem sap through changes in
the concentration of ions, mainly potassium and nitrate, thus altering the transport capacity in the
xylem [15,16].

Ultimately, the water flow through the xylem depends upon the stem hydraulic conductance
(ks, kg H2O m−1 s−1 MPa−1). This corresponds to the flux of water (F, kg s−1) through the stem
cross-section area (As, m2) for a given pressure difference (∆P, MPa) and normalized by the length of
the path (L, m) [17] as in the following equation:

ks = F/(As x (∆P/L)) (1)

Anatomically, it can be affected by the number of xylem vessels, their diameter, and the capacity
of plants to modulate stem Ψw along the water path. Theoretically, the diameter of the vessels is more
important than the number of vessels in determining the hydraulic conductance due to the relevance
given in the Poiseuille–Hagen equation:

kh = (π·ρ/128η)
∑n

i=1
(d4

i ) (2)

where kh is the theoretical hydraulic conductance (kg m MPa−1 s−1), d is the radius of the vessel (m),
ρ is water density (kg m−3), and η water viscosity (MPa s) [18]. Therefore, it is expected that those
rootstock genotypes with larger vessels have an enhanced capacity to deliver water and nutrients
to the shoot. A study of tomato rootstocks showed variations in both the number and diameter of
vessels [19]. The limited importance of the number of xylem vessels in controlling the water supply
to the shoots is supported by the data presented by Edelstein et al. [20], who evaluated 22 candidate
genotypes to work as rootstocks for melon plants, showing no relation between vessel number and
plant growth rate. On the contrary, rootstock vessel diameter has been positively correlated to growth
vigor in peach trees [21]. Another piece of evidence of the importance of xylem vessel size in the
capacity for xylem transport was provided in a study of the susceptibility of tomato genotypes to
blossom-end rot which corresponds to a calcium deficiency explained by a limited water supply to
the fruit. In this study, it was concluded that those genotypes with smaller xylem vessels are more
susceptible to blossom-end rot because of a reduction in the transport capacity [22]. Even more, it has
been shown in a study with potato (i.e., Solanum tuberosum) that different varieties have the ability to
modulate vessel size and shape depending on the environmental conditions [23]. This implies that
differences exist among varieties to supply water (and nutrients) depending on the plant’s growth rate.

Based on this information, the present study aimed to assess xylem nitrate transport capacity in
tomato plants grafted onto a vigorous rootstock. This research was conducted under the hypothesis
that the transport rate is modulated by the plant’s growth rate through changes in NO3

− concentration
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in the stem xylem sap. The analysis was based on the concentration of NO3
− in the xylem sap, the actual

xylem hydraulic conductance, and the anatomical characteristics (i.e., vessel number and diameter) in
plants grafted onto a vigorous rootstock in comparison to non-grafted and self-grafted plants.

2. Materials and Methods

The capacity for NO3
− transport was evaluated in grafted tomato plants by measuring water

uptake, stem hydraulic conductance, xylem vessel density and diameter, and xylem sap NO3
− content.

A growth chamber experiment replicated twice was carried out according to the following specifications.

2.1. Plant Material and Growth Conditions

Tomato seeds (Solanum lycopersicum L. cv. Attiya (AT), Rijk Zwan, De Lier, the Netherlands) and
a vigorous interspecific hybrid (S. lycopersicum × S. habrochaites cv. Kaiser (KA), Rijk Zwan, De Lier,
the Netherlands) were germinated in plastic trays containing 90% peat and 10% perlite. Trays were
placed in a growth chamber under constant 25 ◦C air temperature. Once seedling stems reached a
diameter of 2 mm, the following grafting treatments were prepared: a control consisting in non-grafted
plants (AT), self-grafted plants (AT-AT), and grafted plants (AT-KA). Plants were grafted by cutting the
stems at a 45◦ angle and joining them using silicone clips. Immediately after, plants were left for two
days in a growth chamber at 25 ◦C, 95% relative humidity, and light intensity below 20 µmol m−2 s−1.
Later, the light intensity was increased to 200 µmol m−2 s−1 until callus formation and plants showed
full recovery with no wilted leaves which was verified nine days later. After callus formation, and
right before transplanting into the experimental conditions, eight plants of each grafting treatment
were freshly weighed and dry weight (DW) was determined after oven drying at 55 ◦C until constant
weight. At transplant, sixteen plants of each grafting treatment were grown hydroponically by placing
individual plants in 1 L containers sealed with plastic to avoid direct evaporation. The number of
containers was split in one of the following light treatments: 400 µmol PAR m−2 s−1 or 800 µmol
PAR m−2 s−1. Each light level was achieved using dimmable LED lamps (model LightDNA, Valoya,
Finland). The photoperiod was 10 h, and the air temperature corresponded to 25/18 ◦C day/night.
Plants were distributed in a completely randomized design within each light treatment. Each container
was supplied with the following nutrient solution: 3.5 mM N-NO3

−, 1.5 mM K, 0.5 mM P, 1.0 mM Ca,
0.5 mM Mg, 0.5 mM S, 45 µM Fe-EDDHA, 40 µM B, 1.0 µM Mn, 0.2 µM Zn, 0.1 µM Cu, and 0.3 µM Mo.
The pH was adjusted at 5.8 using phosphoric acid. The solution was continuously aerated by an air
pump supplying 200 mL min−1. The whole solution was thoroughly replaced every two days.

2.2. Measurements

Plants were grown for 14 days under the conditions described above, and the following
measurements were carried out during the experiments.

2.2.1. Plant Water Uptake

Water uptake was measured daily by weighing each container individually before the lights turned
on and after the lights turned off. The results presented below correspond to those measurements
undertaken on the last day of the experiments and normalized by the plants’ DW.

2.2.2. Plant Growth Rate and RGR Calculations

At the end of the growth period, each plant was harvested, and their fresh weight was recorded.
Later, roots and shoots of four plants per grafting × light combination were separately placed in paper
bags for DW determination after oven drying at 55 ◦C for 72 h. Shoot N concentration was determined
in the dry samples by Kjeldahl distillation.
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The relative growth rate (RGR, g g−1 d−1) was determined as the difference between the DW
before transplant (DW1, g) and the DW after harvest (DW2) divided by the time of the experiment (t),
as in the following equation:

RGR = (ln(DW2) − ln(DW1))/t (3)

2.2.3. Xylem Sap NO3
− Content

The remaining four plants of each grafting × light combination were used to extract xylem sap
content and determine its NO3

− concentration. Seven-cm long stem sections, including rootstock and
scion in AT-AT and AT-KA, were cut underwater and connected to a pump pushing the xylem content
with a 10 mM KCl solution at 0.02 MPa until a volume of 1 mL was obtained. Then, NO3

− content was
determined by ion chromatography (model Dionex Aquion, Thermo Scientific, USA) using a 30 mM
KOH eluent solution injected at a 1 mL min−1 flow rate. The chromatograph was equipped with an
anion pre-column (Dionex IonPac AG11-HC, 4 mm) and a separator column (Dionex IonPac AS11-HC,
4 mm) coupled with a self-regenerating suppressor (AERS 500, 4 mm). The values obtained were
corrected by a dilution factor obtained from the calculated xylem volume in the stem segments after
the vessel number and diameter were determined.

2.2.4. Stem Hydraulic Conductance (ks)

After the xylem content was collected, the same stem segments were used to determine stem
hydraulic conductance (ks) following the flow rate method described by Pérez-Donoso et al. [24].
Briefly, stem segments were connected to a pump supplying a 10 mM KCl solution at 0.04, 0.06, and
0.08 MPa. Each pressure was maintained for five minutes, and the amount of water passing through
the stems was weighed by an electronic balance connected to a computer. Then, stem hydraulic
conductance (ks, kg H2O m−1 s−1 MPa−1) was determined by plotting water flux (F, kg s−1) at each
pressure (P, MPa) and by determining the slope of the line. The calculation was corrected by the stem
cross-section area (As, m2) and the length of the stem section (L, m) as in Equation (1).

2.2.5. Nitrate Transport Rate

Plant NO3
− transport rate was calculated by multiplying the concentration of NO3

− in the xylem
sap times the water uptake rate. The results are presented as per plant and also normalized by the DW.

2.2.6. Theoretical Hydraulic Conductance (kh) Calculation

The number of xylem vessels and their corresponding diameter were measured on the stems after
ks determination. Samples were fixed in formol acetic alcohol for 24 hours and then dehydrated using
tertiary butyl alcohol. Samples were included in paraffin once completely dehydrated and placed in
an oven at 58 ◦C. Twenty-µm thick cross-sections were collected 5 mm below and 5 mm above the
joint section as well as from the joint section itself using a hand microtome. The cross-sections were
dyed with a modified safranin and fast green protocol [25]. Finally, the cross-section cuts were placed
on glass slides, covered with coverslips, and sealed with chemical glue for microscope observation
under the 10× and 40× lens (model DM500, Leica). The number of vessels per cross-section and their
diameter were determined using the ImageJ software [26] in three technical replicates per sample. Then,
the theoretical hydraulic conductance (kh; kg m MPa−1 s−1) was calculated using the Poiseuille–Hagen
equation (Equation (2)).

2.3. Statistical Analysis

Data from both experiments were pooled together, and differences in plant water uptake (measured
on the last day of the experiment), xylem sap NO3

− content, hydraulic conductance, vessel number,
vessel diameter, theoretical hydraulic conductance, and nitrate transport rates were analyzed by
two-way ANOVA with grafting and light as the main effects. Mean separation was carried out
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by Tukey’s test. Pearson’s correlation analysis was carried out to determine the significance of the
correlation between the traits analyzed. All analyses were conducted using “R” software [27] through
the InfoStat console [28].

3. Results

The grafting treatment (AT-KA) increased biomass accumulation (p < 0.0033) in comparison to the
control (ungrafted plants) and self-grafted treatments (Table 1). No differences in shoot N concentration
were found among grafting treatments (p < 0.2144), but light level significantly reduced it (p < 0.0001).

Table 1. Plant dry weight and shoot N concentration for non-grafted (AT), self-grafted (AT-AT) and
grafted (AT-KA) plants under 400 or 800 µmol PAR m−2 s−1. Different letters in the same column
denote significant differences (p < 0.05).

Treatment

400 µmol m−2 s−1 800 µmol m−2 s−1

Plant Dry
Weight (g)

N Content
(mg N g−1 DW)

Plant Dry
Weight (g)

N Content
(mg N g−1 DW)

AT 0.82 ± 0.05 b 46.8 ± 1.7 a 1.69 ± 0.24 ab 39.6 ± 3.9 a
AT-AT 0.77 ± 0.05 b 42.5 ± 2.2 a 1.56 ± 0.22 b 36.3 ± 1.3 a
AT-KA 1.11 ± 0.13 a 45.6 ± 2.1 a 2.32 ± 0.18 a 33.7 ± 2.1 a

The growth rate of AT-KA was higher (p < 0.0049) than that of the control (AT) or AT-AT with
average values of 0.1342 ± 0.0053 and 0.1151 ± 0.0069 g g−1 d−1, respectively. Increasing the light
from 400 to 800 µmol PAR m−2 s−1, enhanced RGR by 37% (p < 0.0001), from 0.1027 ± 0.0034 to
0.1414 ± 0.0042 g g−1 d−1.

The water uptake rate was similar among grafting treatments (p < 0.4539) (Figure 1), but a
significant reduction (p < 0.0016) was evidenced with increasing light level.
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Figure 1. Water uptake rates under 400 µmol PAR m−2 s−1 or 800 µmol PAR m−2 s−1 for the non-grafted
(AT), self-grafted (AT-AT), and grafted (AT-KA) treatments. Bars represent mean ± SE of sixteen
replicates. Different letters on top of the bars denote significant differences (p < 0.05) among grafting ×
light treatments. Asterisks on top of the light levels represent significant differences (** p < 0.01) for the
light treatment.

No differences among the grafting treatments (p < 0.1324) were found for the NO3
− content in

the xylem sap (Figure 2). However, doubling the light level increased the NO3
− content by 2.36 fold

(p < 0.0001), from 7.61 mM to 17.96 mM.
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Figure 2. Nitrate content in the xylem sap of plants exposed to 400 µmol PAR m−2 s−1 or 800 µmol
PAR m−2 s−1. Bars represent mean ± SE of eight replicates. Different letters on top of the bars denote
significant differences (p < 0.05) among grafting × light treatments. Asterisks on top of light levels
represent significant differences (*** p < 0.0001) for the light treatments.

The self-grafted treatment (AT-AT) showed a higher number of vessels (p < 0.0001) below the
graft union in comparison to the control (non-grafted plants) (Table 2). However, the number of
vessels (p < 0.5326) and their diameter (p < 0.7891), measured above the graft union, were similar
in the self-grafted (AT-AT) and grafted (AT-KA) plants to that found in the non-grafted treatment.
The highest vessel density was found in the stem sections of the rootstock (Table 2, Figure 3). Mean
vessel diameter was also larger in the rootstock (p < 0.0248) which resulted in a one-order of magnitude
higher kh values (p < 0.0390) in this treatment than in the non-grafted and self-grafted treatments.
However, the actual values measured with the flow rate method indicate that AT-KA had a significantly
lower hydraulic conductance (ks) than the other treatments (p < 0.0497) (Table 2).

Table 2. Vessel number and vessel diameter measured below the graft union, calculated hydraulic
conductance (kh) for the segment below the graft union, and stem hydraulic conductance (ks) measured
in stem sections including rootstock, graft union, and scion portions. Values represent mean ± SE of
eight replicates. Different letters in the same column denote significant differences (p < 0.05) among
grafting treatments.

Treatment Vessel Number
(N◦ mm−2)

Mean Vessel
Diameter (µm)

kh
(kg m MPa−1 s−1)

ks
(kg MPa−1 m−1 s−1)

AT 23.5 ± 1.65 c 62.04 ± 10.14 ab 5.8 x 10−7 b 0.560 ± 0.213 a
AT-AT 45.5 ± 0.86 b 54.90 ± 7.46 b 6.8 x 10−7 b 0.207 ± 0.048 b
AT-KA 76.2 ± 4.78 a 79.31 ± 14.44 a 6.9 x 10−6 a 0.090 ± 0.025 c
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The nitrate transport rate through the xylem was similar for all grafting treatments, either
expressed on a plant (p < 0.0896) or DW basis (p < 0.9775). The average value for the NO3

− transport
rate was 49.43 ± 14.44 µmol NO3

− g−1 DW h−1 (Figure 4). Doubling the light level increased the NO3
−

transport rate (p < 0.0001) in each grafting treatment.
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Nitrate content in the xylem sap presents a significant positive relationship with the plant’s growth
rate (Table 3). No significant relation between vessel diameter and NO3

− transport rate was found.

Table 3. Pearson’s coefficients and significance levels (n.s.: not significant; * p < 0.05; ** p < 0.01;
*** p < 0.0001) for the correlation between each trait. WU: water uptake rate; N_T: nitrate transport rate;
N_Xyl: nitrate content in the xylem sap; Ves_D: vessel diameter; Ves_N: vessel number; RGR.

WU N_T N_Xyl Ves_D Ves_N RGR

WU - 0.53 *** −0.10 n.s. −0.03 n.s. −0.14 n.s. −0.40 **
N_T 0.53 *** - 0.72 *** 0.16 n.s. 0.03 n.s. 0.11 n.s.

N_Xyl −0.10 n.s. 0.72 *** - 0.19 n.s. 0.20 n.s. 0.46 **
Ves_D −0.03 n.s. 0.16 n.s. 0.19 n.s. - 0.33 * 0.25 n.s.
Ves_N −0.14 n.s. 0.03 n.s. 0.20 n.s. 0.33 * - 0.26 n.s.
RGR −0.40 ** 0.11 n.s. 0.46 ** 0.25 n.s. 0.26 n.s. -
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4. Discussion

4.1. Nitrate Content in the Xylem Sap

Following the uptake of NO3
− in the roots (i.e. crossing the root endodermis), it is loaded into

the xylem to be transported to the shoot. The regulation of xylem loading depends on the expression
patterns of various NO3

− transporters which are regulated by feedback mechanisms based on the
accumulation of NO3

− and/or N-containing compounds transported from the shoot [29]. In a previous
study, we showed that Kaiser has an enhanced root NO3

− uptake activity in comparison to the roots of
Attiya [2]; therefore, it was expected that NO3

− concentration in the xylem would be higher. The results
in the present study showed that the rootstock did not influence NO3

− content in the xylem sap of the
tomato plants, but environmental conditions leading to different growth rates modified its content.
These findings are supported by the data provided by Orieux et al. [30], who showed that NO3

−

content in the xylem sap of Brassica napus increases when plants enhance their biomass accumulation
rate. On the other hand, the results presented by Galleguillos-Cedillo et al. [31] show a stable NO3

−

content in the xylem sap of tomato plants subjected to electrical conductivity values ranging from
2.2 to 12 dS m−1, EC values that significantly affected the transpiration and, therefore, growth rate.

The reduction in water transport was larger than the increase in xylem NO3
− concentration across

light levels, leading to a decrease in shoot N content in plants subjected to higher radiation (Table 1).
Changes in the stoichiometry of mineral elements in plant tissue have been reported in plants subjected
to different types of stress [32], but in the present experiments, the light conditions applied do not
imply stress for tomato plants [33]. With regards to the effects of rootstock genotypes on shoot N
concentration, contradictory results have been reported for interspecific rootstocks of S. lycopesicum
× S. habrochaites. Most of the reports conclude that genotypes such as Beaufort, Mutifort or He-Man
increase the concentration of N in the shoot [34–36]. Another common rootstock is Maxifort which
has shown genotype-specific responses to shoot N concentration. When used with tomato cv. Money
Maker as scion, it does not affect shoot N concentration [36], while the effect on cv. Primadonna as scion
was to promote N content in the shoot biomass, in comparison to non-grafted plants [35].

4.2. Water Transport Rate

Increasing the light level enhanced shoot biomass, but this is accompanied by a decrease in the
water uptake rate per gram of plant dry biomass. Tomato plants exposed to different light levels exhibit
an increase in shoot growth at the highest radiation but reduce the relative allocation of biomass to
the leaves [37]. This, in turn, results in a reduction of the leaf area per gram of plant biomass (the leaf
area ratio) and the amount of leaf area per unit leaf mass (the specific leaf area) [37]. In the present
experiment, leaf area was not measured, but the water uptake results are in agreement with the report
by De Groot et al. [37]. An increase in the net photosynthetic CO2 assimilation rate is expected from
400 to 800 µmol PAR m−2 s−1 [38] but accompanied by a higher allocation of resources to the stems
and roots [37]. Since a higher proportion of plant biomass is allocated to non-transpiring organs, a
reduction in the water uptake rate per gram of plant biomass is observed.

The process of grafting imposes a barrier for water movement as shown by the reduction in ks

in the present study. After grafting, in the model plant Arabidopsis, the first anatomical change that
occurs is the union between the scion and the rootstock, followed three days later by the phloem
connection. It takes up to seven days for the xylem to be fully reconnected allowing an efficient
water movement across the plant, but it can take longer in other species [39,40]. Nevertheless, this
process of revascularization starts in the scion, thanks to the auxin polar transport from the apex to the
wound site, and only after does the rootstock follows [39,40]. Considering the anatomical differences
between Arabidopsis and tomato, the latter could take longer to reconnect the xylem after grafting which
could explain lower ks in the AT-KA treatments, independently of having more and larger vessels.
Fernandez-Garcia et al. [41] showed in their study that fully formed xylem vessels were present at
the graft union 15 days after grafting by means of showing one xylem vessel. However, they did not
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check how many xylem vessels were actually functional at 15 days but explained their functionality by
means of measuring the root hydraulic conductance which was stable after 15 days. To understand the
proper revascularization of tomato grafts it is necessary to quantify the number of fully functional
xylem vessels at the graft union for longer periods of time after grafting and look at both ks and root
hydraulic conductance.

Based on the results from our study, we might assume that differences exist in the mechanisms
supplying water (and N) to the aerial parts of the plant due to the restriction imposed by the grafting
union to the water movement and that the supply of N to the shoot is similar in grafted and non-grafted
plants. This difference is not related to the concentration of NO3

− in the xylem sap, since it is similar
in grafted and non-grafted plants. Similarly, the water uptake rate is equivalent between grafted
and non-grafted plants, but the hydraulic conductance measured in the stem segments (ks) is much
lower in the grafted plants, particularly in the AT-KA treatment. This is in opposition to the hydraulic
conductance (kh) obtained with the Poiseuille–Hagen equation and the xylem conduit diameters
measured in Kaiser and Attiya stem sections. The Ohm’s law analogy indicates that this opposite
tendency in the magnitude of the conductance (kh) below the graft union and that of the stem segment
containing a portion of the rootstock and scion (ks) must be due to the higher resistance at the graft
union. Accordingly, this hydraulic resistance is, in fact, higher in grafted (AT-KA) than in non-grafted
plants. Furthermore, the anatomical differences among rootstock treatments that led to differences in
kh may facilitate the generation of a water potential difference by reducing the tension of the water
(∆P in Equation (1)) on the rootstock side, allowing the maintenance of the transpiration rate across
treatments. Alternatively, the generation of a water potential difference between rootstock and scion
could be partially achieved by concentrating solutes in the xylem stream of the scion, for example,
potassium and nitrate [15,16,42], but this needs to be further examined.

5. Conclusions

Light modulates the growth rate of tomato plants cv. Attiya and affects the NO3
− content in

the xylem sap. Grafting onto the vigorous interspecific rootstock cv. Kaiser enhances plant biomass
accumulation, but it does not alter xylem sap NO3

− content or plant water uptake rate. The rootstock
has a vascular system with larger vessels in a higher density than non-grafted plants, but the stem
hydraulic conductance is lower. Overall, the transport rate of NO3

− through the stem is not affected by
the grafting treatment.
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