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Abstract. Tomato (Solanum lycopersicum L. cv. Belladona F,) plants were either self-
grafted or grafted onto the rootstock ‘He-Man’ and grown in recirculating nutrient
solution with low, standard, or high manganese (Mn) concentrations (2, 15, and 100 nM,
respectively). The concentrations of all nutrients except Mn were identical in all
treatments. The objectives of the experiment were to test whether grafted tomato plants
have a higher or lower ability to withstand deficient or toxic levels of Mn in the root zone
and to study the effects of grafting on nutrient uptake and translocation to the aerial
organs. Both excessive and insufficient Mn concentrations in the root zone significantly
reduced the number of fruit per plant, whereas mean fruit weight was unaffected by
external Mn concentrations ranging from ~1 to 100 pM. The excessive external Mn
concentration caused the leaf Mn concentration to increase beyond the critically high
level at the expense of leaf and root iron and zinc concentrations but without significant
differences between the grafting treatments. The fruit yield of plants grafted onto ‘He-
Man’ was significantly lower than that of self-grafted plants when the Mn concentration
in the root zone was excessively high. This response might be associated with the lower
translocation of magnesium (Mg) to the leaves of plants grafted onto ‘He-Man’ in
comparison with the self-grafted plants, resulting in lower Mg/Mn ratios in the leaves.
Grafting onto ‘He-Man’ also restricted the leaf and root iron and copper concentrations
but enhanced those of potassium. Overall, tomato cv. Belladona proved to be more
tolerant to excess Mn than to Mn deficiency in terms of vegetative growth and fruit yield.

Over the last 50 years, vegetable pro-
duction using grafted seedlings has become
a common practice in many parts of the
world. To the extent grafting reduces the
input of agrochemicals to the crop, it can be
considered an environmentally friendly com-
ponent of integrated crop management sys-
tems (Rivard and Louws, 2008). The
cultivated area of grafted Solanaceae and
Cucurbitaceae plants has increased tremen-
dously in recent years because the objective
of grafting has been greatly expanded to
include reducing infections by soilborne
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pathogens (Davis et al., 2008; Tsror and
Nachmias, 1995); tolerance against abiotic
stresses such as salt, wet soils, and low
temperature (Abdelmageed and Gruda,
2009; Ahn et al.,, 1999; Fernandez-Garcia
et al., 2002; Venema et al., 2008); enhancing
water, nutrient uptake, and nutrient use effi-
ciency (Santa-Cruz et al., 2002), increasing
plant vigor (Lee et al., 1998); extending the
duration of harvest time (Lee, 1994); and
improving fruit quality (Matsuzoe et al.,
1996). Although grafted tomatoes seem to
have greater nutrient uptake efficiency, there
have been few investigations in this area
(Fernandez-Garcia et al., 2002). However,
an essential prerequisite for successful graft-
ing is the selection of rootstocks that do not
adversely affect plant nutrition, fruit yield,
and produce quality.

As reported by Edelstein and Ben-Hur
(2007), the concentrations of heavy metals
and microelements, including manganese
(Mn), zinc (Zn), copper (Cu), and boron (B)
in grafted melon plants were substantially
lower than those measured in nongrafted
plants of the same cultivar. Rouphael et al.
(2008) found that grafting may appreciably
affect the uptake of micronutrients such as Cu

in cucumber. The suppression of nutrient
uptake by rootstocks used to graft greenhouse
vegetables may adversely affect plant per-
formance under conditions of inadequate
supply. On the other hand, a restriction of
micronutrient and nonnutrient heavy metal
uptake may be advantageous when the avail-
ability of such elements in the soil or growth
medium is excessively high attributable, for
instance, to a low external pH. Hence, it is of
interest to know how grafted plants such as
tomato respond to excessively high or low
levels of some micronutrients in the root
environment.

In view of this background, the present
investigation was designed to study the ef-
fects of the rootstock on tomato growth,
yield, and nutrient uptake under conditions
of standard or excessively low or high Mn
levels in the rooting medium. The question to
be answered through the present investiga-
tion is whether grafted plants have a higher or
lower ability to withstand deficient or toxic
levels of micronutrients in the root environ-
ment. Mn was selected as the test element
because deficiency or toxicity problems with
this micronutrient are frequent in greenhouse
crops (Shenker et al., 2004; Sonneveld et al.,
1977).

Materials and Methods

The experiment was conducted in a heated
glasshouse at the Agricultural University of
Athens. On 20 Sept. 2007, grafted seedlings
of tomato (Solanum Ilycopersicum L. cv.
Belladona; Hazera Seeds Ltd., Haifa, Israel),
raised in a mixture of peat and perlite, were
transferred to 12 channels with recirculating
nutrient solution (NS) at the stage of four to
five true leaves. Before transplanting, the
roots of the young seedlings were carefully
washed in plain water to remove the aggre-
gates of the growing medium. Half of the
plants had been grafted onto the rootstock
‘He-Man’ (Solanum lycopersicum X Solanum
habrochaites; Syngenta Seeds, Basel, Swit-
zerland) and the other half were self-grafted.
Each channel was 5.5 m in length, 0.2 m in
width, and 0.08 m in height and accommo-
dated eight tomato plants.

As a second treatment factor, Mn in the
nutrient solution was adjusted to a low,
a standard, and a high concentration corre-
sponding to 2, 10, and 50 UM Mn, respec-
tively, during the initial 46 d after planting
and 2, 15 and 100 uM Mn, respectively,
thereafter. The different Mn levels were
attained by adding appropriate amounts of
MnSO,4-H,O to the nutrient solution. The
concentrations of all other nutrients in the
solution initially introduced into the system
(SNS) were identical for all NS treatments
and the composition was as follows: 8.40 mm
K*, 5.75 mm Ca®", 2.75 mm Mg**, 1.00 mm
NH,", 17.00 mMNO; ™, 1.25 mm H,PO4 7, 4.00
mm SO4>, 15 uM iron (Fe), 5 UM Zn, 0.7 uM
Cu, 40 uM B, and 0.5 uM molybdenum (Mo).
To maintain these concentrations in the recir-
culating NS, replenishment nutrient solutions
(RNS) with the following composition were
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introduced to each experimental unit during
the experiment to compensate for nutrient
and water uptake by the tomato plants: 6.25
mm K*, 2.75 mm Ca®, 1.50 mm Mg?*, 1.00
mmM NH,", 11.50 mm NO5~, 1.00 mm H,PO,,
1.50 mm SO4*, 15 uM Fe, 4 uM Zn, 0.6 uM
Cu, 20 uM B, and 0.5 uM Mo. To avoid
nutrient imbalances in the root environment,
the recirculating nutrient solutions were dis-
charged and replaced with fresh SNS on Days
46 and 92 after treatment initiation.

The three Mn treatments were combined
with the two grafting treatments in a two-
factorial experimental design rendering six
treatments. Each treatment was replicated
four times and contained four plants. Thus,
the total number of tomato plants was 96.
The nutrient solutions were automatically
pumped at a rate of 0.1 m*-h ™' to each channel
and were recirculated continually day and
night. The volume of recirculating nutrient
solution per plant amounted to 6 L in all
treatments. The amount of NS consumed by
the plants was automatically detected by
mechanical floaters and replaced with RNS
from the storage tanks, thereby maintaining
constant NS levels in the tanks used to supply
NS to the channels. The pH in the recirculat-
ing NS was adjusted to 5.6 to 5.7 daily by
adding appropriate amounts of 1 N HNO;
stock solution.

Fruit setting was facilitated by vibration
of the trusses at approximately midday twice
a week. To avoid limitations in fruit setting
resulting from insufficient pollen production
or pollen tube growth, the inside air temper-
ature was maintained to levels above 15 °C
during the night and 18 °C during the day.
The harvesting of commercially ripe fruit
started on 12 Dec. 2007 and was repeated
twice a week until the end of the experiment
on 4 Feb. 2008. At each harvest, the total
number and weight of harvested fruit were
recorded separately in each experimental
unit. At crop termination, two plants were
harvested from each experimental unit and
divided into stems and leaves. Subsequently,
the leaf and stem samples were chopped and
a representative sample of 200 g from each
was oven-dried at 72 °C to constant weight.
After drying, the weight of all samples was
measured and used to determine the total
stem and leaf dry mass per plant.

At regular time intervals, samples of
recirculating NS were selected from all ex-
perimental units and used to determine the
actual Mn concentration. On two dates during
the growing period (50 and 92 d after planting
and Mn treatment initiation), samples of the
youngest fully expanded leaves were col-
lected from all experimental units and dried
at 72 °C to constant weight. Furthermore,
root samples were also collected from all
experimental units at crop termination (137
d after planting) and dried at the same
temperature (72 °C). Subsequently, the leaf
and root samples were powdered using a ball
mill, passed through a 40-mesh sieve, sub-
jected to dry ashing in a muffle furnace at
550 °C for 5 h, and used to extract potassium
(K), calcium (Ca), magnesium (Mg), Fe, Mn,
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Zn, and Cu by means of 1 N HCIL The
concentrations of Mn in the nutrient solutions
and Ca, Mg, Fe, Mn, Zn, and Cu in the
aqueous extracts were determined by atomic
absorption spectrophotometry (Perkin Elmer
1100B, Waltham, MA) and potassium by
flame photometry (Sherwood Model 410,
Cambridge, UK).

The data were subjected to two-factorial
analysis of variance using the PlotIT3.2®
work package (Scientific Programming En-
terprises, Haslett, MI). When the Mn supply
level was significant, the means among the
three tested Mn levels were separated using
Duncan’s multiple range test (P < 0.05). The
same test was used to separate the six means
from all experimental treatments when the
interaction for a particular measured charac-
teristic was significant.

Results

In all Mn treatments, the concentration of
Mn in the recirculating nutrient solution
tended to decrease to lower levels than those
in the corresponding solutions introduced to
the closed-loop system to compensate for
plant uptake (Fig. 1). During the first days
after the introduction of fresh nutrient solution
in the closed system, a sharp decrease in the
Mn concentration was observed in the recir-
culating solution, which was subsequently
followed either by a stabilization of the Mn
level or by a much slower rate of decrease.

The high Mn supply treatments exhibited
symptoms of toxicity toward the end of the
experiment, whereas the low Mn supply did
not cause visible deficiency symptoms in the
tomato plants, irrespective of whether the
plants were self-grafted or grafted onto ‘He-
Man’ rootstocks. Mn toxicity appeared first as
severe interveinal chlorosis resembling
Fe deficiency in the upper leaves, which was
followed by the occurrence of extensive dark
spots on the leaf veins. Both the Mn level and
the rootstock affected the uptake and trans-
location of nutrients to the tomato shoot as
indicated by the leaf nutrient concentrations
92 d after planting (Table 1). Similar results
were obtained with the leaf samples collected
50 d after planting (data not shown). Of the
two experimental factors, the level of Mn
significantly affected the leaf Mn, Fe, and Zn
concentrations, whereas the rootstock had
a significant impact on the leaf Mg, K, Fe,
and Cu concentrations. Specifically, the in-
crease in the Mn supply level raised the Mn
and restricted the Fe and Zn concentrations in
the leaves of tomato regardless of the mode of
grafting. The leaves of plants grafted onto
‘He-Man’ exhibited lower Mg, Cu, and Fe but
higher K levels in comparison with those from
self-grafted plants. As indicated by the in-
teraction between grafting and Mn level, the
difference in the leaf Fe between self-grafted
plants and those grafted onto ‘He-Man’ tended
to be larger at low rather than at standard or
excessively high Mn levels in the root zone.

As shown in Table 2, the Mn supply level
had a strong impact not only on micronutrient
(Mn, Fe, Zn, Cu), but also on the measured
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Fig. 1. Evolution of the manganese (Mn) concen-
tration in the recirculating nutrient solution as
influenced by the Mn level (high, standard, and
low, indicated by the broken lines) in the nutrient
solution introduced to the system to compensate
for tomato plant uptake. Vertical arrows indicate
days of nutrient solution renewal.

macronutrient (Ca, Mg, K) concentrations in
the roots of tomato regardless of the root
genotype (‘Belladona’ or ‘He-Man’). Specif-
ically, the increase in Mn supply level mark-
edly restricted the Ca, Mg, Fe, Mn, and Cu
concentrations and appreciably enhanced
that of Mn but only slightly that of K in the
roots of tomato. In the case of Mg, K, and Fe,
only the excessively high Mn supply level
imposed a significant difference in the root
concentrations in comparison with those
measured in the standard and low Mn supply
levels. However, the root Ca, Zn, and Cu
concentrations tended to decline constantly,
whereas Mn rose with each increment in Mn
supply. The grafting of tomato onto ‘He-
Man’ increased the root Mg and K concen-
trations; reduced Mn, Fe, and Cu; but had no
effect on the root Ca level. The standard and
high Mn supply levels significantly decreased
the root Mn concentration of plants grafted
onto ‘He-Man’, whereas the root Fe concen-
tration differed significantly between the two
root genotypes only at the standard external
Mn concentration.

Grafting ‘Belladona’ on ‘He-Man’ or on its
own roots had no impact on the aboveground
vegetative growth of tomato as indicated by
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Table 1. Leaf nutrient concentrations in tomato (‘Belladona’ F;) grown in recirculating nutrient solution as
influenced by grafting (either self-grafted or grafted onto the rootstock ‘He-Man’) and manganese
(Mn) supply level (high, standard, and low) in the nutrient solution introduced to the system to

compensate for plant uptake.”

Calcium  Magnesium  Potassium Mn Iron Zinc  Copper
Mn level Rootstock (mg-g ' dry wt) (mg-kg™! dry wt)
High Belladona 14.0 5.20 79.8 280 77d 215 16.0
He-Man 17.2 3.14 90.0 294 69d 21.8 11.5
Standard Belladona 15.0 5.04 81.8 157 128¢ 243 16.5
He-Man 12.2 2.92 91.3 143 116 ¢ 24.0 13.5
Low Belladona 13.9 522 87.5 36 288a 35.5 20.8
He-Man 18.0 3.28 94.8 33 226b 39.5 12.5
Main effects
Mn level High 15.6 4.17 84.9 287 a 73a 216D 13.8
Standard 13.6 3.98 86.5 150b 122b 24.1b 15.0
Low 15.9 4.25 91.1 35¢ 257c¢ 375a 16.6
Rootstock  Belladona 14.3 5.15 83.0 158 164 27.1 17.8
He-Man 15.8 3.11 92.0 157 137 28.4 12.5
Statistical significance
Mn level NS NS NS Hkx Hkx o NS
Rootstock NS Hokk Hok NS *x NS ok
Mn level X rootstock NS NS NS NS * NS NS

“Leaves were sampled 92 d after planting.

Ns, ¥, ** and *** indicate nonsignificant or significant at P =< 0.05, 0.01, and 0.001, respectively. When
more than two means are compared, different letters in a column indicate significant differences at P =

0.05 according to the Duncan’s multirange test.

Table 2. Root nutrient concentrations in ‘Belladona’ or ‘He-Man’ grafted with scions of tomato
(‘Belladona’ F;) grown in a recirculating nutrient solution as influenced by the manganese (Mn)
level in the nutrient solution introduced to the system to compensate for plant uptake.”

Calcium  Magnesium  Potassium Mn Iron Zinc  Copper
Mn level Rootstock (mg-g' dry wt) (mg-kg ' dry wt)
High Belladona 6.9 2.09 73.5 198 a 567¢c 174 65
He-Man 73 2.46 82.3 162 b 574c¢ 145 57
Standard Belladona 10.9 3.79 61.3 145b 1252a 328 124
He-Man 10.8 4.66 74.8 90 ¢ 877b 331 91
Low Belladona 15.4 4.37 57.4 36d 1235a 377 158
He-Man 16.7 4.60 62.8 30d 1083a 394 114
Main effects
Mn level High 7.1c 2270 779 a 180a 570b 159¢ 61c
Standard 109b 422a 66.1 b 117b 1065a 330b 107D
Low 16.0 a 448 a 62.0 b 33¢ 1158a 385a 136a
Rootstock  Belladona 11.1 342 64.0 126 1018 293 116
He-Man 11.6 3.91 73.3 94 844 290 87
Statistical significance
Mn leVel kkok sksksk ksk kkk skskosk skskosk sksksk
Rootstock NS * * ** *k NS *k
Mn level X rootstock NS NS NS * * NS NS

“Roots were sampled 137 d after planting.

Ns, ¥, ** and *** indicate nonsignificant or significant at P = 0.05, 0.01, and 0.001, respectively. When
more than two means are compared, different letters in a column indicate significant differences at P =

0.05 according to the Duncan’s multirange test.

the stem and leaf dry weight (Fig. 2). The Mn
supply level did not affect the stem dry
weight, but the leaf dry weight was signifi-
cantly restricted when the replenishment
nutrient solution contained only 2 mM Mn.
The excessively high Mn supply level had no
significant impact on stem and root biomass.

Unlike the aboveground vegetative
growth, the fruit yield of tomato was signif-
icantly influenced by both the level of Mn
supply and the rootstock (Table 3). Overall,
the supply of Mn at levels far below or far
above the standard recommendations for
tomato significantly reduced the total fruit
weight per plant mainly as a result of a de-
crease in the number of fruits per plant,
whereas the mean fruit weight was unaf-
fected significantly by the Mn level. The
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impact of the low Mn supply level on total
fruit yield was more detrimental than that of
the excessively high Mn supply. With respect
to the rootstock, the plants grafted onto their
own roots (‘Belladona’) produced signifi-
cantly more fruit than those grafted onto
‘He-Man’, and this resulted in a higher fruit
weight per plant. However, the better perfor-
mance of the self-grafted plants in compari-
son with those grafted onto ‘He-Man’ was the
result of a higher tolerance of the former to
low or high Mn concentrations in the root
zone, whereas at the standard Mn supply
level, the rootstock had no effect on total
fruit yield. Especially at the high Mn supply
level, the fruit yield of self-grafted tomato
plants was similar to that of plants treated
with the standard Mn level.

Discussion

The lower Mn levels in the recirculating
NS in comparison with the solutions supplied
to the crop to compensate for plant uptake
(RNS) cannot be ascribed to active absorp-
tion, because a tendency to decrease was also
observed in the excessively high Mn treat-
ments. Bromfield (1978) and Sonneveld and
Voogt (1980) also observed a tendency for
Mn to be depleted in the root zone of soilless-
grown crops and ascribed this phenomenon to
immobilization of soluble Mn by oxidizing
bacteria, which are common in nutrient
solutions. It seems, therefore, that in our
experiment, part of the Mn supplied to the
plants through the NS was immobilized by
microorganisms. The microbial oxidation of
Mn in NS is beneficial when Mn is supplied at
excessively high rates but potentially harmful
if Mn is supplied at rates close to the standard
requirements for plant uptake.

As expected, increasing the Mn level in
the root zone resulted in similar increases in
the Mn concentration in both the roots and
leaves of tomato and these results are in
agreement with previous reports (Le Bot
et al., 1990). However, our results clearly
show that the changes in the external Mn
concentration in tomato also affect the uptake
of Fe and Zn. Our results regarding the
impact of Mn on Fe uptake by tomato are in
agreement with those reported by Alvarez-
Tinaut et al. (1980), who found that deficient
or normal Mn levels antagonized Fe absorp-
tion, but the reverse was true when Mn
reached toxic values. The suppressive effect
of Mn on Fe and Zn uptake is ascribed to
mutual competition for uptake mediated by
common metal transporters located in the
plasma membrane, as suggested by Korshu-
nova et al. (1999) and Marschner (1995).
However, the external Mn concentration had
no impact on the uptake of Cu. As reported by
Harrison et al. (1983), Cu and Mn compete
for a common site for uptake, but Cu has
a higher affinity than Mn. Landi and Fagioli
(1983) also found no effect of Mn on Cu
uptake by excised maize roots. Mengel
(1984) states that Cu is much more compet-
itive with respect to plant uptake than Mn, Fe,
and Zn, and therefore concentration changes
of the latter ions in the external medium may
have little or no impact on Cu absorption. Our
results demonstrated this attribute of Cu also
for tomato, at least with respect to the in-
terference of Cu uptake by Mn. Nevertheless,
Mn had a highly significant suppressive
effect on the root Cu concentration, which
indicates that the efficiency of Cu to with-
stand Mn antagonism is restricted only to Cu
translocation to the shoot.

In agreement with previous reports of
Edelstein and Ben-Hur (2007) and Rouphael
et al. (2008) for grafted melon and cucumber,
respectively, the rootstock imposed notice-
able changes on the efficiency of grafted
tomato plants to take up Mg, K, Fe, and Cu.
Differences in Fe and Cu uptake efficiency
between cultivars of the same species may be
attributed to dissimilarities in the excretion of
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Fig. 2. Stem and leaf dry weight of tomato (‘Belladona’ F;) plants grown in recirculating nutrient solution
as influenced by grafting (either self-grafted or grafted onto the rootstock ‘He-Man’) and manganese
(Mn) supply level (high, standard, and low) in the nutrient solution introduced to the system to
compensate for plant uptake. Plants were sampled at crop termination (137 d after planting).

Table 3. Fruit yield and yield components of tomato (‘Belladona’ F;) grown in recirculating nutrient
solution as influenced by grafting (either self-grafted or grafted onto the rootstock ‘He-Man’) and
manganese (Mn) supply level (high, standard, and low) in the nutrient solution introduced to the system

to compensate for plant uptake.

Total fruit wt

Total fruit number Mean fruit wt

Mn level Rootstock (kg/plant) (fruits/plant) (g/fruit)
High Belladona 2.595a 14.250 a 182
He-Man 2.162 be 11.938b 189
Standard Belladona 2.607 a 13.875a 180
He-Man 2.649 a 14375 a 181
Low Belladona 2.330b 12.938 ab 184
He-Man 1.960 ¢ 11.563 b 171
Main effects
Mn level High 2.378 b 13.094 ab 185
Standard 2.628 a 14.125 a 181
Low 2.145 ¢ 12.250 b 178
Rootstock Belladona 2.511 13.688 182
He-Man 2.257 12.625 180
Statistical significance
Mn level wok ok NS
Rootstock * * NS
Mn level X rootstock * * NS

Ns, ¥, ** and *** indicate nonsignificant or significant at P = 0.05, 0.01, and 0.001, respectively. When
more than two means are compared, different letters in a column indicate significant differences at P =

0.05 according to the Duncan’s multirange test.

phytosiderophores and other acidifying com-
pounds, which influence the solubilization of
these metals at the rhizosphere level. Thus,
according to Mench and Fargues (1994), the
uptake of cadmium, Cu, lead, Mn, nickel,
and Zn by oat tended to be greater for a Fe-
efficient than for a Fe-inefficient cultivar and
this was attributed to increased solubilization
of these metals by phytosiderophores. On the
other hand, grafting of melon seems to re-

HORTScIENCE VoL. 44(7) DECEMBER 2009

strict the uptake of B (Edelstein et al., 2007),
which is unaffected by the excretion of
acidifying compounds. Hence, other mecha-
nisms may also be involved in the differential
uptake efficiency of grafted and nongrafted
plants.

The concentrations of Fe and Cu were
significantly lower in both the roots and the
leaves of tomato plants grafted on ‘He-Man’
in comparison with those measured in self-

grafted plants. Nevertheless, the concentra-
tions of Fe and Cu in the leaves of plants
grafted onto ‘He-Man’ were far above the
lowest critical levels referred to by Marsch-
ner (1995) and Reuter and Robinson (1986)
irrespective of Mn supply. Furthermore, at
high external Mn concentrations, the tissue
Fe concentrations in plants grafted on ‘He-
Man’ were similar to those in self-grafted
plants and this interaction was significant.
These results suggest that tomato plants
grafted on ‘He-Man’ may be more tolerant
to excessively high external Fe and Cu
concentrations but not more susceptible to
Fe or Cu deficiency.

Unlike the concentrations of Fe and Cu in
the leaves of plants grafted on ‘He-Man’, the
Mg concentration approached the lowest
critical level for tomato (3 mg-g ' dry weight
according to Mills and Jones, 1996). These
data indicate that, to avoid Mg deficiency, the
level of Mg as well as the Mg:K and Mg:Ca
ratios in nutrient solutions supplied to tomato
plants grafted on ‘He-Man’ should be higher
than the current recommendations for non-
grafted plants, as summarized by Savvas
et al. (2008). In contrast to Fe and Cu, the
Mg concentration was lower in the leaves but
higher in the roots of plants grafted on ‘He-
Man’ than in self-grafted plants. It seems that
the suppression of the leaf Mg levels in plants
grafted on ‘He-Man’ is partly the result of
a stronger retention of Mg in the root tissues.

Previous investigations have shown that
the growth and yield of tomato may be
restricted by both Mn deficiency and Mn
toxicity (Shenker et al., 2004). In our study,
the tomato plants were more severely af-
fected by low (1 to 2 uM) than by high (80 to
100 uM) external Mn levels in terms of both
vegetative plant growth and fruit yield. Es-
pecially the self-grafted ‘Belladona’ plants
exhibited a higher than expected tolerance to
excessive Mn levels in the recirculating NS in
terms of fruit production, which did not differ
significantly from that obtained with the
standard Mn supply. These results indicate
that this variety of tomato (‘Belladona’) is
more susceptible to deficiency than to toxic-
ity of Mn, and even a latent Mn deficiency
without visible symptoms may adversely
affect fruit productivity. Our results, which
indicate a relatively low sensitivity of tomato
to excessively high Mn levels, are in agree-
ment with Foy (1973), who classified tomato
as a relatively Mn-tolerant plant species.

Shenker et al. (2004) found that a leaf Mn
concentration of 207.4 mg-kg™ was associ-
ated with toxicity symptoms in tomato.
According to Mills and Jones (1996), a Mn
concentration of 250 mg-kg' in the leaf
petioles is the maximum safe level for to-
mato. In the present experiment, the tomato
plants exposed to high external Mn concen-
trations exhibited higher leaf Mn levels than
the critical limits referred to here regardless
of the grafting treatment. Despite this, only
the fruit yield of plants grafted onto ‘He-
Man’ was negatively influenced by the high
Mn supply. As reported by Horst (1988) and
Le Bot et al. (1990), the critical level for
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the appearance of Mn toxicity may be influ-
enced by various other factors such as the
magnesium to manganese ratio. Because the
leaf Mg concentration was markedly lower in
plants grafted on ‘He-Man’ than in the self-
grafted plants, whereas the Mn concentra-
tions were similar (Table 1), the Mg/Mn ratio
was lower in the former and this was pre-
sumably the reason for their higher suscepti-
bility to excessively high Mn levels.

Both the excessively high and low Mn
levels in the root environment of tomato
reduced the yield by restricting the number
of fruits per plant but had no influence on the
mean fruit weight. The suppression of fruit
yield under conditions of Mn deficiency may
be partly ascribed to a restriction of leaf area
as indicated by the significantly lower dry leaf
weight per plant in comparison with plants
grown with a standard or high Mn supply (Fig.
2). However, the yield was more severely
affected by the low Mn supply than the leaf
mass, whereas at the high Mn supply level, the
restriction of yield in plants grafted on ‘He-
Man’ was not accompanied by any reduction
in vegetative growth. Hence, it is reasonable
to conclude that fruit set was affected by both
too low and too high Mn supply levels.

In conclusion, grafting tomato ‘Bella-
dona’ on to the rootstock ‘He-Man’ decreases
the tolerance of the scion to both low and
high Mn concentrations in the root zone. This
response seems to be partly associated with
the appreciably lower ability of plants grafted
onto ‘He-Man’ to transport Mg to the leaves,
which results in lower foliar Mg/Mn ratios in
comparison with self-grafted plants. On the
other hand, plants grafted onto ‘He-Man’
may be more tolerant to excessively high
external Cu concentrations as a result of
a more efficient control of the Cu transport
to the leaves in comparison with plants
grafted onto their own roots. Furthermore,
grafting onto ‘He-Man’ may improve the
efficiency of K uptake. Overall, the self-
grafted tomato cultivar Belladona is more
tolerant to excessively high than to inade-
quate Mn supply levels in terms of vegetative
growth and fruit yield. Both too high and too
low Mn concentrations in the root zone affect
mainly the number of fruit per plant, whereas
the mean fruit weight is unaffected when the
external Mn concentration ranges from ~1 to
100 uM.
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