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Abstract: Drought stress and nutrient deficiency are limiting factors in vegetable production that
will have a decisive role due to the challenges of climate change in the future. The negative effects of
these stressors on yield can be mitigated by crop grafting. The increasing demands for resource-use
efficiency in crop production, therefore, require the development and phenotyping of more resilient
rootstocks, and the selection of appropriate scions. We tested the effect of combined drought stress
and nutrient deficiency on yield and fruit quality of the two tomato cultivars ‘Lyterno’ and ‘Tastery’
in the greenhouse, grafted onto different rootstock genotypes. The use of four different rootstocks,
including two novel S. pennellii × S. lycopersicum hybrids and the proven-effective use of ‘Beaufort’,
as well as self-grafted plants, allowed conclusions to be drawn about the differential stress mitigation
of the rootstocks used. The stress-induced yield reduction of the scion ‘Lyterno’ can be mitigated
more significantly by the novel hybrid rootstocks than by the commercial rootstock ‘Beaufort’. At
the same time, however, the individual fruit weight and the lycopene content of the fruits were
significantly reduced when grafted onto the hybrid rootstocks. In contrast, the cultivar ‘Tastery’
showed a weak stress response, so that a generally positive influence of the rootstocks independently
of the scions could not be demonstrated. We conclude that, particularly for more sensitive cultivars,
the selection of more resilient rootstocks offers the potential for sustainable and resource-efficient
production not competing with the overall quality of tomatoes.

Keywords: grafting; water-use efficiency; nutrient use efficiency; vegetable production

1. Introduction

Among abiotic stresses, drought is the most critical threat to agricultural production.
It is one of the most common limiting factors influencing plant growth and development [1].
Agronomists are already using a range of management tools to cope with dry conditions
in order to harvest sufficient yields at reasonable water and nutrient input [2]. At the
same time, both commercial and public organizations across the world continue to develop
new crop varieties to cope with the changing environment. Now, as climate change
continues, both the physical environment in which agriculture is practiced and the market
environment, as well as consumer demands are changing. Customers in parts of Europe
are increasingly demanding not only regional products, but also those with a low energy
and resource footprint [3]. Modern crop breeding has to keep up with these changing
demands. As a result, breeding techniques for resilience and resource-use efficiency are
investigated [4]. Different wild crops were included to stabilize yield. Nowadays many
tomatoes carry the genetic information of related wild plants [5]. There are many positive
known aspects from wild plants to be used. S. pennellii, as a tomato plant example, consists
of genes of arid-adapted plant species from South America. S. pennellii can be crossed
with tomato [6], but as its fruits are not edible, using S. pennellii—based accessions as a
stress-tolerant rootstock seems to be more promising. Although it is possible to use gene
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editing to create de novo plants with beneficial root systems and edible fruits at the same
time [7], the lack of public acceptance will likely prevent the commercial use of such plants
in Europe in the coming years and perhaps decades [8,9]. Nevertheless, the grafting of
horticultural crops remains a method to improve plant growth and yield production [10,11].
Indeed, grafting can be helpful in combining two advantageous characteristics (rootstock
and scion) in a single plant. For example, the grafting method is used and researched
in vegetable crops to increase yield, fruit quality, and nutrient uptake [12], and also to
counteract pathogens and plant diseases [13,14].

For the tomato (Solanum lycopersicum), grafting is also seen as a promising technique
to reduce water requirement [15]. The root system of grafted plants is reported to be
stronger and more efficient in absorbing water and nutrients [16], which may indirectly
improve yield and fruit quality [17]. As tomato production in Germany alone reached
108,000 tons in 2019 and tends to increase worldwide [18], the water and nutrient supply
must be optimized and become more sustainable. In this regard, it is useful to resort
to certain rootstock cultivars that are more stress-tolerant and to improve fruit quality.
Grafting was shown to increase drought-stress tolerance in tomatoes, and drought-stress
tolerance varies with the rootstock used [19]. The rootstock cultivar ‘Beaufort’ was proven
to mitigate salt stress to some extent [20], and the water- and nitrogen-use efficiency of field-
grown tomato ‘Florida 47’ was increased when grafted onto the rootstock ‘Beaufort’ [21].
Moreover, the uptake of macronutrients such as nitrogen, phosphorus, and calcium was
significantly improved by grafting on ‘Beaufort’ [22–24]. Although ‘Beaufort’ is proving
to be an efficient rootstock, newly developed cultivars are being hybridized as rootstock
that may eventually exceed this performance. For example, novel rootstock cultivars have
been obtained by crossing with the wild tomato species Solanum pennellii accession LA716,
which is considered to be more tolerant in stress conditions than related tomato species
S. lycopersicum [25].

In this study, we compare the yield and water- and nutrient-use efficiency of two
commercial tomato lines grafted onto two novel interspecific hybrid rootstocks and the
commercial rootstock ‘Beaufort’ in two fertigation regimes. Given the drought tolerance
of S. pennellii described in the literature, we hypothesize that S. pennellii × S. lycopersicum
hybrid rootstocks can limit the yield losses of commercial tomatoes under drought to a
minimum. In order to check possible influences on fruit quality, the sugar content of the
fruit (◦Brix), as well as flavonol and lycopene contents are also analyzed.

2. Materials and Methods
2.1. Plant Material and Treatment

The research was conducted in a greenhouse located in Meckenheim, Germany (lat-
itude: 50◦37′27.7′′ N, longitude: 6◦59′20.1′′ E) in 2020. The two tomato (S. lycopersicum)
F1 hybrids ‘Lyterno RZ F1’ (truss tomato) and the ‘Tastery RZ F1’ (cherry tomato) were
self-grafted and grafted onto rootstock cultivars ‘HUJ1’, ‘HUJ2’ and ‘Beaufort’ (De-Ruiter,
Bergshenhoek, NL), respectively. ‘HUJ1’ and ‘HUJ2’ are interspecific hybrids of an S. ly-
copersicum variety and the stress-tolerant wild tomato species S. pennellii, accession LA716
(described here [26]). In March 2020, one week prior to the scions, rootstock seeds were
sown in rockwool substrate blocks (Grodan B.V.). After three weeks, right before grafting,
rootstock seedlings were transferred to new rockwool blocks of size 8 cm × 8 cm × 10 cm.
The grafting position was below the cotyledons of the rootstock seedlings and sealed with
an appropriate clip.

Directly following this process grafted plants were put in a healing chamber for 72 h
and covered with plastic bags to reduce light intensity and increase humidity to enhance
the survival rate and then gradually accustomed to lower humidity levels. Thereafter,
on May 10th, two plants of the same rootstock−scion combination each were planted
in pots filled with Miscanthus × giganteus substrate. Twelve plants from each of the
eight rootstock−scion combinations were prepared for the control and treated groups,
respectively. The pots were placed in the greenhouse with an average temperature of
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21.3 ◦C (±3.9 ◦C) and relative humidity of 77.9% (±16.2%). Fertigation was automatically
supplied via drip irrigation. Until the third week in the greenhouse, the plants received
a full supply of water and nutrients based on Groher et al. [27], to ensure the consistent
growth of all plants. Subsequently, control plants received about 4 L of fertigation per day
(589 L in 141 days), keeping the substrate at around 80% humidity by using a soil moisture
sensor (SM150 kit, Delta T Devices Ltd., Cambridge, UK), while the treated group received
about 2 L of fertigation per day (282 L in 141 days) (Figure 1). The reduced fertigation dose
of technically 47.8% for treated plants is referred to as ‘50% reduction’ from here on.

Horticulturae 2021, 7, x FOR PEER REVIEW 3 of 13 
 

 

rootstock−scion combinations were prepared for the control and treated groups, 
respectively. The pots were placed in the greenhouse with an average temperature of 21.3 
°C (±3.9 °C) and relative humidity of 77.9% (±16.2%). Fertigation was automatically 
supplied via drip irrigation. Until the third week in the greenhouse, the plants received a 
full supply of water and nutrients based on Groher et al. [27], to ensure the consistent 
growth of all plants. Subsequently, control plants received about 4 L of fertigation per day 
(589 L in 141 days), keeping the substrate at around 80% humidity by using a soil moisture 
sensor (SM150 kit, Delta T Devices Ltd., Cambridge, UK), while the treated group received 
about 2 L of fertigation per day (282 L in 141 days) (Figure 1). The reduced fertigation dose 
of technically 47.8% for treated plants is referred to as ‘50% reduction’ from here on. 

 
Figure 1. Daily amounts of fertigation for control (A) and drought stress (B). Occasional deviations from the desired 50% 
difference in fertigation between treatments occurred due to maintenance work. 

2.2. Determination of Total Yield per Plant, Single Fruit Weight and Water-Use Efficiency 
From the 20th week after sowing, ripe tomatoes were harvested once a week to 

determine the yield per plant and fruit quality in the greenhouse. Weekly harvesting was 
carried out until the 27th week. Harvested fruits per plant were categorized as marketable 
and nonmarketable fruits, based on visual assessment. The fruit number and weight of 
the harvested fruits of each plant were determined with a technical balance. Water-use 
efficiency (WUE) was calculated as the quotient of total yield per plant and fertigation per 
plant throughout greenhouse cultivation. 

2.3. Determination of Total Soluble Solids 
Total soluble solids (TTS) determination was performed on two ripe, marketable 

‘Lyterno’ fruits (truss tomato) and five ripe, marketable ‘Tastery’ fruits (cocktail tomato), 

Figure 1. Daily amounts of fertigation for control (A) and drought stress (B). Occasional deviations from the desired 50%
difference in fertigation between treatments occurred due to maintenance work.

2.2. Determination of Total Yield per Plant, Single Fruit Weight and Water-Use Efficiency

From the 20th week after sowing, ripe tomatoes were harvested once a week to
determine the yield per plant and fruit quality in the greenhouse. Weekly harvesting was
carried out until the 27th week. Harvested fruits per plant were categorized as marketable
and nonmarketable fruits, based on visual assessment. The fruit number and weight of
the harvested fruits of each plant were determined with a technical balance. Water-use
efficiency (WUE) was calculated as the quotient of total yield per plant and fertigation per
plant throughout greenhouse cultivation.

2.3. Determination of Total Soluble Solids

Total soluble solids (TTS) determination was performed on two ripe, marketable
‘Lyterno’ fruits (truss tomato) and five ripe, marketable ‘Tastery’ fruits (cocktail tomato),
in order to achieve comparable amount of bulk material. Fully ripe fruits were selected
from at least two and up to six plants of all rootstock−scion combinations of the control
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and treatment group. A blender was used to mash the tomatoes to a homogeneous mass.
The type PAL−1 refractometer (ATAGO CO., LTD., Tokyo, Japan) was used to determine
the TSS in ◦Brix [%] of the tomato puree.

2.4. Determination of Flavonoid and Lycopene Content

For posterior analysis of lycopene and β-carotene, we used a protocol that had already
been tested before [28]. In short, tomato puree was frozen, freeze-dried and ground for
1 min using a ball mill (MM200, Retsch GmbH, Haan, Germany). Freeze-dried and ground
material (0.1 g) was homogenized and extracted with a 2 mL acetone–hexane mixture
(4:6). The absorbance of the extracts was measured at 453 nm, 505 nm, 645 nm and 663 nm
with a UV–visible spectrophotometer (Lambda 35 UV/VIS, spectrophotometer, Perkin
Elmer, Waltham, MA, USA). Concentrations of pigments were calculated according to the
following equations:

lycopene[mg/100mL] = 0.0458A663 + 0.204A645 + 0.372A505 − 0.0806A453

β− carotene[mg/100mL] = 0.216A663 − 0.304A505 + 0.452A453

The total flavonoid content was determined according to the slightly modified method-
ology described by Groher et al. [27]. Briefly, a methanolic extract (80% methanol plus 1.0%
hydrochloric acid) was prepared from 0.05 g freeze-dried sample material. From an aliquot
of the methanolic extract, 1 mL was mixed with 0.1 mL of 0.72 mol L−1 sodium nitrite solu-
tion, 0.1 mL of 0.75 mol L−1 aluminum chloride solution, and 0.1 mL of 1 mol L−1 sodium
hydroxide at defined time intervals. After vortexing for 10 s, 1.7 mL water was added to
adjust the sample to a final volume of 3.0 mL After 30 min of incubation, absorbance was
measured at 510 nm using a UV–visible spectrophotometer (Lambda 35 UV/VIS, spec-
trophotometer, Perkin Elmer, USA). Quercetin was used as the standard for a linear curve
between 0.1 and 1.0 mg mL−1, and the results were expressed as milligrams of quercetin
equivalents in dry mass. Analyses were performed in triplicate, and the following equation
was used to calculate flavonoid content:

Quercetinequivalents = 4.5709A510 − 0.06566

2.5. Data Analysis

As a preliminary step, the raw data was aggregated by the single fruit yield and total
yield per plant and harvest date. For further analysis, only marketable fruits were taken
into account. From those, the single fruit weight and total yield per plant were calculated.
Data analysis and visualization was performed in R [29], figures were created using the
R-package ggplot2 [30]. Tukey’s HSD post hoc tests were used to identify differences in
rootstock performance.

3. Results

As a result of the differences in fruit shape, Lyterno yields are generally higher than
Tastery yields. Mean Lyterno yield per plant in optimal conditions in the seven weeks
experimental period was 4906 g (±937 g), with no significant influence of the rootstock
used (Figure 2A). For Tastery, the mean yield per plant was 2603 g (±250 g) (Figure 2C).
When fertigation was reduced, Lyterno yields dropped by around 39% on average to
2961 g (±899 g) (Figure 2B), while the mean reduction in Tastery yields (24%) was a rather
moderate 1978 g (±388 g) (Figure 2D). WUE is calculated as the quotient of yield per plant
and fertigation per plant. The latter was held constant across rootstock−scion combinations
within treated and control plants. The generally observed relative increase in WUE of
stressed plants was higher in Tastery than in Lyterno (Tastery: 4.42 to 7.01 g/L; Lyterno:
8.33 to 10.50 g/L; Figure 2ii).
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Figure 2. Average yield ((i), top) and water-use efficiency ((ii), bottom) per plant (n = 12) of scions
from cultivar ‘Lyterno’ (A,B,E,F) and ‘Tastery’ (C,D,G,H) grafted onto different rootstocks and
supplied with optimal (A,C,E,G) and reduced (B,D,F,H) fertigation. n.s.: not significant, p-value 0.05.

The large standard deviations in the Lyterno yields under reduced fertigation can
partly be explained through the rootstock effect: the results of an analysis of variance and
subsequent Tukey’s HSD tests are presented in Table S1. Plants grafted onto Beaufort yields
were significantly lower than those grafted onto HUJ 1 and HUJ 2. Self-grafted controls
tended to yield lower than HUJ 1 and HUJ 2, but differences were not significant.

The results of fruit quality analyses of scion ‘Lyterno’ are presented in Figures 3 and 4.
As no change in yield of scion ‘Tastery’ related to the different rootstock was found
(Figure 2C,D), our further analyses focus on Lyterno. Tastery fruit quality parameters are
presented in supplementary Figures S1 and S2.
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Figure 3. Quality parameters of ‘Lyterno’ fruits grafted onto four different rootstocks and sup-
plied with optimal (A,C,E) and reduced (B,D,F) fertigation: Individual fruit weight (g) (n = 49–84),
(A,B); total soluble solids (‘sugar’) content of ripe fruits (◦Brix) (fruits of n = 2–6 plants), (C,D); fruit
dry matter content [%]; (n = 2–6) (E,F). n.s.: not significant, p-value 0.05.

The individual weight of the Lyterno fruits drops by 11.2% from 83.1 g (±15.0 g) to
73.8 g (±13.1 g) when fertigation is reduced. Individual fruit weight of control plants
grafted onto Beaufort is significantly higher than grafted onto both HUJ 1 and HUJ 2
(p < 0.01) (Figure 3A). In the reduced fertigation regime, self-grafted plants produce on
average heavier fruits than scions grafted onto HUJ 1 and HUJ 2 (Figure 3B).

The pattern changes when looking at fruit sugar content. Sugar contents [◦Brix] are
generally slightly increased when fertigation is reduced: From 5.05 ◦Brix (±0.29 ◦Brix)
to 5.32 ◦Brix (±0.43 ◦Brix). Probably as a result of few marketable fruits from stressed
plants grafted onto different rootstocks being available for laboratory analyses (n = 2–6),
no significant differences in sugar content can be attributed to the different rootstocks.
However, a tendency to higher sugar contents in stressed fruits grafted onto HUJ 1 and
HUJ 2 is depicted in Figure 3D.

Under the influence of drought stress, the average dry matter content of Lyterno
fruits increased from 12.66% (±0.51%) to 13.94% (±1.23%) (Figure 3E,F). While there were
no rootstock dependent differences under optimal fertigation application, the dry matter
content of self-grafted plants was higher under reduced fertigation application.
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with optimal (A,C,E) and reduced (B,D,F) fertigation: β-carotene content (mg/g DM), (A,B); lycopene
content (mg/g DM), (C,D); flavonoid content (mg/g DM quercetin equivalents) (E,F); n = (2–6). n.s.:
not significant, p-value 0.05.

Only minor differences in the β-carotene, lycopene and flavonoid contents of the
‘Lyterno’ fruits grafted onto different rootstocks and supplied with optimal or reduced
fertigation were detected (Figure 4).

As contents are presented in milligram per gram dry weight (Figure 4), and the dry
matter of stressed fruits was on average higher than for control fruits (Figure 3E,F), the
contents of β-carotene, lycopene and flavonoids per fresh matter were higher for stressed
than for control fruits (not shown).

A comparison of the lycopene and β-carotene contents of the fruits indicates a higher
responsiveness of β-carotene than lycopene to the applied changes in fertigation.

4. Discussion

A major objective of the present study was to exploit the potential of new genetic
material for tomato grafting to target the necessary improvements for horticulture in
the scope of climate-related challenges in future. We, therefore, verified to what extent
novel hybrid rootstocks (S. pennellii × S. lycopersicum) could minimize tomato yield loss
under limited irrigation conditions, as scarcity of water for irrigation will increase in the
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future [31]. Several studies have shown that remedial action can be provided by combining
resilient rootstock and high yielding scions, while the physiological exchange of these
plant parts significantly influences overall performance and resilience to environmental
stressors. In addition, grafting can improve vegetable quality by enhancing biosynthesis of
endogenous phytohormones, and by acquiring and transporting mineral nutrients [32,33].
Fruit flavor and nutritional value can be furthermore positively influenced by altered
secondary metabolites, and by the concentration of health-promoting compounds, such
as lycopene, carotenoids and amino acids [33,34]. Congruently, tomatoes grafted onto
efficient rootstocks are also both nutritionally promising and at the same time more tolerant
to abiotic and biotic stressors [35], which, besides the sustainable use of resources, in
turn offers additional advantages in the case of more frequent and severe incidence of
climate-related diseases.

4.1. Impact of Different Rootstocks on Scion Performance

Based on plant performance in yield and water-use efficiency, given the data presented
(Figure 2i), we can conclude that the two novel rootstocks tested were indeed limiting yield
losses of the truss-tomato cultivar Lyterno under drought stress conditions, as compared
to the commercial rootstock ‘Beaufort’. At the same time, underlining the potential of the
new rootstock cultivars in optimal conditions, the yields of scions grafted onto the novel
rootstocks were not different from those grafted onto ‘Beaufort’.

While for the cocktail tomato Tastery, yields did not change depending on the rootstock
used, either in optimal or drought conditions, where 5–10% losses were recorded.

The identical fertigation for plants with both scions apparently resulted in Lyterno
being more stressed than Tastery, as can be seen from the greater yield reduction (Figure 2)
and the more pronounced differences in fruit quality (Figure 3) for Lyterno.

This is in line with previous studies showing high-yielding performance under
optimal conditions when grafted onto ‘Beaufort’ being advantageous for several scion
cultivars [23,36]. Here, ‘Beaufort’ was ascertained as positive in greater stem height and
diameter, as well as epigeous dry biomass [23]. Under stress conditions, for example,
saline and drought treatment, ‘Beaufort’ was shown to be more tolerant than other geno-
types, such as ‘Body’, ‘Heman’, ‘Resistar’, ‘Spirit’, ‘Vigomax’ and ‘Vedi’ [20], and ‘Maxi-
fort’, ‘Unifort’, ‘Vedi’, ‘Kemerit’, ‘King’ ‘Kong’, ‘Spirit’, ‘Resistar’, ‘500292’ and ‘Toro’ [19],
respectively.

With a similarly promising performance, the novel rootstocks ‘HUJ1’ and ‘HUJ2’ that
are based on the S. pennellii introgression lines (ILs), are considered to maintain stable
growth when exposed to salt stress [25]. When stressed, the ILs performed significantly
better at maintaining plant growth than the salt-tolerant wild species, as well as parental
line LA716.

Nevertheless, for commercially relevant scions, we focused on two production vari-
eties commonly used in central Europe and North America, namely the cocktail tomato
‘Tastery’ and the truss-tomato ‘Lyterno’ [37].

At this stage, it remains an open question whether Tastery is generally less responsive
to different rootstocks, or whether the lack of rootstock-related differences is due to the rel-
atively mild stress. The fact that yield and fruit weights were lower overall under drought
stress was to be expected and was in line with other studies [38,39]. A surprising result
was the consistently good performance of the self-grafted plants in our experiment, con-
tradictory to other studies of different cultivars and scion−rootstock combinations [40,41].
The comparably good performance of our ‘Tastery−Tastery’ plants might be referred to
the internal physiological communication between rootstock and scion, being identical
for self-grafted plants. This essentially coordinated exchange of endogenous phytohor-
mones, mineral elements, mRNA, and proteins [42], as well as relevant transporters (either
influx or efflux carriers) might affect a smoother long-distance signaling of phytohormones
through the plant vascular system [43] of genetically identical plants compared to different
scion and rootstock genotypes.
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4.2. Effects of Rootstocks on Water-Use Efficiency during Cultivation Cycle

In the scope of future challenges of water shortage, water-use efficiency (WUE) is a
relevant option to determine plant performance. Reduced irrigation either by an improved
WUE of (grafted) tomato genotypes [44] or by effective irrigation management during fruit
developmental stages ensures sufficient yield and fruit quality [38].

However, under artificial conditions, the data on yield and WUE should be viewed
with caution. Indeed, in order to assess validated data, the irrigation demands of every
single plant would need to be considered. On the other hand, such an approach is not
yet feasible for commercial-like conditions. Highly sophisticated greenhouse systems
based on artificial intelligence might improve the current situation in the near future [45].
Nevertheless, in our experimental case, water demand and, thus, WUE would need to be
explored under two separate irrigation regimes to adapt to the cultivar-specific needs of
Tastery and Lyterno and/or rootstocks in more depth.

Furthermore, we focused on a rather short time period of productive cultivation
cycles. The overall yield performance (Figure 2i) may therefore be used as an indicator
for differences in yield among rootstocks, but the absolute values cannot be compared to
commercial yields. While production cycles in commercial cultivation in Central European
greenhouses last up to 10 months, our calculation of WUE only includes yields from
a seven-week period. Moreover, we only started harvesting once all plants produced
stable yields, rather than already picking the first tomatoes in the season. By the same
token, WUE data presented in Figure 2ii may be used as an indicator for different WUE
among rootstocks, but cannot be compared to WUE in commercial production: On the one
hand, yield is not comparable to commercial production for the reasons above and on the
other hand, water-use data is also different from commercial production, as, e.g., water
consumption during plant germination, between grafting and planting out, and finally
the water used to flood the Miscanthus substrate after transplanting to ensure plant stand
establishment, are not included in our calculations in Figure 2ii. Since these factors were
the same for all our experimental plants and rootstock−scion combinations, they can be
neglected, but need to be considered when calculating the overall water use and thus, WUE
of genotypes.

4.3. Rootstock Influence on Fruit Quality Parameters

Fruit quality, such as its nutritional value, taste and odor, is of great importance for
consumers and therefore for producers [46]. Grafting has a significant effect on quality
parameters improving health-promoting properties and flavor by the altered composition
of secondary metabolites [33,34].

Looking at the characteristics of the fruits of plants grafted onto different rootstocks,
some interesting results emerged. The two S. pennellii-based rootstocks seemed to favor
the production of smaller fruits. Lyterno fruits from plants on these rootstocks were
almost universally significantly lighter than the fruits on Beaufort or self-grafted Lyterno
(Figure 3A,B). No significant differences were seen for Tastery, but again there is a slight
trend toward smaller fruits on S. pennellii-based rootstocks (Figure S1A,B).

The fact that S. pennellii itself produces very small fruits with a fruit weight < 16 g [47]
could be an indication that this trait has been transferred from the rootstock to the scion.

In contrast, we observed a fruit size-enhancing effect of ‘Beaufort’, resulting in the
comparably high individual fruit weight of Lyterno, as was previously described for this
type of vigorous interspecific rootstocks [10,11,36,48]. This effect on fruit size is significantly
influenced by the grafting combination [41], and needs to be distinguished from yield
performance that can also be attributed to an enhanced number of tomato fruits rather than
an increased average fruit weight [49].

It is known that rootstock mediation affects fruit quality, due to altered water and nu-
trient uptake, and changes in the source−sink balance impacting ripening behavior [10,16].
Therefore, it can be concluded that some rootstocks favor early fruit set, as well as rapid
fruit ripening [50]. In particular, the possible faster fruit ripening could have resulted in the
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lower fruit weight of the Lyterno grafted onto ‘HUJ1’ and ‘HUJ2’. Nevertheless, individual
fruit weight was further reduced under 50% fertigation, implying that drought could also
have accelerated tomato ripening [27].

Both overall increased dry matter and sugar content, and reduced fruit weight are a
logical result of drought stress: with optimal water availability in the root zone, the high
sugar concentration in the fruit ensures that water is transported from the root zone into
the fruit by osmotic effects. When there is a lack of water, this ‘sucking in’ of water is not
possible, and there is an increased content of soluble substances with a simultaneously
reduced fruit weight [51].

The opposite trends observed in Lyterno for yield and fruit weight of S. pennellii-based
rootstocks are noteworthy: total yield was relatively high when these rootstocks were
used under drought stress (Figure 2B), but at the same time individual fruit weight was
relatively low (Figure 3B and Figure S1). This can be explained by the fact that more but
smaller fruits reached maturity [49].

These fruits, then, also tend to be sweeter (Figure 3D), which can be seen as another
potential advantage provided by the novel rootstocks. Concerning taste and quality, this
might be an approach to target current consumer needs.

Surprisingly, in regard to secondary metabolites in Lyterno fruits (Figure 4), we only
found a significantly reduced lycopene content for the rootstock ‘HUJ2’ under optimal
fertigation conditions. Here, ‘Beaufort’ showed the overall highest contents of β-carotene,
lycopene and flavonoids. This is in contrast to previous findings, where ‘Beaufort’ resulted
in a decrease of lycopene concentration of the scions ‘Jeremy’ and ‘Jack’ [52,53]. This might
be attributed to the specific interaction of rootstock and scion [10,11]. However, under
50% fertigation, slightly reduced but comparably high metabolite contents were analyzed
for Lyterno, when individual fruit weight and yield decreased. This is in agreement with
previous field trials, where soluble solids, lycopene, and sugar content were increased in
the tomato fruit, while fruit yield decreased between 1.9%–18.2% [54]. A similar increase
in tomato fruit quality parameters was shown for a pot experiment with a two-thirds yield
decrease under irrigation with 0.3% salt concentration in soil [55]. Based on our experiment,
it could be argued that the reduction in fertigation also resulted in a reduced volume of
‘Lyterno’ tomatoes and thus both sugar content and metabolite contents increased in
the fruit.

4.4. Future Perspective of Renewable Substrate for Hydroponics

Although there were no distinct patterns in the individual grafting combinations with
lower fertigation dosages in our experiment, this project is still a sustainable approach for
food production targeting resource-efficient tomato production by adjusting both plant
performance (via grafting) and crop management. Eventually, a sustainable and more
environmentally friendly substrate of Miscanthus × giganteus was used. In the study of
Kraska et al. [56], it was shown that Miscanthus as shreds, chips and fibers does not differ
much in comparison to rockwool as a substrate for the cumulative fruit yield (g/plant),
which highlights in our experiment the fact, that the use of Miscanthus × giganteus should
not negatively impact the yield measurement. Moreover, the yields and fruit quality of
cucumber and tomatoes grown on Miscanthus as a potential alternative to rockwool as a
growing medium for vegetables [57,58] and is overall seen as a promising alternative to
rockwool as a growing medium for tomatoes in soilless cultivation [56].

To determine the optimal water and nutrient requirements in grafted ‘Lyterno’ and
‘Tastery’ tomato plants, further studies will need to be conducted in order to gain a more
detailed insight into the interaction between rootstock and scions, as well as the potential
to identify the genotype combinations being more tolerant towards drought stress and
nutrient limitations. Ultimately, besides sustainability, it also makes financial sense to graft
plants and thereby apply less water or nutrients for the same yield, than not grafting and
thereby use up many limited resources, without losing fruit quality.



Horticulturae 2021, 7, 355 11 of 13

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae7100355/s1, Table S1: Tukey comparison of mean differences for plants with
the scion Lyterno under stress conditions. Figure S1: Quality parameters of “Tastery” fruits grafted
on four different rootstocks and supplied with optimal and reduced fertigation. Figure S2: Quality
parameters of “Tastery” fruits grafted on four different rootstocks and supplied with optimal and
reduced fertigation. Figure S3: Comparison of lycopene and β-carotene contents of ripe tomatoes
from 8 rootstock * scion – combinations supplied with optimal and reduced fertigation.
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