
plants

Article

Effect of Grafting Rootstock on the Antioxidant Capacity and
Content of Heirloom Tomatoes (Solanum lycopersicum L.) in
Hydroponic Culture

Jamie Greathouse 1, Shelby Henning 2 and Mette Soendergaard 1,*

����������
�������

Citation: Greathouse, J.; Henning, S.;

Soendergaard, M. Effect of Grafting

Rootstock on the Antioxidant

Capacity and Content of Heirloom

Tomatoes (Solanum lycopersicum L.) in

Hydroponic Culture. Plants 2021, 10,

965. https://doi.org/10.3390/

plants10050965

Academic Editor: Emidio Albertini

Received: 18 February 2021

Accepted: 9 May 2021

Published: 12 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemistry, Western Illinois University, Macomb, IL 61455, USA; jr-greathouse@wiu.edu
2 School of Agriculture, Western Illinois University, Macomb, IL 61455, USA; s-henning@wiu.edu
* Correspondence: m-soendergaard@wiu.edu

Abstract: Heirloom tomato varieties are in demand by consumers due to high antioxidant levels.
However, these varieties are difficult to produce and are prone to disease. To overcome these
problems, heirloom tomatoes may be cultivated in hydroponic systems and grafted onto disease-
resistant rootstocks. However, it is unknown if the antioxidant content and capacity are affected by
grafting. In this study, heirloom (Black Krim and Green Zebra) and standard (Big Beef) varieties
were grafted onto wild type (WT) or productive rootstocks (Arnold and Supernatural). The tomatoes
were harvested at maturity, freeze-dried, and ground into a powder. Lycopene was extracted using
hexane, and the content was determined spectrophotometrically at 503 nm. The antioxidant capacity
of methanol extracts was evaluated by the 2,2′-azino-di[3-ethylbenzthiazoline sulfonsyr]sulphonic
acid (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays, whereas the phenolic content was
determined using the Folin–Ciocalteu assay. Interestingly, the grafting of Big Beef and Green Zebra
onto Supernatural rootstock resulted in an increased antioxidant capacity, as determined by the
DPPH assay. Moreover, the phenolic content was changed for Big Beef grafted onto Arnold, and Big
Beef and Green Zebra grafted onto Supernatural. Taken together, these results indicate that certain
combinations of standard and heirloom tomato varieties and productive rootstocks may influence
the antioxidant capacity and phenolic content. These results may be used to guide producers when
choosing rootstocks for cultivating hydroponic tomatoes.

Keywords: heirloom tomatoes; grafting; antioxidants; lycopene; phenolic content; hydroponic cultivation

1. Introduction

In recent years, heirloom tomatoes (Solanum lycopersicum L.) have gained popularity
in the U.S. market, as more consumers turn to local, organic, and authentic food experi-
ences [1]. Furthermore, consumers are buying more “superfoods,” which are perceived
to have health benefits [2–4]. Especially, foods with a high content of antioxidants are
receiving increased attention due to the well-established relationship between these com-
pounds and the reduced risk of cancer and cardiovascular diseases [5–9]. Antioxidants
prevent disease by scavenging free radicals such as reactive oxygen species (ROS) [10–12].
Mitochondrial respiration leads to the creation of endogenous radicals, such as the hy-
droxyl radical (OH•) and superoxide anion (O2−•), which oxidize biomolecules, leading
to cellular damage and DNA instability [13–16]. Exogenous radicals often stem from expo-
sure to ultraviolet (UV) radiation, as well as oxidizing agents from pollution and cigarette
smoke [11,17–19].

Fruits and vegetables with high levels of pigmentation may exhibit increased health
benefits due to the antioxidant capabilities of color compounds [20,21]. Tomatoes are highly
pigmented and contain many types of antioxidants, including flavonoids, hydroxycinnamic
acids, and lycopene [22–25]. Lycopene is a carotenoid responsible for the red color of
tomatoes [8,26]. Heirloom tomatoes are often characterized as being highly pigmented,
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and their variety names frequently reflect this with descriptors such as “purple”, “black”,
or “zebra” [22,27]. Varieties such as Black Krim, Cherokee Purple, Brandywine, and Green
Zebra exhibit a wide range of cultivar-dependent pigmentation, which likely stems from
antioxidants of the flavonoid class. Such compounds have been found in high abundance
in other types of crimson, red, and purple pigmented fruits, and may also be found in
highly pigmented tomato varieties [28]. In correlation, heirloom tomatoes have shown an
increased antioxidant capacity compared with commercial varieties [29]. As a result, these
tomato varieties may be more attractive to the consumer, not only because of the current
local and authentic food trend, but also because of the presumed increased health benefits
of consuming a diet rich in antioxidants [27].

While heirloom tomatoes are popular and there exists significant consumer demand,
most cultivars exhibit low disease resistance and decreased productivity compared with
commercial standards [30–35]. Soil cultivation is directly linked to plant pathogenic bac-
teria and fungi [36,37]; thus, hydroponic cultivation removes the influence of soil-borne
disease from the production cycle and has been shown to reduce disease prevalence and
increase yield [34,38]. Additionally, hydroponic systems operated in controlled environ-
ments allow for year-round commercial production, which may enable local production as
is desired by consumers [39,40]. Additionally, grafting onto productive (generative) root-
stocks may provide an advantage in regard to the control of pathogens, season extension,
and improved productivity [22]. In fact, the prevalence of two common infectious diseases
of tomatoes, bacterial wilt (Ralstonia solanacearum) and fusarium wilt (Fusarium oxysporum
Schltdl.:Fr. f. sp. lycopersici (Sacc.)) [41,42], has been significantly reduced by grafting onto
disease resistant rootstocks [30–35]. However, while some research projects have shown
no effects of grafting on antioxidant capacity of tomatoes [22,43–46], others have shown a
correlation between grafting and a decrease in antioxidant levels [45]. Nevertheless, none
of these studies have investigated hydroponic systems; therefore, little is known about the
comparative effects of grafting on the antioxidative properties of standard and heirloom
tomatoes in hydroponic cultivation.

2. Results
2.1. Maturity of Tomato Samples

Standard (Big Beef), and heirloom (Black Krim and Green Zebra; Figure 1) tomato
varieties were grafted onto Arnold or Supernatural, or they were WT rootstock self-grafts.
The percent soluble solids were not statistically significantly different, indicating that
the tomatoes were harvested at approximately equal maturity (4–7% soluble solids) as
determined by a Brix refractometer (Table 1).
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Figure 1. Standard (Big beef) and heirloom (Black Krim and Green Zebra) scions were grafted onto
WT (self-graft), Arnold, or Supernatural rootstocks. Plants were grown in hydroponic culture at
the Western Illinois University School of Agriculture Greenhouse facility, Macomb, IL. (a) Big Beef.
(b) Black Krim. (c) Green Zebra.
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Table 1. The soluble solid content of tomato samples (mean ± std).

Tomato Sample (Variety/Rootstock) Soluble Solids (%)

Big Beef/WT 5.92 ± 0.63
Big Beef/Arnold 5.20 ± 0.53

Big Beef/Supernatural 5.50 ± 0.24
Black Krim/WT 6.30 ± 0.68

Black Krim/Arnold 6.05 ± 0.71
Black Krim/Supernatural 5.30 ± 0.69

Green Zebra/WT 6.95 ± 0.71
Green Zebra/Arnold 5.60 ± 0.00

Green Zebra/Supernatural 5.75 ± 0.92

2.2. Lycopene Content

Hexane extracts of lycopene were made from freeze-dried tomato powders. The
lycopene content was determined spectrophotometrically at 503 nm. As expected, based
on the natural pigmentation of each variety, the results for self-grafted tomatoes showed
that the lycopene content of Black Krim was significantly higher, compared with Big Beef
(p < 0.05). Green Zebra exhibited significantly less lycopene, compared with both Big Beef
and Black Krim (p < 0.05), which likely reflects the lack of red pigmentation in the former.

When comparing the effect of grafting onto non-WT rootstocks, Big Beef grafted
onto Arnold and Supernatural, and Green Zebra grafted onto Supernatural, demonstrated
a correlation coefficient, r, above 0.7, indicating a strong correlation. Nevertheless, the
correlation was not statistically significant (p > 0.05; Table 2).

Table 2. Lycopene content (mg/kg dry weight) of tomato extracts. The lycopene content was
significantly different for self-grafted Big Beef, Black Krim, and Green Zebra. Different letters (a, b, c)
indicate statistical significance. A p-value of <0.05 was considered significant. Analysis using Pearson
correlation showed a strong correlation between Big Beef grafted onto Arnold and Supernatural
and Green Zebra grafted onto Supernatural, compared with their respective self-grafted cultivars.
However, the correlation was not significant. The correlation coefficient of r < −0.7 or r > 0.7 was
considered a strong correlation.

Tomato Cultivar (Variety/Rootstock) Lycopene (Mean ± std) Correlation Coefficient r

Big Beef/WT 9.97 ± 2.02 a −
Big Beef/Arnold 8.09 ± 1.39 a 0.990

Big Beef/Supernatural 17.25 ± 0.24 b 0.986
Black Krim/WT 15.55 ± 1.97 b −

Black Krim/Arnold 16.29 ± 2.93 b 0.083
Black Krim/Supernatural 19.14 ± 3.21 b 0.509

Green Zebra/WT 3.37 ± 0.39 c −
Green Zebra/Arnold 3.52 ± 0.15 c 0.295

Green Zebra/Supernatural 3.03 ± 0.03 c −0.899

2.3. Antioxidant Capacity

Samples for the determination of antioxidant capacity was made by extracting freeze-
dried tomato powders with 1% HCl in 90% aqueous methanol. For the ABTS assay, ABTS•

was incubated with 10 µL tomato extract, after which the absorbance at 734 nm was
measured. Trolox was used as an antioxidant standard to calculate TE (µmol/g tomato
dry weight). The results showed that neither the commercial Big Beef nor the heirloom
Black Krim or Green Zebra cultivars showed a correlation between the antioxidant capacity
and the type of rootstock used for grafting (Table 3). These results indicate that the type
of rootstock does not influence the antioxidant capacity under hydroponic cultivation as
determined by the ABTS assay.
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Table 3. Antioxidant capacity of tomato extracts as analyzed by the ABTS assay. Antioxidant capacity
was calculated as trolox equivalents (TE; µmol/g tomato dry weight). Analysis using Pearson
correlation showed that the antioxidant capacity was not strongly correlated. A correlation coefficient
of r < −0.7 or r > 0.7 was considered a strong correlation.

Tomato Cultivar (Variety/Rootstock) TE (Mean ± std) Correlation Coefficient r

Big Beef/WT 12.18 ± 0.82 −
Big Beef/Arnold 12.34 ± 0.65 0.406

Big Beef/Supernatural 12.26 ± 0.79 0.025
Black Krim/WT 12.35 ± 0.83 −

Black Krim/Arnold 11.99 ± 1.31 −0.031
Black Krim/Supernatural 11.60 ± 1.54 0.234

Green Zebra/WT 11.42 ± 1.12 −
Green Zebra/Arnold 11.76 ± 1.93 −0.320

Green Zebra/Supernatural 11.71 ± 0.83 −0.014

The DPPH assay was conducted by incubating tomato extracts with 10 µM DPPH,
for 15 min, in the dark. Antioxidants reduce the absorbance of DPPH at 517 nm; thus, the
starting absorbance was measured before the addition of tomato extracts. The starting
absorbance at 517 nm was consistently between 0.510 and 0.540. After the addition of
extracts, the decrease in absorbance was measured, and the trolox was used as a standard to
calculate TE. The results showed that there is a strong correlation between the antioxidant
capacities of Big Beef and Green Zebra grafted onto Supernatural, compared with the
self-grafted cultivars, respectively (Table 4).

Table 4. Antioxidant capacity of tomato extracts as analyzed by the DPPH assay. Antioxidant
capacity was calculated as trolox equivalents (TE; µmol/g tomato dry weight). Analysis using
Pearson correlation showed that the antioxidant capacity was strongly correlated for Big Beef grafted
onto Supernatural. A correlation coefficient of r < −0.7 or r > 0.7 was considered a strong correlation.

Tomato Cultivar (Variety/Rootstock) TE (Mean ± std) Correlation Coefficient r

Big Beef/WT 7.88 ± 0.72 −
Big Beef/Arnold 7.62 ± 0.87 0.529

Big Beef/Supernatural 7.99 ± 0.68 0.826 **
Black Krim/WT 7.59 ± 0.78 −

Black Krim/Arnold 8.11 ± 0.54 0.080
Black Krim/Supernatural 7.70 ± 0.88 0.300

Green Zebra/WT 8.00 ± 0.53 −
Green Zebra/Arnold 7.66 ± 0.78 0.638

Green Zebra/Supernatural 8.19 ± 0.64 0.783 *
* Correlation is significant at the p < 0.05 level (two-tailed). ** Correlation is significant at the p < 0.01 level
(two-tailed).

2.4. Phenolic Content

Total phenolic content was determined by the Folin–Ciocalteu assay, for which gallic
acid was used as a standard for calculations of GAE. The phenolic content of Big Beef
grafted onto both Arnold and Supernatural was strongly correlated, compared with self-
grafted Big Beef. Further, the results showed that there is a strong correlation between
the phenolic content of Green Zebra grafted onto Arnold, compared with the self-grafted
cultivar (Table 5). These results indicate that the rootstock variety may influence the total
phenolic content as well as the antioxidant capacity of certain standard and heirloom
tomato varieties.
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Table 5. Total phenolic content of tomato extracts as analyzed by the Folin–Ciocalteu assay. Phenolic
content was calculated as gallic acid equivalents (GAE; µmol/g tomato dry weight). Analysis using
Pearson correlation showed that the antioxidant capacity was strongly correlated for Big Beef grafted
onto Arnold and Supernatural and Green Zebra grafted onto Arnold, compared with the self-grafted
cultivars. A correlation coefficient of r < −0.7 or r > 0.7 was considered a strong correlation.

Tomato Cultivar (Variety/Rootstock) GAE (Mean ± std) Correlation Coefficient r

Big Beef/WT 13.57 ± 3.14 −
Big Beef/Arnold 14.34 ± 2.40 0.927 ***

Big Beef/Supernatural 15.80 ± 2.77 0.831 **
Black Krim/WT 14.40 ± 2.72 −

Black Krim/Arnold 15.29 ± 2.93 0.164
Black Krim/Supernatural 13.59 ± 2.58 0.087

Green Zebra/WT 16.97 ± 4.03 −
Green Zebra/Arnold 10.95 ± 4.22 0.989 ****

Green Zebra/Supernatural 15.84 ± 2.81 0.649
** Correlation is significant at the p < 0.01 level (two-tailed). *** Correlation is significant at the p < 0.001 level
(two-tailed). **** Correlation is significant at the p < 0.0001 level (two-tailed).

3. Discussion

Consumers are increasingly interested in produce that is grown locally and year-round
and contains significant nutritional value [2–4]. Likewise, foods with a high content of
antioxidants are receiving increased attention from consumers, due to the well-established
relationship between these compounds and a reduced risk of cancer and cardiovascular
diseases [47]. Studies have shown that tomatoes contain many types of antioxidants, in-
cluding lycopene, flavonoids, and hydroxycinnamic acids, as well as other phenols [48–50].
However, while heirloom tomatoes are popular among consumers, the varieties are often
challenging to produce due to disease susceptibility and low yield [30,32–34,38].

Hydroponic cultivation of commercial tomato varieties is known to both reduce
disease susceptibility and to increase yield [13]. However, WT rootstocks of heirloom
tomatoes often limit growth, resulting in reduced yield [22]. Although grafting onto
productive and disease-resistant rootstock may provide increased growth and higher
yield, little is known about the effects of these production and cultivation methods on the
antioxidative properties of heirloom tomatoes. As consumers are becoming more aware
of the health properties of food [2–4], the antioxidant capacity of heirloom tomatoes also
becomes relevant to producers.

To investigate the effect of grafting on antioxidant capacity, standard Big Beef, heirloom
Black Krim, and Green Zebra varieties were grown and then grafted onto Arnold and
Supernatural rootstocks and then cultivated hydroponically. Harvested ripe tomatoes were
freeze-dried, and extractions were made to analyze the lycopene and phenolic content,
as well as the antioxidant capacity. The lycopene content varied between each variety
of self-grafted tomatoes reflecting their natural pigmentation. The variation was evident
from the significantly higher content of lycopene in Black Krim (dark purple), compared
with Big Beef (red) and Green Zebra (green). Purple tomatoes have been shown to contain
higher lycopene content compared with red varieties [51,52]. The low content of lycopene
in Green Zebra has been previously reported [53] and reflects the lack of red pigmentation
in this variety. In fact, it is well established that the typical red color of tomatoes is caused
by lycopene [7,8]. Thus, the lycopene content of green tomatoes, such as Green Zebra
or unripe fruits, is often non-detectable or significantly lower, compared with ripe and
red varieties [53,54]. However, Pearson correlation analysis revealed a lack of correlation
between the lycopene content of disease-resistant and WT rootstocks for all three tomato
varieties. This observation corresponds to previous studies that have shown that the
lycopene content remained unchanged [33,43]. However, others have reported a decrease
in lycopene content as a result of grafting [45,55]. The differences in lycopene, as observed
in the previous studies, may be related to using other combinations of rootstock and tomato
varieties. The previous studies used Florida 47 grafted onto Beaufort and Multifort [33] and
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Tamaris grafted onto Efialto, Herman, and Maxifort rootstocks [45]. To our knowledge, the
effect of grafting of Big Beef, Black Krim, and Green Zebra onto Arnold and Supernatural on
the lycopene content has not previously been reported. Furthermore, both studies [33,45]
employed soil cultivation, in contrast to our study, which utilized hydroponic culture.
Thus, a direct comparison of the results is complicated. However, Ajlouni et al. compared
the effect of soil and hydroponic cultures on the lycopene content of tomatoes (Pyramid)
and found no significant difference [56]. Others have shown comparable outcomes, in
which grafting of heirloom tomatoes improved fruit yield, but failed to influence fruit
chemistry. However, these studies were carried out on tomatoes in soil culture [22,43].

Other research groups have provided evidence that hydroponic culture increases the
overall antioxidant capacity of vegetables and herbs [57,58]. However, to our knowledge,
the effect of grafting on the antioxidant capacity of hydroponic tomatoes has not previously
been investigated. Here, the effect of grafting of tomatoes in hydroponic culture on the
antioxidant capacity was further explored using ABTS and DPPH assays. The results
from the ABTS assay showed no correlation between the antioxidant capacities for any
of the tomato varieties and rootstock combinations. Nonetheless, a positive correlation
between grafting onto Supernatural of both Big Beef and Green Zebra was observed on the
antioxidant capacity, using the DPPH assay. While some studies have shown a decrease
in the antioxidant capacity of grafted compared with non-grafted tomatoes [45], others
have found no significant effects [22,43]. However, to our knowledge, no changes in the
total antioxidant levels have been reported when comparing self-grafting to non-wild type
rootstocks [44]. For example, Barrett et al. and Soare et al. showed that the antioxidant
capacity, as determined by the DPPH assay, and the levels of the antioxidant ascorbic acid
remained unchanged for self-grafted, compared with hybrid rootstocks [22,44]. Thus, our
results may be the first to report an increase in antioxidant activity when grafting onto
non-WT rootstocks.

When comparing our results from the ABTS and DPPH assays, an overarching in-
crease for antioxidant capacity is seen in the ABTS results, compared with the DPPH. The
general higher levels of antioxidant capacity for the ABTS are supported by previous work
in comparing these two assays [59]. The ABTS assay has been found to report higher
levels in comparison to the DPPH assay, when reacting with oxygen radicals, hydrophilic
compounds, and highly pigmented compounds [59,60]. Solvent and reaction kinetic stud-
ies have shown that DPPH in methanol results in lower measured antioxidant capacity
values compared with water [61]. This effect is explained by the hydrogen atom transfer
(HAT) mechanism, which is reduced in strong hydrogen-bond accepting solvents, such as
methanol [62]. Moreover, the increase in the antioxidant capacity of Big Beef and Green
Zebra grafted onto Supernatural, as determined by the DPPH assay, was not reflected
in the measured lycopene content. Although lycopene is a potent antioxidant, its high
lipophilicity prevents its extraction by utilizing hydrophilic methods, as those used for the
ABTS and DPPH assays [63,64].

Finally, the phenolic content of each tomato cultivar was determined by the Folin–
Ciocalteu assay. A correlation for the phenolic content between Big Beef grafted onto
Arnold and Supernatural, and Green Zebra grafted onto Arnold, was observed. Interest-
ingly, the phenolic content increased for the Big Beef cultivars, whereas grafting of Green
Zebra onto Arnold resulted in a decrease in the phenolic content. A similar correlation was
found by Soare et al., who showed that the grafting of Lorely F1 onto Beaufort rootstock
resulted in a significant decrease in the phenolic content [44]. Additionally, antioxidant
levels in tomatoes depend not only on the cultivar and culture conditions but also on
the maturity level of the fruit [65]. In fact, previous investigations have demonstrated a
positive correlation between maturity level and phenolic content [66–69]. In this study,
Green Zebra grafted onto Arnold rootstock exhibited the lowest soluble solid percentage,
an indicator of fruit maturity, of the Green Zebra cultivars. However, this difference was
not found to be statistically significantly.
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The observed changes in antioxidant and phenolic content indicate that tomato crop
management may influence the biosynthesis of secondary metabolites. Several studies
have investigated the effects of grafting on secondary metabolites, including phenolic
compounds. These studies have shown that grafting generally increases flavonoid content
while decreasing other secondary metabolites such as theanine and caffeine [70–75]. How-
ever, studies on the comparative effects of different grafting rootstocks on the biosynthesis
of secondary metabolites are limited. Zombardo et al. showed that, at maturity, genes
were differentially expressed in the berries of grapevine (Vitis vinifera L.) grafted onto
Paulsen and Mgt 101–14 rootstocks and that these genes were involved in the synthesis and
transport of flavonoids. These data were further supported by the profiling of the phenolic
content, which showed lower levels in Mgt 101–14, compared with Paulsen rootstocks [76].
Thus, in this study, the observed changes in lycopene and phenolic content as a result of
grafting onto different rootstocks may reflect the differential regulation of genes responsible
for biosynthesis of secondary metabolites. However, these results may not be observed in
other generalized forms and must be validated in future studies.

4. Materials and Methods
4.1. Materials

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic (trolox), 2,2′-azinobis-(3-ethylbenz
othiazoline-6-sulfonate) (ABTS), 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), and 2 N
Folin–Ciocalteu reagent were purchased from Sigma Aldrich (St. Louis, MO, USA). Potas-
sium persulfate was purchased from MCM chemicals (Cleveland, OH, USA), and gallic
acid from Millipore Chemicals (St. Louis, MO, USA). All other chemicals and reagents
were purchased from Fischer Scientific (Hampton, NH, USA).

4.2. Plants

Scions of two heirloom (Black Krim and Green Zebra), one commercial standard (Big
Beef), and rootstocks (wild-type; WT, Arnold or Supernatural) were produced by planting
one seed per cell into 72-cell trays filled with peat-based growing mix (ProMix BS, with
Biofungicide, Premier Tech Horticulture, Cromwell, MN, USA), on 12 December 2017, at
the Western Illinois University School of Agriculture Greenhouse facility, Macomb, IL. The
plants were transported to the laboratory, on 15 January 2018, prior to being splice-grafted,
as previously described [77]. In brief, the rootstock and scion stems were cut at a deep angle
above the cotyledons, and the cut surfaces of the rootstock and scion were held together by
a grafting clip. The grafted plants were maintained at 20 ◦C and 95% humidity by misting
with a hand-held sprayer, as necessary. After 5 d, humidity was gradually reduced to
ambient over 7 d, after which plants were reintroduced to the greenhouse. Three replicates
of each scion/stock combination were prepared for evaluation.

The hydroculture system utilized for post-grafted growth and production was a con-
tainerized recirculating system. Two tomato plants were transplanted per 11 L hydroponic
greenhouse pot (Bato troughs; Hort Americas, Bedford, TX, USA) containing coarse perlite
(Deerfield Supplies, Elkton, KY, United States) for the remainder of the trial, on 29 January
2018. A two-part complete hydroponic fertilizer (CropKing; Lodi, OH, USA), consisting of
a complete fertilizer (4.4 N-13.0 P-34.0 K; HydroGro Vine Crops, Scottsdale, AZ, United
States), supplemented with greenhouse-grade calcium nitrate (15.5 N-0.0 P-0.0 K; Yara
North America, Tampa, FL, USA) fertilizer was mixed, as per manufacturer instructions.
The fertilizer solution was monitored daily and adjusted when necessary, to maintain at an
electrical conductivity of 2000 µS cm−1 and a pH of 5.5 and was replaced at 14 d intervals.
The plants were exposed to a 12:12 h light-dark cycle, and irrigation scheduling was set for
30 s every 30 m during the lighted portion of the growing cycle. Greenhouse temperature
was maintained at 24 ◦C by thermostatic monitoring and automatic heating and cooling
as necessary.
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4.3. Maturity of Tomato Samples

The tomatoes were harvested when vine-ripe (100% red or equivalent), prior to transfer
to the laboratory for further evaluation. Only US No. 1 grade tomatoes were used for
laboratory analysis [77]. As a means to further ensure sample homogeneity, the harvested
fruits were further separated via digital refractometer with only those exhibiting 4–7%
soluble solids (Brix), used for laboratory analysis. Tomatoes chosen for evaluation were
finely sliced, lyophilized, and ground into powder using a pestle and mortar at 4 ◦C.
Tomato powders were stored at −20 ◦C until further analysis.

4.4. Determination of Lycopene Content

Freeze-dried tomato powder (100 mg) was extracted by 1 mL hexane/acetone/ethanol
(2:1:1, v/v/v) under shaking for 30 min, at room temperature, after which 0.2 mL ddH2O
was added and vigorously mixed. The polar and non-polar phases were separated by
centrifugation at 3000× g for 10 min, after which the non-polar phase containing ly-
copene was collected. The remaining plant material was extracted once more using
1 mL hexane/acetone/ethanol (2:1:1, v/v/v), as described above. The content of ly-
copene was determined by measuring the absorbance spectrophotometrically at 503 nm
(εlycopene = 1.72 × 105 M−1 cm−1).

4.5. Antioxidant Capacity

The samples (100 mg) were extracted with aqueous 90% methanol with 1% (v/v) HCl,
for 2 h under shaking, at room temperature, as described by others [78]. The samples were
centrifuged for 90 s at 1000× g, and the supernatant was collected and stored at −20 ◦C
until further use.

For the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay, the ABTS
radical (ABTS•) was made by incubating equal volumes of 7 mM ABTS and 2.45 mM
potassium persulfate for 12–18 h in the dark. To measure the antioxidant capacity, 10 L
tomato extract was incubated with 95 L 3.5 mM ABTS• for 30 s at room temperature, and the
absorbance at 734 nm was measured spectrophotometrically (Spectra Max 250 Microplate
Reader, Molecular Devices, San Jose, CA, USA). Trolox was used as an antioxidant standard
for calculations of trolox equivalents (TE; µmol/g tomato dry weight).

Prior to each 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, 10 µM DPPH in 90% aque-
ous methanol was measured spectrophotometrically at 517 nm (Spectra Max 250 Microplate
Reader, Molecular Devices, San Jose, CA, USA) to ensure that the absorbance was between
0.510 and 0.540. To determine the antioxidant capacity, 10 L tomato extract was mixed with
195 µL 10 µM DPPH in 90% aqueous methanol and incubated in the dark for 15 min. The
decrease in absorbance at 517 nm was then measured. Trolox was used as an antioxidant
standard for calculations of TE.

4.6. Phenolic Content

Total phenolic content was determined by the Folin–Ciocalteu assay. In brief, 20 L
tomato extract was incubated with 10 L 2 N Folin–Ciocalteu reagent, 100 L ddH2O, and
120 L 12.5% sodium carbonate, and incubated for 30 min. Phenolic content was then
measured spectrophotometrically at 750 nm (Spectra Max 250 Microplate Reader, Molecular
Devices, San Jose, CA, USA). Gallic acid was used as a phenolic standard for calculations
of gallic acid equivalents (GAE; µmol/g tomato dry weight).

4.7. Statistical Analysis

A Pearson correlation was performed between all sets of data. The data were consid-
ered as correlated when the correlation coefficient (r) was < −0.7 (negative correlation) or
r > 0.7 (positive correlation). A one-way ANOVA was performed to evaluate statistical sig-
nificance. A p-value of <0.05 was considered significant. Statistical analysis was performed
using Grahpad Prism (v.s. 9.1.0; San Diego, CA, USA).
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5. Conclusions

In conclusion, a correlation between the grafting of standard (Big Beef) and heirloom
(Black Krim and Green Zebra) onto Arnold and Supernatural rootstocks, compared with
self-grafted cultivars was observed for the antioxidant capacity and phenolic content, while
the percent soluble solids and lycopene content were not correlated. Specifically, a positive
correlation was observed for the antioxidant capacity, as determined by DPPH, for Big Beef
and Green Zebra grafted onto Supernatural. Interestingly, this effect was not measured
by the ABTS assay, most likely reflecting the differences in the molecular mechanisms
of the two antioxidant capacity assays. Furthermore, a correlation between grafting and
the tomato variety was observed for the phenolic content. In particular, Big Beef grafted
onto Arnold and Supernatural, and Green Zebra grafted onto Arnold, were correlated,
indicating that the rootstock variety influences this aspect of fruit chemistry. These results
are interesting and may provide valuable information to producers when choosing the
most optimal combination of tomato and rootstock varieties.
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