
Citation: Tóth, M.; Tóth, Z.G.; Fekete,

S.; Szabó, Z.; Tóth, Z. Improved and

Highly Efficient Agrobacterium

rhizogenes-Mediated Genetic

Transformation Protocol: Efficient

Tools for Functional Analysis of

Root-Specific Resistance Genes for

Solanum lycopersicum cv. Micro-Tom.

Sustainability 2022, 14, 6525. https://

doi.org/10.3390/su14116525

Academic Editor: Balázs Varga

Received: 12 April 2022

Accepted: 25 May 2022

Published: 26 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

sustainability

Article

Improved and Highly Efficient Agrobacterium
rhizogenes-Mediated Genetic Transformation Protocol: Efficient
Tools for Functional Analysis of Root-Specific Resistance Genes
for Solanum lycopersicum cv. Micro-Tom
Máté Tóth 1, Zoltán Gábor Tóth 1, Sándor Fekete 2, Zoltán Szabó 1 and Zoltán Tóth 1,*

1 Applied Plant Genomics Group, Institute of Genetics and Biotechnology, Hungarian University of Agriculture
and Life Sciences, Páter Károly Str. 1, 2100 Gödöllő, Hungary; toth.mate@uni-mate.hu (M.T.);
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Abstract: Gene function analysis, molecular breeding, and the introduction of new traits in crop plants
all require the development of a high-performance genetic transformation system. In numerous
crops, including tomatoes, Agrobacterium-mediated genetic transformation is the preferred method.
As one of our ongoing research efforts, we are in the process of mapping a broad-spectrum nematode
resistance gene (Me1) in pepper. We work to transform tomato plants with candidate genes to confer
resistance to nematodes in Solanaceae members. The transformation technology development is
designed to produce a reproducible, rapid, and highly effective Agrobacterium-mediated genetic
transformation system of Micro-Tom. In our system, a transformation efficiency of over 90% was
achieved. The entire procedure, starting from the germination of seeds to the establishment of
transformed plants in soil, was completed in 53 days. We confirmed the presence of the NeoR/KanR
and DsRed genes in the transformed roots by polymerase chain reaction. The hairy root plants
were infected with nematodes, and after 3 months, the presence of DsRed and NeoR/KanR genes
was detected in the transformant roots to confirm the long-term effectiveness of the method. The
presented study may facilitate root-related research and exploration of root–pathogen interactions.

Keywords: Agrobacterium-mediated transformation; functional genomics; Solanum lycopersicum L.;
Micro-Tom; DsRed fluorescence; Agrobacterium rhizogenes

1. Introduction

With an estimated yield of 186 million tons in 2020 [1], the tomato (Solanum lycopersicum L.)
is a widely cultivated vegetable crop of global significance. The tomato is important for scientific
research as a model plant of the Solanaceae family, which is often used as an experimental plant
for fruit-related studies. For this reason, tomato may offer new opportunities for investigating
biological mechanisms that are not possible in other popular model plants such as Arabidopsis.
In recent years, the use of tomato as a model crop has increased due to its readily available
resources, such as high-quality assembled reference genomes [2,3], as well as the research efforts
to improve the efficiency of Agrobacterium-mediated transformation and the recovery time of
transgenic lines [4–7]. The tomato genome was published in 2012 [8], and as a result, tomatoes
have become an increasingly favored research material over the years.

Among the many known tomato varieties, the “Micro-Tom” has become a widely used
model plant. Micro-Tom is a tomato mutant with a short life cycle that allows harvesting of
the ripe fruit within 70–90 days after sowing. Seedlings grow with ease under ordinary
fluorescent lighting. It can tolerate close planting, it is easily transformed, and it has the
same hereditary information as the common tomato except for two main genes (dwarf gene
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and miniature gene). Thus, it is most useful for studying the gene functions of model plants
such as Arabidopsis [9,10]. Due to the rapid development of genome editing technologies,
the availability of efficient transformation methods is especially important. When root
biology research is the primary focus, Agrobacterium rhizogenes-mediated transformation
provides a quick and reliable alternative method to stable transformation. A. rhizogenes
contains root loci (rol) genes, which, upon infection, trigger the formation of genetically
transformed roots (hairy root phenotype), referring to the striking abundance of adven-
titious roots present [11,12]. Composite plants with healthy, untransformed shoots and
transgenic hairy roots can be obtained as a result of A. rhizogenes transformation. Proto-
cols were proposed for the production of composite plants in order to efficiently identify
root–pathogen resistance genes in plants. Furthermore, several molecular studies were
carried out in vitro with tomato hairy root crops, e.g., Fusarium tolerance [13], transgenic
nematode resistance [14,15], salt stress [16], and rhizobial symbiosis study [17].

Almost 40 years ago, McCormick et al. [18] published the first report of Agrobacterium-
mediated tomato (S. lycopersicum) transformation. Transformations of various species and
explant types, such as leaves, cotyledons, and hypocotyls, have been reported in recent
years [19–21]. In recent years, great progress has been made in the development of efficient
Agrobacterium-mediated transformation protocols for Micro-Tom [22–24]. In most published
papers, the transformation rates of A. rhizogenes-mediated Micro-Tom transformation
were around 40–60%. In the majority of cases, no essential details (medium components,
transplantation frequency, and infection method) were provided on the transformation
protocol, which would be essential for the reproducibility of Micro-Tom’s transformation
procedures. It was also unclear whether the transformation frequency was determined by
the number of independent transgenic events or the number of transgenic plants.

In this paper, we present a high-throughput transformation system in detail developed
in S. lycopersicum cv. Micro-Tom, using radicles and hypocotyls as starting explants and
applying A. rhizogenes ARqua1 in order to solve the problem of long transformation periods
and low-efficiency transformation rates in tomato plant. We set out to evaluate two different
inoculation methods and compare their effectiveness. In an effort to make it easier to control
the transformation process and to distinguish between non-transformed and transgenic
roots, DsRed was used as a visual marker that produced red fluorescence, and its use as a
marker was tested for the reliable identification and selection of transformed hairy roots of
tomato during in vitro culture. One of the main aims of the present study is to show that
the expression of transgenes persists in the transformant roots for several months [25]. We
intended to demonstrate that this alternative transformation method by means of nematode
infection is suitable for long-term studies since, in the majority of cases, 2–3 months are
required for the development of the corresponding infection phenotype in Meloidogyne
infection. Our final objective was to establish a highly efficient, reliable, and reproducible
A. rhizogenes transformation system for S. lycopersicum cv. Micro-Tom to validate and
describe candidate genes (Me1) of pepper (Capsicum annuum, PI201234) [26] that could
confer resistance against root-knot nematode species (Meloidogyne spp.).

We hypothesized that A. rhizogenes is suitable for transforming S. lycopersicum cv.
Micro-Tom with obtaining high efficiency. Furthermore based on our preliminary experi-
ments in C. annuum [27], we expected that rhizogenes infection by puncturing the hypocotyl
will show the greatest efficiency in the case of tomato.

2. Materials and Methods
2.1. Plant Material

The seeds of tomato (S. lycopersicum) cv. Micro-Tom were soaked in water for 3 h,
surface sterilized with filtered 10% solution of CaClO2 and a drop of Tween20 for 20 min,
and rinsed three times with sterile distilled water. MS20 (Murashige and Skoog supplied
with 20 g sucrose) media were used to germinate the sterilized seeds. A total of 360 seeds
were germinated this way in 3 separate rounds, each round with 120 seeds.
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2.2. Agrobacterium Strain and Vector

We used the A. rhizogenes strain ARqua1 harboring our desired plasmid vector for
the transformation. For the experiments, we used the plasmid pKWGFS7-RR (VIB-Ugent
Center for Plant Systems Biology modified by Á. Domonkos, Gödöllő, Hungary) [28]
containing an aminoglycoside adenylyltransferase gene for the bacterial selection, an
aminoglycoside phosphotransferase gene for the plant selection, and a DsRed reporter
gene. The control line was transformed with the same plasmid pKGWFS7 [29] construction
but without the DsRed reporter.

2.3. Agrobacterium Culture Preparation and Infection Medium

For the infection procedure to be carried out, Agrobacterium strains were cultured
in plastic Petri dishes at 28 ◦C on solid Luria Broth (LB) medium containing 50 mg/L
spectinomycin and 50 mg/L rifampicin for 48 h.

2.4. Preparation of Explants, Agrobacterium Infection and Co-Cultivation

The plant roots were cut horizontally at the desired parts (radicles and hypocotyl)
using a sterile sharp scalpel. In this study, we used 3 transformation methods to compare
their transformation efficiency and studied a total of 40 plants/method (30 + 10 control)
in each round: (1) coating the wound surface of radicles in bacterial mass; (2) coating the
wound surface hypocotyl in bacterial mass; (3) puncturing the hypocotyl with tungsten
needle dipped in bacterial mass. For Methods (1) and (2), we crossed the wounded surface
over the bacterial mass in the Petri dishes. For Method (3) we gently dipped the tungsten
needle in the bacterial mass, then punctured the hypocotyl vertically numerous times. The
co-cultivation with the bacteria was carried out on MS20 media. To observe the effect of
co-cultivation length, the first round of germinated seeds (120 plantlets) was co-cultivated
for 6 days, while the other two rounds (240 plantlets) were co-cultivated for 4 days. The
media were poured obliquely into sterile glass cultivating tubes 24 mm in diameter and
15 cm in height in order to be able to observe the plants individually during the experiment.
Figures 1 and 2 highlight the key steps in the transformation process.

Figure 1. Schematic representation of the timeline for the production of composite tomato plants.
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Figure 2. Essential steps in the production of tomato composite plants. Seed germination (a) and
seeds placed in sterilized glass storage jars with MS20 media (b). Vigorous plants were removed
from the MS20 medium (c). A. rhizogenes bacterial culture and observed transformation methods
(d–f). Resulting vigorous composite tomato plantlets growing in sterile glass cultivating tubes 24 mm
in diameter and 15 cm in height (g,h).

2.5. Tissue Culture and Transplantation

The plants were washed in sterile distilled water containing 500 mg/L cefotaxime after
co-cultivation and then transferred to a rooting medium containing 400 mg/L cefotaxime,
60 mg/L kanamycin, and 0.5 mg/L IAA, to eliminate the bacteria and apply selection
pressure to the roots. The plants were transferred every 2 weeks to a new rooting medium
to supply them with fresh hormones, nutrients, and antibiotics.

2.6. Fluorescence Observation and Imaging

The red fluorescence in the seedling roots was observed using a Leica MZ10 F stereomi-
croscope (Leica, Wetzlar, Germany) with an external Leica EL6000 light source for enhanced
fluorescence imaging, visualized using the manufacturer’s own computer software (Leica
Application Suite). The images were processed using Adobe Photoshop software ver. 23.2.2
(Adobe Inc., San Jose, CA, USA).

2.7. DNA Extraction and PCR Verification

Total DNA was isolated from fresh root tissue (100 mg/sample) using a Zenogene DNA
purification kit (Zenon Bio, Szeged, Hungary) according to the manufacturer’s instructions. The
PCR reactions were carried out in 12 µL reaction mixtures containing 1.2 µL of 10× PCR buffer,
0.3 U Taq polymerase, 0.2 mM dNTP, 0.5 µM of each primer, and 10 ng template DNA. Thermal
cycling conditions consisted of one cycle of initial denaturation for 4 min at 94 ◦C, followed by
30 cycles of 94 ◦C for 60 s, 58 ◦C for 60 s, 72 ◦C for 60 s, with a final extension step of 7 min at
72 ◦C. The amplified products were electrophoresed on a 1.0% (w/v) agarose gel stained with
0.5 mg/L ethidium bromide solution and visualized on a UV transilluminator. pKWGFS7-
RR vector-specific NeoR/KanR primers (F-5′-GTTCTTTTTGTCAAGACCGACCT-3′; R-5′-
CTCTTCAGCAATATCACGGGTAG-3′) and DsRed primers (F-5′-TGCCCTGCGCGCTCCTCC
A-3′; R-5′-CTACAGGAACAGGTGGTGG-3′) were used for PCR identification of positive plants.

2.8. Determination of Agrobacterium Infection and Transformation Efficiency

DsRed fluorescence and PCR screening of NeoR/KanR and DsRed genes from roots of
four-week-old in vitro putative T0 plants were used to calculate transformation efficiency.
The statistical calculation is based on the following equation: the transformation efficiency
(%) = (Number of positive transgenic plants/number of infected explants) × 100.
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2.9. Nematode Susceptibility Test

The culture of Meloidogyne incognita was maintained in the susceptible tomato line.
Before infection with nematodes, the two-month-old plantlets were transplanted individ-
ually into 250 mL plastic pots filled with steam-sterilized sandy soil and grown to the
fourth/fifth true leaf stage. The tomato plants were inoculated with egg masses and J2
juveniles collected from infected roots and soil. Plants were grown in a 25 ◦C growth cham-
ber, and after 8–10 weeks, the roots were evaluated, and transgenes in the root samples
were tested.

3. Results
3.1. Rhizogenes Inoculation Method

The infiltration method and the length of co-cultivation play a key role in achieving
a highly efficient Agrobacterium transformation. To identify the most appropriate method
for tomato transformation, we applied three transformation methods to compare their
transformation efficiency. S. lycopersicum plants were cut horizontally at the desired parts
(radicles and hypocotyl) using a sterile sharp scalpel and infected by coating the wound
surface in bacterial mass or puncturing the hypocotyl with a tungsten needle dipped in
bacterial mass. The typical phenotype of the infection after one week was characterized by
cell proliferation that could be observed at the site of infection and on the stem, as well as
by brown spots, which were probably the signs of local cell death. The transformed roots
typically grew from the cell proliferation zone. As in our previous experiments in peppers,
both normal and hairy roots grew on the plant, and the formation of transformant roots
did not depend on the development of the hairy root phenotype. Since the newly formed
roots were highly fragile and easily damaged, during the transplantation, extra care had to
be taken. The formation of the first roots started on the rooting medium after two weeks of
cultivation. The plants infected with the tungsten needle (Method (3)) were the fastest in
rooting while the coating of hypocotyl with bacterial mass (Method (2)) showed the slowest
rooting (usually 4 weeks).

3.2. Elimination of A. rhizogenes

Upon each transplantation, we washed the plants with sterile water supplemented
with 500 mg/L cefotaxime. The length of co-cultivation greatly influenced the survival
rates of plants. After 6 days of co-cultivation, the bacteria typically overgrew the medium
and were impossible to eliminate during transplantation despite the washing step. Because
of the overgrown bacteria, we observed an 85% mortality rate among the plants. Method (1)
had the highest survival rates with 11 living plants, while Method (3) only had 1, and
Method (2) produced no surviving plants. The results showed that the plants infected
with Method (2) were the least tolerant to the overgrowing bacteria, while plants infected
with Method (1) showed significantly higher survival rates. Therefore, the infection with
Method (1) showed the highest tolerance against the aggressive growth of bacteria. The
dead plants were characterized by whitening (a typical symptom of kanamycin, most likely
because the plants failed to develop roots due to the high amount of bacteria present in the
rooting area), lack of cell proliferation, stem watering, and bacterial mass that penetrated
the medium even after multiple elimination attempts. The surviving plants successfully
developed roots and the elimination of the bacteria was successful. After 4 days of co-
cultivation, the bacteria were eliminated after the first transplantation; therefore, we could
not observe the high mortality rates that occurred during the 6-day-long co-cultivation
period (Table 1). These results supported the finding that the length of co-cultivation played
a key role in the survival rate of plants and the success of the rhizogenes transformation
of S. lycopersicum cv. Micro-Tom. The 4-day-long co-cultivation turned out to be the most
efficient way of infection in regard to transformation and survival rates.
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Table 1. Mortality rate of different organs inoculated with binary vector inserted in the A. rhizogenes
strain ARqua1 after 6 days of co-cultivation. Plants transformed with pKWGFS7-RR and pKWGFS7
(mock) are represented together in this table.

Organ Explant Inoculation Method Total No. of
Transformed Plant

No. of Explants
Surviving

No. of DsRed-Positive
Roots

Mortality Rate
(%)

Radicles Coating—method (1) 40 11 11 73

Hypocotyl Coating—method (2) 40 0 0 100

Hypocotyl Puncturing—method (3) 40 1 1 98

3.3. Agrobacterium Transformation of Explants

Hypocotyl explants of the Micro-Tom genotypes were inoculated with pKWGFS7-
RR by using the puncturing and coating inoculation method. Two weeks after the first
transplantation approximately 60% of the puncture-inoculated plants succeeded in devel-
oping intact roots, while only 20% of the coating-inoculated plants had roots during the
same period (Figure 3). Four weeks after the inoculation, this number was 90% in the
case of Method (3) and 80% for Method (2). During this time, the puncture-inoculated
plants rapidly developed multiple roots from shared nodes, which appeared to be the
cell proliferation zones on the surface of the hypocotyl. Concerning transformation, the
punctured plants showed higher efficiency, with 95% of the inoculated plants developing
transformant roots, while in the case of Method (2), this number was 92%. Six weeks after
the inoculation, the puncture-inoculated plants showed a substantially more extensive root
system compared to the other methods. The hypocotyl-coating-inoculated plants showed
the highest sensitivity to the overgrowing bacteria of the three inoculation methods. Our
results suggested that if the study focused on the rhizogenes transformation of hypocotyl
explants, the puncturing method offered a more efficient way to generate composite plants.

Figure 3. The effectiveness of different methods for the production of tomato composite plants and
the development of roots on the composite plants transformed by different methods.
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Radicle explants from Micro-Tom genotypes were inoculated with pKWGFS7-RR by
using the coating infection method. The growing of roots was similar to the hypocotyl
explants transformed by the coating of the wound surface. Two weeks after the first
transplantation, only 25% of the plants succeeded in root generation, but 4 weeks after the
first transplantation, 85% of all the radicle-transformed plants were able to grow intact
roots. The transformation efficiency was similar to the methods involving the puncturing
of hypocotyl, with 91% of the transformed plants growing transformant roots (Table 2).

Table 2. Transformation efficiency of different organs inoculated with binary vector inserted in the
A. rhizogenes strain ARqua1 (pKWGFS7-RR) and mock inoculated (pKWGFS7). The table represents
only the 4-day-long co-cultivation experiments.

Inoculation with A. rhizogenes Strain
ARqua1 (pKWGFS7-RR)

Mock Inoculation—A. rhizogenes Strain
ARqua1 (pKWGFS7)

Organ
Explant

Inoculation
Method

No. of
Experi-
ments

Total No.
of Trans-
formed
Plant

No. of
Explants

That
Showed

Hairy Roots

No. of
DsRed-
Positive

Roots

Total No.
of Trans-
formed
Plant

No. of
Explants

That
Showed

Hairy Roots

No. of
DsRed-
Positive

Roots

Transformation
Efficiency 1

(%)

Radicles
Coating—
method

(1)
2× 60 57 55 20 18 0 91

Hypocotyl
Coating—
method

(2)
2× 60 58 56 20 18 0 92

Hypocotyl
Puncturing—

method
(3)

2× 60 58 57 20 19 0 95

1 The transformation efficiency was calculated on the basis of the number of plants in 4 days of co-cultivation.

In comparison with the composite plants of Method (3), 6 weeks after the first trans-
plantation, 99% of the plants with both transformation methods were ready to be trans-
planted into soil, but the radicle-transformed samples showed a less extensive root system
compared to the plants obtained by Method (3). The radicle-transformed plants showed the
highest tolerance to the aggressively overgrowing bacteria of all three methods; therefore,
using radicle explants for the transformation can be advantageous if the plant type used is
sensitive to the growing bacteria.

3.4. DsRed Allows for Quick and Easy Identification of Positive Plants

We decided to use the DsRed gene (pKWGFS7-RR) driven by the Ubiquitin promoter
as a molecular marker to identify transformed hairy roots and to quantify transformation
efficiency. The resultant red fluorescence in transgenic tissue could be observed through a
fluorescence microscope because DsRed could be expressed in all tissues at every devel-
opmental stage. As a result, the red fluorescence could be used to screen positive roots
at various stages of genetic transformation and quickly distinguish between positive and
negative roots. Furthermore, DsRed provides an opportunity to eliminate non-transformant
roots during the experiment. The wavelengths of excitation and emission for DsRed range
from 554 to 563 nm for excitation and from 582 to 592 nm for emission. As we expected,
strong red fluorescence appeared in the positive roots, while the transgene-negative roots
showed almost no signal or weak autofluorescence (Figure 4).

We showed that the applied vector pKWGFS7-RR was highly suitable for A. rhizogenes
transformation in the case of S. lycopersicum cv. Micro-Tom. In the roots, which showed
a higher level of expression of the DsRed gene than the average, the presence of the red
fluorescent protein was visible under normal light in the form of pale pink colorations on
the roots of the composite plants.
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Figure 4. Selection of transformed hairy roots expressing the DsRed gene in tomato plants. The
roots were visualized with a stereomicroscope under bright light (lines a,c,e) and fluorescence (lines
b,d,f). Control roots were visualized with stereomicroscope under bright light (line g) and under
fluorescence (line h). Each bar represents 8 mm.

3.5. Confirmation of Genetic Co-Transformation of the Roots by PCR

To test whether the desired target DNA fragments were integrated into hairy roots that
emitted red fluorescence and showed kanamycin resistance, all transgenic roots were se-
lected by PCR amplification. DNA was isolated from the roots of all independent Micro-Tom
plantlets and a non-transformed Micro-Tom plant, and by using DsRed and NeoR/KanR-
specific primers, PCR analysis was performed. In line with our expectations, the DsRed
and NeoR/KanR amplification products appeared as 678 bp and 558 bp long PCR products,
respectively (Figure 5). PCR amplifications demonstrated the simultaneous presence of
the NeoR/KanR and DsRed genes in the roots that were previously evaluated as DsRed
positive under the stereomicroscope. In contrast, only the NeoR/KanR gene was amplified
in the DNA sample deriving from control hairy roots. In the DsRed-negative roots (based on
microscopy), none of the desired fragments appeared in the agarose gel. The results support
the fact that upon transformation, the whole T-DNA sequence is integrated into the roots.

Figure 5. PCR screening for NeoR/KanR and Dsred genes. (A) PCR results of NeoR/KanR primers:
Samples 1–9 represent transformant plants which were selected based on microscopy; Samples
C1-C8 represent the control transformant line without the DsRed reporter; MT is a non-transformant
Micro-Tom sample; C+ is the vector-positive control; MQ is a MilliQ water sample. (B) PCR results of
DsRed-specific primers with the same samples in the same order.
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3.6. Long-Term Evaluation of Transformed Roots after Nematode Infection and Analysis of the
Presence of Transgenes

To confirm that the expression of transgenes persists for several months in transformed
roots, we evaluated plants infected with Meloidogyne after 4 months. Several months
after infection, transformed roots infected with M. incognita developed a variety of gall
symptoms. We proved that the nematode could complete its life cycle in transformed roots.
We observed the presence of DsRed in the hairy roots of each infected plant through a
fluorescence microscope. The study confirmed that the strong red fluorescence signal was
detected in the roots of all adult plants without exception (Figure 6). It can be concluded that
the method we have developed is suitable for testing the long-term function of root-specific
genes in S. lycopersicum cv. Micro-Tom plants.

Figure 6. Selection of transformed hairy roots expressing the DsRed gene in tomato plants infected
with Meloidogyne incognita after 4 months. The roots of adult plants were visualized with a stere-
omicroscope under bright light (line a,c) and under fluorescence (line b,d). Rounded or irregular
galls are clearly observed on the roots as a phenotype of typical Meloidogyne spp. infection. Each bar
represents 8 mm.

4. Discussion

In comparison with A. tumefaciens-mediated transformation, A. rhizogenes-mediated
transformation has a range of benefits [30], including the ability to induce genetic trans-
formation in hairy roots deriving from explants quickly and efficiently. Furthermore,
individual transformed clones can be identified by using selection marker genes, which
enable this technique to be applied in studying gene functions [31], plant transformation
events [32], and secondary metabolism [33]. In tomato, the cotyledon, hypocotyl, and leaf
discs [18] were used as materials for transformation [34]. The most common inoculation
method used for the production of composite plants involves stab inoculation [35]. Re-
cently, several authors reported that the growth rates of some species could substantially
be improved when A. rhizogenes was inoculated directly onto the radicles or hypocotyls
of freshly sliced seedlings [36,37]. Similar to other studies, hypocotyl explants produced
more hairy roots than leaf discs or cotyledon segments in tomato when inoculated with
A. rhizogenes strains [31].

In the present study, we used radicles and hypocotyls for inoculation with A. rhizogenes
strain ARqua1, and 120 hairy root clones per method were obtained after 7 weeks of culti-
vation (Figure 1). The DsRed gene was also used as a selection marker, with its expression
pattern monitored at various developmental stages, followed by the confirmation of its
integration through PCR analysis. The number of re-generate explants was increased by
establishing a durable and efficient transformation method. Using roots transformed by
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A. rhizogenes made the functional validation of candidate genes involved in pathogen–plant
root interactions possible [38,39]. Since most of the studies only presented short-term
investigations, it was necessary to confirm that the plants transformed could maintain the
expression level of the gene of interest for several months until the infection phenotype of
Meloidogyne species appeared. An exception is the study in which Kátia et al. [25] verified
by PCR and enzyme assays that the nptII gene remained active for several months in
S. lycopersicum Mill. cv. Ailsa Craig explants co-cultivated with A. rhizogenes strain R1601. It
was also an important goal to investigate whether DsRed could possibly be used to screen
transformant roots from the early stages of the experiment because a number of tissues
could provide strong autofluoroescent signals at certain wavelengths.

In brief, our results verified that DsRed could be used as a visual screening marker
to reduce the difficulties and improve the efficiency of the screening process for positive
transgenic plants at different developmental stages and that the red fluorescent signals re-
mained visible throughout the whole cycle of root-knot nematode infection. We established
a method for producing A. rhizogenes-dependent transformed roots from S. lycopersicum
cv. Micro-Tom that was efficient, convenient, and fast. Three important factors were
investigated in our experiments: first, the part of the plant to be transformed; second,
the difference between inoculation methods; and third, the quality and efficiency of the
transformation method. We found that even though both radicle and hypocotyl segments
could be infected by the same ARqua1, the highest transformation efficiency was obtained
with hypocotyls of Micro-Tom infected by Method (3) and the lowest with radicles of
Micro-Tom infected by Method (1). Our results showed that the puncturing inoculation
method proved to be highly efficient in producing composite plants harboring our genes of
interest in the roots. Presumably, the puncturing process allowed the bacteria to penetrate
deeper into the stem, while the effect of small individual wounds promoted enhanced
rooting on the wound sites. In the past, numerous tools were used for puncturing such as
sterile toothpicks, stainless steel needles, and sterile scalpels. The tungsten needle we used
might be effective since, due to its thin and smooth surface, the needle was able to inflict
minimal damage, making it easier for the plant to survive.

In this experiment, hairy roots with red fluorescence were observed in the transformed
radicles and hypocotyls using a stereo fluorescence microscope and UV light. Over 90%
of the hairy roots showing strong DsRed expression were derived from hypocotyls and
radicles. Seven to ten days after the infection, a large number of adventitious roots ap-
peared on the surface of each hypocotyl, which took place much faster than in the radicle
segments, which took 15–20 days to develop the roots. In addition, our results showed
that the hypocotyl was the most suitable material for A. rhizogenes-mediated transforma-
tion of tomato and that the hypocotyl explants of S. lycopersicum cv. Micro-Tom and the
A. rhizogenes strain ARqua1 were an appropriate combination for tomato transformation.
The microscopy results showed the possibility of extended visual screening with DsRed for
Meloidogyne studies, as well as the opportunity to efficiently screen the positive transfor-
mation events in the early stages of root formation. Similarly, the PCR validation results
confirmed the presence of DsRed in the plants previously evaluated as DsRed positive
under the microscope.

The improved A. rhizogenes-mediated transformation method had numerous benefits.
Firstly, DsRed served as an observable marker for identifying transformed plants, mak-
ing the process easier and faster and shortening the transformed plant selection period.
Furthermore, the highest transformation efficiency was found to be 95% in tomato plants.

The co-transformation efficiency (number of transformed explants/number of infected
explants) of S. lycopersicum cv. Micro-Tom varied from 90% to 95% according to the type
of organ (hypocotyl or radicles) and the transformation method used (Figure 3). In a
previous study with S. lycopersicum cv. Moneymaker, Plágaro et al. [31] achieved a similar
high transformation efficiency of almost 90% using A. rhizogenes strain MSU440. The
transformation method presented in this study provided a fast and reliable means of
studying root-specific genes, promoters, and host–pathogen interactions. The A. rhizogenes-
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mediated transformation can be used in species that appear to be recalcitrant to plant
regeneration or A. tumefaciens transformation such as Capsicum species [40], since the
method only involves plant rooting.

Several studies reported the possibility of generating stable transformant plants
(whole-plant level) by regenerating rhizogenes-transformed root tissues, although the pub-
lications mostly focused on ornamental plants [41–43]. In the future, we would like to
explore this novel approach to generating a high number of transformant plants from
transformed root tissues since, in theory, this procedure excludes the generation of mosaic
transformation. This method can also aid research work in the field of mycorrhizal studies,
as well as be applied in the creation of transgenic plants producing secondary metabolites.

5. Conclusions

In this study, we developed a novel and highly efficient protocol for A. rhizogenes-
mediated transformation of S. lycopersicum Micro-Tom cultivars. Furthermore, using the
fluorescent molecular marker DsRed, the selection of transformed tomato hairy roots
could be effectively performed. Hairy root culture has a number of advantages, including
intensive growth, repeatability, and vegetative propagation, which allows the transformed
roots to be permanently maintained. This method improves the ability to study root-specific
genes and could be used for molecular studies of root–pathogen interactions as well.

As a result of composite plants with well-developed roots that were acclimatized,
transformed rootstocks were produced in 2 months, which could be directly used for
nematode resistance validation and functional testing. This method had the significant
advantage of allowing functional analysis studies on root genes at the whole-plant level. In
comparison, in most cases, it takes 1 year to produce well-developed transformed seedlings
from primary explants, such as leaf cuttings, using A. tumefaciens-mediated transformation.

The presented study can assist root-specific experiments by offering an effective
in vitro protocol to introduce genes into plant roots and enabling the gene products to be
screened and localized when the reporter is used in a fusion-protein construction. The
method we present can facilitate the advancement of root-related research in the future.
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