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Abstract
Antibiotic resistance occurs when the use of antibiotics to treat bacterial infections or to select for transformed bacteria from in
vitro cultures becomes ineffective. Although this phenomenon is primarily observed in medicine, it also affects the success of
scientific research when bacterial-based genetic transformation experiments are performed. During the agrotransformation of
plant cells, tissue, and organs, the acquisition of antibiotic resistance by Agrobacterium spp. has been widely observed, making it
difficult to select for the transformed bacteria. The objective of this study was to develop a heat-shock protocol for the
transformation of Agrobacterium rhizogenes without the spontaneous generation of antibiotic resistance, to increase its sensitivity
and specificity to produce transgenic hairy roots. After the bacterium was transformed, it was cultured in liquid culture medium
and plated on solid medium to isolate colonies. The genetic transformation of the bacteria and the plant tissue was verified by PCR
and by β-glucuronidase assays. The reproducibility of the method was assessed among the A. rhizogenes strains LBA 9402, A4 and
15834 using streptomycin, kanamycin and ampicillin for selection.
Keywords: Bacterial transformation; Glucuronidase assay; plant vector; HPV-L1, RolB; VirD1; hairy roots, Brassica oleracea var.
italica, broccoli.
Abbreviations: HPV16_Human papillomavirus type 16; HPV-L1_l1 gene or L1 protein; NLS_nuclear localization signal; X-Gluc_5bromo-4-chloro-3-indolyl glucuronide.
Introduction
In nature, the genetic transformation of plant cells and
tissue occurs by infection of plant tissue with Agrobacterium
tumefaciens or Agrobacterium rhizogenes, which transfer a
DNA fragment (T-DNA) into the plant cells from tumorinducing (Ti) or root-inducing (Ri) plasmids, respectively
(Hellens et al., 2000; Lee and Gelvin, 2008; Abarca-Grau et
al., 2011). In scientific research, such T-DNA is typically
modified and inserted into a binary plasmid to establish
processes for the production of transgenic plants or
transgenic plant cells, organs or tissue using Agrobacterium
transformed by electroporation (den Dulk-Ras and
Hooykaas, 1995; Morton and Fuqua, 2012) or freeze-thaw
(Weigel and Glazebrook, 2006b) protocols. Thus, the
transformation of Agrobacterium with the binary plasmid
must be effective. The selection of the transformed bacteria
is usually performed by culturing on solid and liquid media

containing the proper antibiotics (Bent, 2006). At this step,
spontaneous acquisition of antibiotic resistance by
Agrobacterium has been detected (den Dulk-Ras and
Hooykaas, 1995; Deeba et al., 2014) by mutation of
antibiotic resistant genes that are chromosomally or Ti/Ri
plasmid localized (Hellens et al., 2000). In Agrobacterium,
chromosomal genes involved in streptomycin, tetracycline,
rifampicin, kanamycin, carbenicillin, and ampicillin
resistance are the most commonly identified antibiotic
resistance genes (Huang and Burr, 1999; Hellens et al., 2000;
Lee and Gelvin, 2008). A high frequency of spontaneous
streptomycin and tetracycline resistance in Agrobacterium
has been reported. For streptomycin resistance, a
chromosomal mutation that alters the bacterial ribosome,
where streptomycin binds, appears to be the mechanism of
antibiotic resistance (Huang and Burr, 1999; Demirci et al.,
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2014; Munita and Arias, 2016). The acquisition of
tetracycline resistance by A. tumefaciens is attributed to the
presence of the tetA gene in its chromosome (Luo and
Farrand, 1999; Luo et al., 2001; Bent, 2006; Morton and
Fuqua, 2012). Although this gene is repressed by tetR, in A.
tumefaciens C5 there is an insertion element (IS426) within
this gene that results in its inactivation and the expression of
tetA, which leads to tetracycline resistant mutants (Luo et
al., 2001; Morton and Fuqua, 2012). The mechanism of
tetracycline resistance involves the transmembrane efflux of
an antibiotic-metal complex (Luo and Farrand, 1999), and
spontaneous mutants appear at frequencies of between 10
6
-5
-10 . An example of plasmid-mediated resistance is that
conferred by the plasmid RFS1010 for streptomycin, which
carries homologs of the strA-strB resistance genes. These
genes
produce
the
enzyme
aminoglycoside-3phosphotransferase and are associated with a Tn5393
transposon (Huang and Burr, 1999; Petrova et al., 2008;
Munita and Arias, 2016).
In the complex ecological systems of natural
environments, bacterial communities have multiple synergic
strategies for resisting antibiotics, including vertical and
horizontal gene transfer by transformation, conjugation and
phage transduction (Arber, 2014; Landecker, 2016; Enault et
al., 2017), biofilm formation (Vega and Gore, 2014), SOS
bacterial response (Baharoglu and Mazel, 2014),
transformation of the antibiotics into compounds that are
ineffective at eliminating microorganisms (Koba et al., 2017).
Another strategy is the interaction between different
species, even from different kingdoms, via exogenous
chemical signals that induce or increase the tolerance to
antibiotics or compounds produced by other species in the
community (Cohen et al., 2013; Vega et al., 2013). In nature,
Agrobacterium produces biofilms as strategy to survive in
disadvantageous environments, such as the presence of
chemical and biological antimicrobial agents, permitting
colonization of biotic (plant roots) and abiotic surfaces
(synthetic materials) and growth in the presence of
antibiotics and predators (Abarca-Grau et al., 2011; Heindl
et al., 2014). An example of chemical communication has
been reported for Salmonella typhimurium, which acquires
antibiotic tolerance by the presence of indole produced by E.
coli when cultured with the intestinal bacterial community
(Vega et al., 2013). Interactions between species from
different kingdoms occur during the agrotransformation
processes of plants, both in nature and in laboratory
experiments (den Dulk-Ras and Hooykaas, 1995; Hellens et
al., 2000, Morton and Fuqua, 2012; Deeba et al., 2014). In
addition, during the treatment of wastewater effluents using
Agrobacterium, the resistance to antibiotics, such as
neomycin, streptomycin and spectinomycin occurs in the
natural microbial population by the overproduction of
glycosyltransferases encoded by chromosomal genes,
making the selection of the transformed bacteria difficult
(Amos et al., 2014).
However, in simpler systems with single species, such as
internal tissue infections or axenic in vitro cultures used for
industrial processes and scientific research, strategies for
resisting the acquisition of antibiotic resistance involve the
individual abilities of bacteria that generate the phenotypic
heterogeneity of each bacterial species (Morton and Fuqua,
2012; Cohen et al., 2013; Amos et al., 2014). This strategy
may ensure the survival of some individuals from the

population under the presence of antibiotics or other lethal
stresses (Dhar and McKinney, 2007). It is uncertain why
some individual bacterial cells can persist in the presence of
antibiotics or lethal stress conditions, but their strategies
include high genetic adaptability by spontaneous mutations
and chromosomal rearrangements, changes in the metabolic
profiles, phenomena related with structural changes in the
cell wall and membranes (Maria-Neto et al., 2015), and high
cellular densities. These phenomena have been reported for
Salmonella enterica, Escherichia coli, and Pseudomonas
aeruginosa and may be associated with alterations in the
permeability of the outer cell membrane (Butler et al., 2010;
Irazoki et al., 2017). The use of the high genetic adaptability
strategy has been reported for Helicobacter pylori under
laboratory conditions (Stingl et al., 2010; Corbinais et al.,
2016) and in vivo for internal infections in humans (Corbinais
et al., 2017), resulting in changes in membrane permeability,
redox potential, and transporter proteins (Hu et al., 2016).
Changes in the metabolic profiles may be induced by the
composition and consistency of the culture medium, the
addition of new metabolites or by cultivation in the
presence of sublethal concentrations of antibiotics (Goh et
al., 2002). For example, it has been reported that changes in
the cell wall protein composition of Staphylococcus aureus
depend on whether it is grown in solid or liquid medium
(Cheung and Fischetti, 1988). Resistance to ampicillin by
Pseudomonas was observed to be induced when it was
grown in exogenous indole, which promoted the production
of β-lactamase (Kim et al., 2017). Changes in the metabolic
profiles associated with the production of phenolics and
biofilms have been reported in nature and in experimental
studies of A. tumefaciens and A. rhizogenes when grown
axenically with chemical or antimicrobial agents (Heindl et
al., 2014). In addition, metabolic profile changes have been
observed throughout the process of genetic transformation
of plant cells by infection and the transfer of T-DNA from
plasmids to the plant cell genome, producing galls or hairy
roots (Abarca-Grau et al., 2011).
Out of the abovementioned strategies for acquisition of
antibiotic resistance, chromosomal mutations are more
effective than mutation in plasmids (Bent, 2006), and
although the use of a combination of antibiotics can help to
reduce the problem (Morton and Fuqua, 2012), such
mutations make the selection of the transformed bacteria
difficult. However, as Bennett (2008) stated “Bacteria are
not quiescent regarding their fates when faced with
annihilation with antibiotics”. Thus, the development of
antibiotic-resistant bacteria is a phenomenon that has been
widely observed, both in natural environments (Cohen et al.,
2013; Amos et al., 2014) and in restrained or controlled
conditions (Putrament et al., 1973; Landecker, 2016),
affecting ecological and animal health, industrial processes,
and scientific research experiments. The problem in the
health of humans and animals has been reported for species
that are clinically difficult to treat (Cohen et al., 2013;
Ventola, 2015), while in industrial processes and in scientific
research, it may affect the yield of genetically modified
organisms and the experimental data by producing
false positive results (Dhar and McKinney, 2007; Landecker,
2016). It is well-known, but practically unpublished, that the
in vitro transformation of Agrobacterium spp. produces a
high frequency of mutants that are resistant to the
antibiotics used for the selection of the transformed bacteria
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(den Dulk-Ras and Hooykaas, 1995; Luo and Farrand, 1999;
Hellens et al., 2000; Morton and Fuqua, 2012; Deeba et al.,
2014). Therefore, in this study, a heat-shock protocol for the
transformation of A. rhizogenes without the spontaneous
generation of antibiotic resistance was developed to
increase its sensitivity and specificity for the production of
hairy root cultures of Brassica oleracea var. italica (broccoli).

an A600 = 0.8-1, and the biomass is resupended in CaCl 2 20
mM for heat-shock transformation as outlined in the
material and methods section. Viability of the cells was
highly affected by the transformation process (results not
shown), but from 30 -50 single colonies transformed with
the pCGFPL1 and the pPROEX-L1 plasmids analyzed by PCR
showed the presence of the l1 gene (Table 1). The method
was verified for efficiency and reproducibility with several A.
rhizogenes strains (Table 1). The results support that the
new heat protocol was able to produce transformants of he
A.rhizogenes strains without the spontaneous generation of
antibiotic resistance observed with the standard method.
The genetic transformation of the bacteria was then verified
by PCR and by β-glucuronidase assays and used for the
production of hairy root cultures of Brassica oleracea var.
italica (broccoli).

Results and Discussion
Transformation of Agrobacterium rhizogenes
Two methods for the transformation of A. rhizogenes were
used in this work. The first was a standard method, normally
used in our laboratory and reported previously (JiménezAntaño et al., 2010; García-López et al., 2014),which
combines the freeze thaw transfection procedure reported
by Holsters et al., (1978), and the electroporation method
reported by Weigel and Glazebrook (2006a). The second,
stablished in this study and outlined in the material and
methods section, results from a combination and
modification of the reported protocols used for preparation
of chemical competent cells of Agrobacterium (McCormac et
al., 1998) and E. coli (Green and Rogers 2013), and the
freeze-thaw method for the genetic transformation of A.
tumefaciens (Höfgen and Willmitzer,1988).
The genetic transformation of Agrobacterium spp. with
the pCGFPL1 construct, which holds the DNA from the
complete l1 gene into the plasmid pCAMBIA 1305.1, by
using the standard protocol, unexpectedly did not produced
the expected transformants with the l1 gene (Table 1).
Instead, this standard protocol produced a high quantity of
bacteria resistant to kanamycin, the antibiotic used for the
selection of the transformed bacteria, making impossible the
selection of transformed colonies. From 30 transformants
analyzed, none showed the presence of the l1 gene inserted
in the pCGFPL1 construct, although the genes from the
chromosome (Vir) and the pRi plasmid (Rol) were always
present. Similar results were observed for bacteria
transformed with the construct pPROEX-L1, which hold the
ampicillin resistant gene but also the l1 gene. These results
agree with reports that Agrobacterium hold chromosomal
genes involved in streptomycin, tetracycline, rifampicin,
kanamycin, carbenicillin, and ampicillin resistance genes and
can show a high frequency of spontaneous streptomycin and
tetracycline resistance (Huang and Burr, 1999; Hellens et al.,
2000; Lee and Gelvin, 2008). As the spontaneous resistance
shown by A. rhizogenes made not possible the selection of
the transformants with the constructs holding l1 DNA, the
transformation protocol was modified to improve the
production of such transformed bacteria. Both methods
involve two steps: the preparation of competent cells and
the introduction of the plasmids into the A. rhizogenes
competent cells; however these steps are different for each
protocol. In the standard protocol the Agrobacterium
chemical competent cells were prepared basically as
reported for E. coli by Green and Rogers (2013), using LB
medium and growing the cells at 28 °C to reach an A600 = 0.81. The competent cells were then transformed using the
freeze-thaw method reported by Weigel and Glazebrook
(2006b). In contrast, in the new method the competent cells
are prepared by cultivation in YMB solid medium first, and
then a single colony is grown in LB liquid medium to reach

VirD1 and RolB gene amplification
Colonies that were obtained after transformation in liquid
medium were plated on solid medium, where the
phenotypic characteristics of A. rhizogenes were observed,
which included creamy white colonies with a mostly opaque
center, similar to reports for other Agrobacterium species,
such as A. vitis, for which colonies have a dark center with
white margins (Allen and Holding, 1974; Matthysse, 2006). It
was noted if the colony exhibited a watery appearance,
which could be due to a high polysaccharide production
(Matthysse, 2006). Polysaccharides are one of the major
constituents of biofilms, assisting in cell-cell adhesion, cellsurface formation, and growth in a bacterial community,
while also protecting cells from adverse conditions, such as
immune system phagocytes, amoebae predators, and
bacteriophages as well as chemical antimicrobials, such as
antibiotics or disinfectants (Limoli et al., 2015). The obtained
colonies were analyzed by PCR through amplification of the
VirD1 and RolB encoding genes. In some cultures, smaller
colonies that exhibited a white and dry appearance were
observed, which when analyzed by PCR did not amplify the
RolB or VirD1 encoding genes. All analyzed samples
exhibiting the A. rhizogenes colony phenotype were positive
for VirD1 and RolB gene amplification (Figure 1). All A.
rhizogenes isolates transformed with pCAMBIA 1105.1,
pCAMBIA 1305.1, pCGFPL1, and pCGFP2ATGL1 (Figure 1,
lanes 1-4 respectively), amplified the expected 450 bp
fragment corresponding to VirD1-encoding gene, which was
predicted from the in-silico analysis of the VirD1 gene
sequence within the pRI plasmid (referenced in the
methodology; GenBank Acc. No. NZ_CP019703). This
contrasted with the negative E. coli control, where an E. coli
strain lacking the pRI plasmid was used, and as expected, no
amplification was observed (Figure 1 lane 5). The same
bacterial cultures were used to amplify the RolB gene (Figure
1 lanes 6-8). Bands were observed of the expected size of
780 bp, as predicted by an in-silico analysis of the RolB gene
with the T-DNA of the RI plasmid (GenBank accession no
EF433766). The negative control confirmed the specificity of
the technique, as there was no band in lane 10 since E. coli
lacks the RI plasmid. The pPROEX-L1-transformed bacteria
presented similar results, the observed 450 bp VirD1 gene
band (Figure 2, lane 1) was not observed in the negative
controls (lanes 2 and 3), while the 780 bp RolB gene band
was observed (Figure 2, lane 4) but not in either of the
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Table 1. Antibiotic resistance and PCR amplifying of the VirD1, RolB and l1 genes in three Agrobacterium rhizogenes strains
1
(LBA9402, A4 and 15834) transformed with the several constructs and selected by using the standard protocols and the new
2
method
Antibiotic
LBA 9402
A4
15834
resistance
Standard
New Method
Standard
New Method
Standard
New Method
Protocol
Protocol
Protocol
Vir
l1
Vir
l1
Vir
l1
Vir
l1
Vir
l1
Vir
l1
and
and
and
and
and
and
Rol
Rol
Rol
Rol
Rol
Rol
Streptomycin
+
+
+
+
+
+
pCAMBIA1105.1
Kanamycin
+
+
+
+
+
+
+
+
+
pCGFPL1
Ampicillin
+
+
+
+
+
+
+
+
+
pPROEX-L1
1

2

The construct pCGFPL1 was prepared by transformation of the plasmid pCAMBIA 1305.1 with the l1 HPV16 complete gene (1596 bp). The new method is a combination
and modification of the reported protocols used for preparation of competent cells (McCormac et al., 1998), and the freeze-thaw method (Höfgen and Willmitzer,1988),
for the genetic transformation of A. tumefaciens. + and - indicate that the expected band in the PCR analyses of 30 bacterial colonies was or was not observed.

VirD1dir and VirD1rev primer amplifications
1. pCAMBIA 1105.1
2. pCAMBIA 1305.1
3. pCGFPL1
4. pCGFP2ATG
5. (-) E. coli
RolBdir and RolBrev primer amplifications
6. pCAMBIA 1105.1
7. pCAMBIA 1305.1
8. pCGFPL1
9. pCGFP2ATG
10. (-) E. coli
MPM – (NEB) DNA ladder 1 kb
Agarose 1%. 50 min at 150 V
Fig 1. Amplification of the VirD1 (lanes 1-5) and RolB (lanes 6-10) genes in A. rhizogenes transformed with pCAMBIA 1105.1 (lanes 1
and 6), pCAMBIA 1305.1 (lanes 2 and 7), pCGFPL1 (lanes 3 and 8) and pCGFP2ATGL1 (lanes 4 and 9) resulted in the bands of the
expected sizes of 450 bp for VirD1 and 780 bp on RolB, in contrast to their negative controls, where there was no amplification was
observed (lanes 5 and 10).

VirD1dir and VirD1rev primer amplifications
1. pPROEX-L1
2. E. coli (-)
3. H2O (-)
RolBdir and RolBrev primer amplifications
4. pPROEX-L1
5. E. coli (-)
6. H2O (-)
MPM – (NEB) DNA ladder 1 kb
Agarose 1%. 30 min at 160 V

Fig 2. Amplification of VirD1 (lane 1) and RolB (lane 4) genes in A. rhizogenes transformed with pPROEX-L1. We did not observe the
band in the negative controls, which used E. coli cells (lanes 2 and 5) or the control without cells or DNA that contained only water
(lanes 3 and 6).
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OD2-B and NLSStopRev primer amplifications
1. (-) pCAMBIA 1305.1
2. pCGFPL1
3. pCGFP2ATG
4. pPROEX-L1
MPM – (NEB) DNA ladder 1 kb
Agarose 1%. 50 min at 150 V

Fig 3. Amplification of l1 gene from the constructs pCGFPL1, pCGFP2ATGL1 and pPROEX-L1 shows the presence of the 1475 bp
band in lanes 2-4, confirming the efficacy of the transformation method, contrasting the negative control (lane 1) in which we did
not observe the l1 band because the empty vector pCAMBIA 1305.1 without l1 gene was used.

OD2B and NOSXbaI primer amplifications
1. Genomic DNA pCGFPL1
2. Genomic DNA pCGFP2ATGL1
3. pCAMBIA 1305.1 (-)
4. pCGFPL1 (+)
2 µL of MPM – (NEB) DNA ladder 1 kb
Agarose 1%. 3 min 60 V and 30 min at 180 V

Fig 4. Amplification of the l1 gene with the NOS terminator, a fragment of the expected size was obtained in the root lineages
analyzed (lane 1 and 2) and in the positive control (lane 4) and was not observed in the negative control (Lane 3).

Untransformed roots
(-)

pCAMBIA 1105.1
Transformed
roots

pCAMBIA 1305.1
Transformed
root

pCGFPL1
Transformed
roots

pCGFP2ATG
Transformed
roots

Fig 5. Roots transformed with the pCAMBIA 1105.1 and pCAMBIA 1305.1 vectors and the roots transformed with the pCGFPL1 and
PCGFP2ATGL1 constructs were positive for the β-glucuronidase assay, indicated by the blue staining that occurred in the roots, in
contrast to the negative control (untransformed roots), which do not present the blue coloration.
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negative controls (Figure 2, lanes 5 and 6). The primers used,
as well as the band of the expected size, are similar to the
results obtained in other studies, such as for RolB (Hamill et
al., 1991; Arshad et al., 2014; Harfi et al., 2016) and for VirD1
(Charlwood and Salem, 1999; Dehdashti et al., 2017).

2ATG truncated gene, yield a DNA fragment of ~1800 bp.
Two hairy root lines were analyzed by PCR, a line
transformed with pCGFPL1 (Figure 4, lane 1) and a line
transformed with pCGFP2ATGL1 (Figure 4, lane 2). As a
negative control, the empty vector pCAMBIA 1305.1 was
used, which does not have l1 (Figure 4, lane 3). As can be
seen in lane 3, no amplification of this fragment was
observed. In contrast, the positive control, pCGFPL1 plasmid
DNA extracted from E. coli that hold the 11 and the NOS
terminator, yielded the expected fragment of 1800 bp
(Figure 4, lane 4). Although the pCGFPL1 construct has the
complete l1 gene and pCGFP2ATGL1 has the truncated gene
without the first 78 bp, an amplification fragment of the
same size was obtained in the PCR because the first primer
(OD2B) hybridizes to the second ATG, but does not amplify
the first 78 bp, so in both PCGFPL1 and pCGFP2ATG the band
is 1800 bp.
There are several studies where NOS is amplified to
monitor the presence of transgenic organisms by
amplification of the sequence of NOS producing DNA
fragments shorter than those observed in the present study
(Datukishvili et al., 2015; Fu et al., 2017); however, in the
present work the NOS was cloned complete after the l1
gene, in consequence the fragment obtained by PCR is
longer.

l1 gene amplification
Once it was shown that the bacteria obtained after
transformation were A. rhizogenes by means of the
amplification of the genes encoding VirD1 and RolB in the
previous experiment, we proceeded to demonstrate that the
transformation of these bacteria with the constructs
carrying the L1 DNA. The cloned genes in the vectors, in this
case, the l1 gene, were amplified from the pCGFPL1,
pCGFP2ATGL1 and pPROEX-L1 constructs. The expected size
band of 1475 bp was obtained by amplifying a sequence
within the l1 gene of HPV16 (Figure 3, lanes 2-4), which was
predicted based on the in-silico sequence analysis. The size
of the L1 protein gene is 1596 bp according to the GenBank
sequence KC166220. In this PCR product, the DNA of the
gene l1 is truncated in the 5' sequence (lacking the first 78
bp), with amplification initiated from the second ATG. In
addition, the gene does not have the 3' region that encodes
the nuclear localization sequence, which is 70 bp in length.
For this reason, the band size obtained was ~ 1475 bp, in
contrast to the negative control in lane 1, where as
expected, the band was not obtained since it utilized
plasmid DNA from the empty pCAMBIA 1305.1 plasmid
without the cloned l1 gene. Similar results have been
observed for the amplification size of the L1 proteinencoding gene, as well as the sequence of the primers that
amplify the truncated gene at both ends without the first
ATG or the NLS (Varsani et al., 2003). No PCR was performed
on the transformations using the standard methods of heat
shock and electroporation transformation and inoculation in
solid medium since a cell lawn was obtained instead of
isolated colonies. Isolated colonies were obtained when
making dilutions after the transformation, but these isolates
did not contain the cloned gene when analyzed by PCR, only
testing positive for VirD1 and RolB amplification and not for
the l1 protein-encoding gene.

β-glucuronidase assay
The roots transformed with Agrobacterium, in addition to
presenting the genes cloned by agrotransformation, also
produced heterologous proteins, such as the protein that
confers hygromycin resistance. The evaluated roots could
grow in the presence of this antibiotic, which in addition to
the β-glucuronidase test indicates that the GUSPlus reporter
gene was successfully expressed in these roots. Both the
hygromycin resistance-conferring gene and GUSPlus are
present within the pCAMBIA T-DNA, which integrated into
the plant genome by A. rhizogenes. The use of pCAMBIA
vectors, as well as the hygromycin resistance gene and the
reporter gene of this plasmid, has been reported in other
studies in which results similar to those reported in this
study were been obtained (Gargul et al., 2017; Samara et al.,
2017).
The substrate that is used for histochemical staining of βglucuronidase activity in tissues and cells is 5-bromo-4chloro-3-indolyl glucuronide (X-Gluc), which forms a blue
precipitate at the site of enzymatic activity. The product of
the action of β-glucuronidase on X-Gluc (glucuronic acid)
(Karcher, 2002) is not colored, therefore a derivative is used
(indoxyl), which reacts with oxygen and produces, by
oxidative dimerization, the insoluble dye 5,5′-dibromo-4,4′dichloro-indigo (Jefferson, 1987; Karcher, 2002). This
dimerization is stimulated by atmospheric oxygen (Jefferson,
1987). In Figure 5, positive results for the analyzed samples
can be observed for roots obtained from A. rhizogenes
transformations with the different plasmids. Both pCAMBIA
1105.1, 1305.1 and the constructions derived from the latter
plasmid (pCGFPL1 and pCGFP2ATGL1) present the
coloration, indicating that the bacterium was transformed
with these vectors. The positive result also indicated that
these strains were able to process the T-DNA of both the Ri
and pCAMBIA plasmids and were able to integrate it in the
genome of the plant cells producing the transformed hairy

L1NOS amplification from genomic DNA of hairy roots
Hairy roots transformed with either the complete l1 gene or
the truncated l1 gene lacking the first 78 bp (starting at the
second ATG) were obtained by Agrobacterium-mediated
transformation. These hairy roots exhibited fast growth in a
medium culture free of growth regulators and retained the
typical hairy root phenotype, even after several generations
of roots, similar as reported in the literature (Shanks and
Morgan, 1999; Hodges et al., 2004; Zhou et al., 2007).
Genomic DNA from these hairy roots was extracted, and the
l1 gene was amplified with the NOS terminator by PCR to
obtain fragments of the expected size of 1800 bp (Figure 4).
The expected size was based on the 1596 bp l1 gene
sequence previously reported where the l1 gene was
amplified. In this study, without considering the first 78
nucleotides (starting from the second ATG), and using a
primer with the NOS terminator sequence obtained from
plasmid pCAMBIA 1305.1, the in-silico analysis of the NOS
sequence yield a 280 bp fragment, that together with the
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root phenotype with the capacity to produce transgenic
proteins such as β-glucuronidase. These results are similar to
the phenotype of roots obtained by Henzi et al., 2000 and by
García-López 2014.

(Jiménez-Antaño et al., 2010; García López et al., 2013). In
this method the competent cell were prepared as reported
by Green and Rogers (2013), using the LB medium and
growing the cell culture at 28 °C to reach A600 = 0.8-1. The
competent cells were then transformed with the respective
plasmids using the freeze-thaw method reported by Weigel
and Glazebrook (2006b).

Materials and Methods
Genes, constructs, and GenBank accession numbers

Heat-shock transformation protocol
The pVAX1-L1 construct containing the HPV16 l1 gene
(GenBank accession number KC166220; l1 gene, 1596 bp)
inserted into the pVAX1 vector was kindly provided by Dr.
Monroy García A. The plant expression binary vectors
pCAMBIA1105.1, and pCAMBIA 1305.1 (GenBank accession
number AF354045), which confer bacterial resistance
against streptomycin/spectinomycin and kanamycin,
respectively, also contained the T-DNA that contains the
plant gene conferring resistance to hygromycin (hptII), the
GUSPlus reporter gene (gusA) and the cauliflower mosaic
virus 35S promoter, which were obtained from CambiaLabs
(Brisbane, Australia). Two constructs, pCGFPL1 and
pCGFP2ATGL1, were prepared by transformation of the
plasmid pCAMBIA 1305.1 with DNA from the l1 gene. The
first was prepared by transformation of the plasmid
pCAMBIA 1305.1 with the l1 HPV16 complete gene (1596
bp), and the second with the l1 gene truncated at the 5'-end
by the elimination of the first 78 bp and starting from the
second ATG, yielding a DNA fragment of 1518 pb. The
construct PROEX-L1, prepared by insertion of the complete
l1 gene between the NcoI and HindIII restriction sites in the
pPROEX HTb B plasmid (Invitrogen, ThermoFisher Scientific,
GenBank access number 10711018), was used as a control
for evaluation of the ampicillin resistance.

1. Competent Agrobacterium rhizogenes cell preparation
A loop from stock cultures of each strain of Agrobacterium
rhizogenes maintained at -70°C and tempered on ice was
inoculated into 5 ml YMB liquid medium, incubated 12 h at
28°C in an orbital shaker at 200 rpm. A loop from the liquid
medium was plated on YMB solid medium without
antibiotic. A single colony was transferred to 5 mL LB liquid
medium culture and incubated 24 hours at 28°C in an orbital
shaker at 200 rpm (A600 = 0.8-1). Samples of 1.5 mL were
transferred to eppendorf tubes, and the biomass was
washed 2x by centrifugation 2 minutes at 9000 rpm and
resuspension in 1.5 mL CaCl2 20 mM. The biomass
resuspended in CaCl2 was incubated on ice for 15 minutes
and used for heat-shock transformation.
2. Heat-shock transformation of Agrobacterium rhizogenes
A volume of 100 μL of the above competent Agrobacterium
cells, pre-incubated on ice for 15 minutes, was added to a
1.5 ml eppendorf tube containing 5 μL (1 μg) of the plasmid
or construct. The tube was sequentially submerged in liquid
nitrogen for 2 minutes, then at 37°C for 5 minutes, 5
minutes on ice. Then 250 μL of PSI medium culture
(Tryptone 20 g/L, Yeast Extract 5 g/L, MgCl 2 5 g/L, pH 7.6),
supplemented with 0.5% glucose, was added to the
transformed cells and incubated at 28°C for 3 hours. The
mixture was transferred to 5 mL of YMB liquid medium with
the respective antibiotics and incubated for 48 hours.
Growth was observed by turbidity presence. Samples of 1 µL
of the transformed culture was plated on YMB solid medium
with the respective antibiotics and incubated for 48 hours at
28°C for selection of transformed bacterial colonies.

Bacterial strains
The above plant binary vectors were prepared and cloned
into Escherichia coli DH5α by electroporation as previously
described (Jiménez-Antaño et al., 2010 and 2015), and into
A. rhizogenes strains LBA9402, A4, and 15834 carrying a wild
pRi plasmid (GenBank accession number NZ_CP019703;
VirD1 446 bp) with a Ri T-DNA RolB fragment (GenBank
access number EF433766; RolB 788 bp) to establish hairy
root cultures transformed with the L1 protein DNAs as
established in the present work.

Amplification of the RolB, VirD1 and l1 genes
To demonstrate that the strains had been transformed, the
following genes were amplified: RolB, with the primers
RolBDir 5’-ATGGATCCCAAATTGCTATTCCTTCCACGA and
RolBRev 5’-TTAGGCTTCTTTCTTCAGGTTTACTGCAGC, VirD1,
with the primers VirD1Dir 5’-ATGTCGCAAGGACGTAAGCCCA
and VirD1Rev 5’-GGAGTCTTTCAGCATGGAGCAA, and the l1
gene,
with
the
forward
primer
OD2-B
5’ATTGAAGATCTATGTCTCTTTGGCTGCC and the reverse
primers
NLSStopRev
5’-AAGGTCTCAAGCTTAACCTAATGTAAATTTTGG
and
NOSrevXbaI
5’AATCTAGATTCCCGATCTAGTAACAT.

Transformation of Agrobacterium rhizogenes
Two methods for the transformation of A. rhizogenes were
used in this work. A standard methods of heat shock
reported by (Holsters et al., 1978; Weigel and Glazebrook,
2006b) and electroporation (Weigel and Glazebrook, 2006a),
normally used in our laboratory and reported previously
(Jiménez-Antaño et al., 2010; García-López et al., 2014), and
by the new method stablished in this study.
Standard protocol

Genomic DNA extraction
Transformation of A. rhizogenes was performed by the
freeze thaw transfection procedure reported by Holsters et
al., (1978), and the electroporation method reported by
Weigel and Glazebrook (2006a), and has been normally used
in our laboratory for transformation of A. rhizogenes

Genomic DNA was extracted according to the protocol of
(Healey et al,. 2014) with some modifications. Briefly, 50 mg
of fresh plant weight was ground in liquid nitrogen and
transferred to an Eppendorf tube containing 400 μl of
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extraction buffer (8 volumes of buffer per gram of sample).
The samples were incubated for 30 minutes at 70°C with
vortexing every 5 minutes, after which they were
centrifuged at 13,200 rpm for 5 minutes. Next, the
supernatants were transferred to new tubes, and 1 volume
of phenol:chloroform:isoamyl alcohol (25:24:1) was added.
The samples were vortexed and then centrifuged at 13,200
rpm for 5 minutes, after which the aqueous fraction was
transferred to a new tube and 3 μl of 10 mg/mL RNase was
added. The samples were incubated at 65°C for 1 hour, after
which one volume of chloroform was added. The samples
were vortexed and then centrifuged at 13,200 rpm for 5
minutes, after which the aqueous fraction was transferred
to a new tube and 2 volumes of absolute ethanol were
added. The DNA was allowed to precipitate at -20°C for 1
hour, after which the tubes were centrifuged at 13,200 rpm
for 5 minutes. The absolute ethanol was discarded and 70%
ethanol was added, after which the tubes were incubated
for 10 minutes at -20°C, centrifuged at 12,000 rpm for 2
minutes, and then the ethanol was discarded and the pellet
was allowed to dry for 15 minutes under a vacuum. Finally,
the pellet was resuspended in 100 μL of TE. The extraction
buffer contained 100 mM Tris-HCl (pH 7.5), 25 mM EDTA,
1.5 M NaCl, 2% CTAB (w/v), 2% PVPP and 0.3% (v/v) βmercaptoethanol, which was added immediately before use.
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