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ABSTRACT. Plant transformation is a widely used procedure for obtaining
transgenic plants and to develop plant models to understand gene function.
Plant models such as Nicotiana tabacum are widely used for understanding
gene responses to external influences. An important tool in such studies is
genetic transformation through infection with Agrobacterium tumefaciens.
However, this transformation is often inefficient. Consequently,
development and optimization of techniques to promote high rates of
seedling regeneration of transgenic tobacco is imperative. The methods
tested for infection of tobacco explants consisted of injecting 10 ul of the
bacterial culture directly into anodal segment using an insulin syringe (1
mL); bacterial co-cultivation with nodal segments and micro-sectioned leaf
disks. Infection through punctures made with a syringe in nodal segments of
tobacco and no co-cultivation period was the most efficient in the
regeneration process and in obtaining genetically transformed plants, with 88
and 75% success rates, respectively. We obtained an increase of 50% in the
transformation rates when compared to previous studies using N. tabacum.
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INTRODUCTION

Since the 1980s, Agrobacterium tumefaciens, a soil bacterium and the causative
agent of crown gall disease (Horsch et al. 1984) has been of interest to plant scientists
(Bottino et al. 1989). Agrobacterium is able to transfer and integrate a region containing the
sequence of a tumor inducing plasmid (Ti-plasmid) into a plant nuclear genome (Gelvin
2003; Brasileiro and Aragdo 2010). Several methods for plant transformation have been
developed, including electroporation, protoplast culture, biolistic transformation (Nester et
al. 1984; Brasileiro and Aragédo 2010).

The agrobacterium transformation method is the most widely used method of gene
transfer available for higher plants (Bottino et al. 1989), because it involves simple
execution protocols and gives satisfactory transformation efficiency (Ribeiro et al. 2010).
Several tissues and organs can be used as explants in plant transformation, including leaves,
callus, roots, cotyledons, and shoots (Bottino et al. 1989). The efficiency of plant
transformation is a result of the combination of various factors, including the method used,
the species and also Agrobacterium strain specificity. It is known that the Ti-plasmid is
most frequently responsible for determining the host range of natural isolates of
Agrobacterium (Nester et al. 1984). An efficiency of 37% using a cotyledonary node in
Glycine max (Olhoft et al. 2004), from 30 to 48% using a Oriza sativa embryo callus
(Sallaud et al. 2003; Kim et al. 2003), and 62% in Triticum aestivum immature embryos
(Wu et al. 2003, 2006) had been reported.

In the last decades, several methods have been developed and changes incorporated
in the transformation process via A. tumefaciens, such as the addition of acetosyringone and
changes in the periods of co-cultivation for increased efficiency (Mayo et al. 2006; Ribeiro-
Neto et al. 2015). Studies on plant models such as Arabidopsis thaliana and Nicotiana
tabacum, which have useful characteristics, such as short generation time and large numbers
of progeny (Sparkes et al. 2006; Xiao et al. 2015), help in the development of improved
plant transformation methods for studying genes of interest (Begcy et al. 2012).

Efficient methods for introducing cloned genes into plants are important for
understanding plant gene expression (Horsch et al. 1985). Agrobacterium is a tool that can
help us to understand some of the most fundamental plant processes (Klee et al. 1987). We
developed a new, robust and efficient method for infection, regeneration and genetic
transformation of nodal segments of N. tabacum via A. tumefaciens.

MATERIAL AND METHODS
Biological Material

We used nodal segments (3 ¢cm) and foliar disks (1 cm diameter) of wild-type
(Xanthi) tobacco (N. tabacum) seedlings, pre-germinated in vitro, in a growth room under
controlled conditions from plants 25 days of age. In the transformation process, we used
competent cells from two bacterial strains; Escherichia coli DH10B for the assembly of the
expression vector and A. tumefaciens strain EHAL105 for the indirect transformation of the
plant. For E. coli culture, 2xTY medium plus streptomycin (30 pg/mL) was used, while A.
tumefaciens was grown in LB medium containing rifampicin (75 mg L™) (Sambrook and
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Russell 2001). Before transformation, optical density values for the cultures of the two
strains were 0.6 and 0.52 nm for DH10B and EHA105, respectively.

Infection Methods

All explants (32 nodal segments and 16 leaf disks) used in the process were initially
disinfected in a laminar flow chamber by immersion in 70% ethanol and sterile water. The
methods used in the infection of the tobacco explants with A. tumefaciens carrying the
recombinant plasmid were:

i. Infection of nodal segments using a 26Gx1/2" needle (SY). Small
punctures in the meristematic area of the segments were made using the
needle and 10 uL of A. tumefaciens solution (100 mg/mL) with plasmid
was injected in the perforation with a syringe., The explants were
immediately transferred to flasks with solid MS medium (Murashige and
Skoog 1962) containing 30 g L™ sucrose (C12H2,011) and 2.5 g L *phytagel
(Sigma, USA), pH 5.8. Over the puncture region, 250 pL of acetosyringone
(0.02 g L™ was applied; a co-cultivation period was not included.

ii. Nodal segments were maintained in static co-cultivation with A.
tumefaciens (NS) culture. Nodal segments with small wounds, caused by a
sterilized scalpel, were kept in a sterile polypropylene tube (15 mL)
containing 3 mL of a solution of A. tumefaciens (100 mg/mL) plus 250 pL
of acetosyringone (0.02 g L™, for a 30 minute co-cultivation period, and
then transferred to flasks containing solid MS medium.

iii.  Tobacco leaf disks co-cultivated with A. tumefaciens (FD). Leaves disks 1
cm in diameter were maintained for 30 minutes in a sterile polypropylene
tube (15 mL) with 3 mL of A. tumefaciens cell suspension (100 mg/mL)
plus 250 pL of acetosyringone (0.02 g L™) for co-cultivation, and then
transferred to flasks with solid MS medium.

Control treatments (syringe method, leaf disks and nodal segments), without the use
of A. tumefaciens, were performed simultaneously with the Agrobacterium-mediated
infection methods.

Figure 1 illustrates the syringe method; it consisted of needle contact with the
circular portions of the yolk segment, different from the procedures adopted in leaf disks
and nodal segments, where the explants were immersed in a solution containing A.
tumefaciens in suspension and acetosyringone.

Flasks with infected and control explants were kept in a growth chamber with a
light-dark photoperiod of 16/8 h, relative humidity of 70-80% and temperature of 22 + 2°C.
After 72 hours, the infected explants were transferred to new flasks containing solid MS
medium with cefotaxime antibiotic (500 mg L™) for elimination of bacteria and kanamycin
(50 mg L) for transformant selection. Explants were transferred, every 20 days, to new
flasks with MS medium containing cefotaxime at decreasing concentrations of 250 mg L™,
125 mg L™, 625 mg L™, 31.25 mg L"and 0 mg L™ for complete elimination of A.
tumefaciens.
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Figure 1. Infection methods for tobacco explants. (SY): infection of nodal segments with a syringe; (FD):
tobacco leaf disks in contact with Agrobacterium tumefaciens; (NS): nodal segments maintained at rest with A.
tumefaciens.

After plant regeneration, DNA was extracted from leaves (Doyle and Doyle 1987)
and confirmation of the transformants made by PCR. The number of positive events for
each method tested was used for regeneration and transformants percentage calculation.

RESULTS AND DISCUSSION

After the plant regeneration period, complete emergence of the first leaves and roots
at 20 days growing in 0 mg L™ cefotaxime, differences in regenerated and transformed
plants percentages were observed for the Agrobacterium-mediated infection methods (Table
1).

Table 1. Preparation time, regeneration and transformed plant rates by the different methods.

Preparation Time

Infection Methods* (Minutes) Regeneration (%) Transformants (%)
Inoculation’ Co-cultivation®
SY(n=16) 02 We 8838 75
FD(n=16) 03 30 0 0
NS(n-14*) 03 30 100 33.3

1SY — syringe method; FD — leaf disks method; NS — nodal segments method. Z Time required to establish
the contact of the explants with the bacterium. ® Co-cultivation with the bacterium Agrobacterium
tumefaciens. Wc — without co-cultivation. *Two events were lost.

Using the syringe and nodal segments methods, the greatest regeneration rates
obtained were 88.8 and 100% respectively, while for the leaf disk method no plant
regeneration was observed. In terms of transformation efficiency, 75% of the syringe
explants were transformed with the exogenous gene contrasting with nodal segments that
gave only 33.3% transformants. Our results regarding transformants percentages were
higher when compared to data that has been reported for plant model systems. In general,
the transformants percentages reported for A. thaliana were from 13.7 to 38.5% (Van der
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Graaff et al. 1996; De Buck et al. 2000). The percentages reported for N. tabacum were
similar to A. thaliana, ranging from 38.5 to 50% (An et al. 1985; De Buck et al. 2000).

Although most of the plant transformation methods use leaf disks, the efficiency is
not as high as we obtained using nodal segments, as can be observed in Ribeiro et al.
(2010). The use of leaf disks in the process of infection and production of genetically
transformed plants is very common, either through the inoculation methods in petri dish
containing A. tumefaciens in suspension or in polypropylene tubes, with various immersion
times.

In the syringe and nodal segments methods, A. tumefaciens solution was applied
directly to meristematic tissue; this could explain the higher regeneration efficiency.
Meristem tissue has high differentiation capacity and consequently allows for faster plant
regeneration.

In our trials with the leaf disks method, morphogenesis was interrupted by the
oxidation of leaf disks and therefore, no plant regeneration was achieved. These effects
could be reduced by the application of phytoregulators such as BAP (6-benzylaminopuring)
and 2,4-D (dichlorophenoxyacetic acid) to maximize regeneration responses.

The development of the explants differed among the methods, with results more
quickly achieved by the syringe method. The implementation of the process was faster for
the syringe method when compared to the nodal segments and leaf disks methods because it
did not require time for inoculation of the bacterium and no co-cultivation of the explants
with A. tumefaciens. The syringe method was also faster when compared to other reported
methods that require from one hour (Mayo et al. 2006) to overnight growth (Horsch et al.
1985) for the co-cultivation period.

Various researchers have succeeded in the transformation of tobacco using
transgenes from various species (Wan et al. 2009; Zhang et al. 2009). We achieved
satisfactory results, i.e., increased transformant percentages in a reduced time, using a fast
method to obtain genetically transformed plants.

CONCLUSIONS

The infection technique through syringe punctures in nodal segments of tobacco
was the most efficient for the generation of genetically transformed plants in tobacco. The
efficiency was significantly improved over that obtained with previously published
procedures.
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