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Abstract Plant transformation efficiency depends on the

ability of the transgene to successfully interact with plant

host factors. Our previous work and the work of others

showed that manipulation of the activity of host factors

allows for increased frequency of transformation. Recently

we reported that exposure of tobacco plants to increased

concentrations of ammonium nitrate increases the fre-

quency of both homologous recombination and plant

transgenesis. Here we tested the influence of KCl and salts

of rare earth elements, Ce and La on the efficiency of

Agrobacterium-mediated plant transformation. We found

that exposure to KCl, CeCl3 and LaCl3 leads to an increase

in recombination frequency in Arabidopsis and tobacco.

Plants grown in the presence of CeCl3 and LaCl3 had

higher biomass, longer roots and greater root number.

Analysis of transformation efficiency showed that exposure

of tobacco plants to 50 mM KCl resulted in *6.0-fold

increase in the number of regenerated calli and transgenic

plants as compared to control plants. Exposure to various

concentrations of CeCl3 showed a maximum increase of

*3.0-fold in both the number of calli and transgenic

plants. Segregation analysis showed that exposure to KCl

and cerium (III) chloride leads to more frequent integra-

tions of the transgene at a single locus. Analysis of trans-

gene intactness showed better preservation of right T-DNA

border during transgene integration. Our data suggest that

KCl and CeCl3 can be effectively used to improve quantity

and quality of transgene integrations.
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Introduction

The process of plant transformation relies on the ability

of the transgene to successfully reach the nucleus and

integrate in plant’s genome. Two major transformation

techniques are known, Agrobacterium-mediated and gold

particle-mediated. Whereas the former one is preferred for

transformation of dicots, the latter one is mainly used for

monocots. Despite the fact that both methods have been

developed as efficient transformation techniques, there are

number of plants that are either completely recalcitrant or

are very difficult to transform.

Many innovative techniques have been developed that

improved the efficiency of transformation. Among the

simplest approaches was the modification of temperature of

cultivation of Agrobacterium tumefaciens and plants.

Lowering temperatures during co-cultivation with Agro-

bacterium (Li et al. 2003) and chilling during a regenera-

tion step (Immonen 1996) substantially improved

transformation efficiency. Another relatively simple tech-

nique is supplementation of growth medium with various
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chemicals favoring better transformation outcomes. Sup-

plementation of co-cultivation medium with silver thio-

sulfate and calcium nitrate resulted in a several-fold

increase of transient expression of a reporter gene upon

bombardment of plant tissue (Perl et al. 1992).

High rate of transformation requires the establishment of

optimal conditions for efficient regeneration of transgenic

material from transformed tissues. In many cases, regen-

eration of transformed cells represents a major challenge in

transformation of plants that are susceptible to T-DNA

integration but recalcitrant to somatic embryogenesis (SE)

(Takumi and Shimada 1997). Various methods can pro-

mote SE: increased cytosolic levels of calcium (Racusen

and Schiavone 1990; Chugh and Khurana 2002; Malabadi

and Staden 2006); the application of silver ions that pre-

vents cellular necrosis caused by ethylene (Dias and

Martins 1999; Sahrawat et al. 2003); promotion of SE in

wheat by zinc deficiency (He et al. 1991; Kothari et al. 2004)

and by exposure to various nitrogen sources (Immonen

1996); promotion or prevention of shoot regeneration by

cupric sulphate and high EDTA (Sahrawat et al. 2003;

Kothari et al. 2004). Similarly, supplementation of regen-

eration media with spermidine was shown to improve the

recovery of wheat transformants by more than threefold

(Khanna and Daggard 2003).

Ammonium and nitrate levels were reported to promote

SE in various plant species (He et al. 1989; Choi et al. 1998;

Jiménez 2001; Kothari et al. 2004). High concentrations of

ammonium nitrate in regeneration media greatly improved

SE and increased the yield of somatic embryos in ginseng

(Choi et al. 1998). Our recent work showed that an increase

in the concentration of ammonium nitrate in the cultivation

media resulted in increased regeneration rate of explants and

stable transformation rate of tobacco, wheat and triti-

cale plants (Boyko et al. 2009; Greer et al. 2009). These

reports also showed that the increase in ammonium nitrate

concentration in regeneration medium resulted in sub-

stantial, concentration-dependent increase in homologous

recombination frequency (HRF) (Boyko et al. 2009). Inter-

estingly, recent reports established a link between the

activity of human Rad51 and ammonium-sulphate at the

molecular level (Liu et al. 2004; Shim et al. 2006; Sigurdsson

et al. 2001). It was demonstrated that ammonium-based salts

induce conformational changes in hRad51 leading to an

increase in its activity and therefore promoting recombina-

tion. These data are important, since transgene typically

integrates into the genomic DNA either via non-homologous

end joining (NHEJ) or via homologous recombination (HR),

two main strand break repair mechanisms (Gorbunova and

Levy 1999). Since NHEJ is an error-prone and a predominant

repair mechanism in plants, the transgene integration typi-

cally leads to deletions in the transgene and genomic DNA

(Shrivastav et al. 2008). We previously showed that exposure

to ammonium nitrate increases the HR frequency and

transformation frequency (Boyko et al. 2009). The trans-

formation events we analyzed included better quality and

more intact insertions of the transgene, achieved most

probably due to the more frequent involvement of HR, an

error-free repair mechanism (Boyko et al. 2009).

The application of a wide spectrum of rare earth ele-

ments during a tissue culture stage also holds much

promise, as a positive effect of these elements on nitrogen

metabolism has been documented (Weiping et al. 2003)

and references therein). Since our previous work showed

the effectiveness of high level of nitrogen for the

improvement of plant transformation, we hypothesized that

the salts of rare earth elements such as CeCl3 or LaCl3
would also improve the transformation rate. Rare earth

elements were previously shown to enhance the nitrogen

metabolism in various plant species, and to have broad

positive effects on a plant growth (Cao et al. 2007;

Weiping et al. 2003; Yin et al. 2009).

Overall, it has become evident that each species, culti-

var, and even tissue has its own unique set of requirements

for various salt combinations and concentrations (Maës

et al. 1996; He et al. 1989). The foregoing supports the

existing need for extensive studies directed on elucidating

specific concentrations of macro and micro salts as well as

physical conditions optimal for promoting T-DNA inte-

gration and SE in various economically important plant

species.

In the current study we evaluated the possibility of the

application of potassium chloride and two rare earth ele-

ments, namely cerium and lanthanum, for influencing the

HRF and for increasing the efficiency of plant transforma-

tion. KCl was chosen for two reasons: first, previously we

showed that chloride ions had a positive influence on

homologous recombination rates (RRs) in Arabidopsis

(Boyko et al. 2010b; Boyko et al. 2006a, b); second, we

recently found that the removal of potassium ion from the

MS medium results in a decrease in HRF (Boyko et al. 2009).

Because the enrichment of growth medium with ammonium

nitrate could induce somatic recombination events and

increase the frequency of Agrobacterium-mediated plant

transformation (Boyko et al. 2009), we hypothesized that

supplementing plant growth media with rare earth elements

would improve nitrogen metabolism and thus could also

have a positive effect on plant transformation.

Materials and methods

Plants used in experiment and growth conditions

The impact of potassium chloride on RR was evaluated using

transgenic A. thaliana line #11 plants (Swoboda et al. 1994).

Plant Cell Rep

123



This line carries the uidA (GUS) reporter gene in the genome,

which allows the detection of somatic HR events. Upon

repair of a DNA strand break in the region of homology via

HR, the activity of transgene is restored and can be visualized

using the histochemical staining as described (Figure S1;

Filkowski et al. 2004a). In brief, 3-week-old Arabidopsis line

#11 plants were vacuum infiltrated 2 9 10 min in a sterile

staining buffer containing 100 mg 5-bromo-4-chloro-3-

indolyl glucuronide (X-glu) substrate (Jersey Labs Inc.,

USA) in 300 mL 100 mM phosphate buffer (pH 7.0), 0.05%

NaN3, 0.05% Tween 80, 1 mL dimethylformamide. After-

wards plants were incubated at 37�C for 48 h and subse-

quently bleached with ethanol.

Arabidopsis line #11 plants were germinated and grown

on standard solid MS medium (Murashige and Skoog

1962) supplemented with various quantities of potassium

chloride (Table 1). Importantly, to get potassium chloride

as a single source of potassium in the medium, potassium

nitrate was omitted, and potassium dihydrogenphosphate

was replaced by ammonium dihydrogenphosphate. To

compensate for a total loss of nitrate, the concentration of

ammonium nitrate was increased proportionally (Table 1).

After 3 weeks, plants were harvested for histochemical

staining and somatic RRs were calculated (see below).

The influence of rare earth elements on plant growth and

frequency of somatic HR events was studied using trans-

genic Nicotiana tabacum line #LU2 plants (Ilnytskyy et al.

2004). This line carries in the genome a single copy of the

luciferase (LUC)-based HR substrate. Similar to GUS-

based recombination substrate, the LUC-based substrate

allows the measurement of HR events at the LUC trans-

gene (Figure S1). Recombination events were analyzed in

4-week-old plants using CCD camera (Gloors Instruments

AG, Switzerland) 1 h after the cleavage substrate luciferin

was sprayed on plants. N. tabacum line #LU2 plants were

germinated and grown on standard solid MS medium

supplemented with 0.1, 0.3, 1.0, 2.0 and 3.0 lM of either

cerium (III) or lanthanum (III) chlorides, or both salts

simultaneously. Standard solid MS medium was used as a

control. Following 4 weeks since germination, HR events

were detected using a CCD camera and the frequency of

somatic recombination events was calculated (see below).

At the same time, the root length was measured, and the

number of roots formed on each plant was scored to

evaluate the rooting; typically, ten plants were used for a

single experiment and five measurements were performed

for three independent experiments. Also, the average dry

mass of single plant was calculated.

For stable transformation experiments N. tabacum cul-

tivar Big Havana wild-type plants were used. The plants

were germinated and grown in control or modified liquid

MS medium supplemented with various quantities of

potassium or cerium (III) chlorides (Table 2). To get the

ammonium nitrate as a single source of nitrogen in the

medium, potassium nitrate that was originally present in

standard MS medium was substituted for potassium sul-

phate. Modified MS medium containing 20.6 mM of

ammonium nitrate, an amount that is naturally present in

standard MS medium was used as a control (Table 2).

Once grown (at a fully developed leaf stage), the plants

were used for transformation with Agrobacterium.

In all cases, plants were grown in high light conditions

(32.8 lEm-2 s-1) at 22�C in a 16 h light regime and at 18�C

in an 8 h dark regime, under a constant humidity of 65%.

Calculation of the homologous recombination frequency

and recombination rate

Homologous recombination frequency (HRF) was calcu-

lated by counting the number recombination events (areas

Table 1 Growth medium compositions used for the analysis of potassium chloride effects on homologous recombination frequency in

Arabidopsis

Control: MS macro (mM) Experimental media compositions, all final concentrations listed in mM

KCl

19

KCl

2.59

KCl

59

NH4NO3 20.6 41.2 41.2 41.2

KNO3 18.8 – – –

CaCl2 3 3 3 3

MgSO4 1.5 1.5 1.5 1.5

KH2PO4 1.25 – – –

KCl – 18.8 47 94

NH4H2PO4 – 1.25 1.25 1.25

To have potassium chloride as the only source of potassium in growth medium, potassium nitrate was omitted, whereas potassium dihydro-

genphosphate was substituted with ammonium dihydrogenphosphate. To compensate for a total loss of nitrate, the concentration of ammonium

nitrate was increased proportionally. 9 indicates the concentration of K?, where 19 is the amount similar to the one present in the standard MS,

whereas 2.59 and 59 are 2.5- and 5-fold larger amounts
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of luciferase activity) in the population of *50 4-week-old

tobacco plantlets and relating this number to the total

number of plants used for the analysis.

Recombination rate (RR) was calculated by counting the

number of recombination events (blue spots/sectors) in the

population of *100 3-week-old Arabidopsis plantlets,

relating this number to the total number of plants used for

the analysis and then dividing this number by the average

number of haploid genomes present in 3-week-old plants

grown on specific media.

The number of haploid genomes per plant was calcu-

lated by relating the yield of total DNA (in micrograms per

plant) to the mean DNA content (0.16 pg) of an A. thaliana

haploid cell and the number of plants used for DNA

preparation. To avoid a bias during DNA preparation, DNA

was extracted using two different methods (see Boyko et al.

2009).

Agrobacterium strains and constructs used in experiment

Agrobacterium GV3101 strain containing pPM6000 helper

plasmid was used for transformation (Boyko et al. 2009).

The T-DNA cassette contained the active luciferase (LUC)

gene driven by the N-gene promoter. The hph gene that

confers resistance to hygromycin was cloned under control

of 35S CaMV promoter, and served as a selection marker.

Liquid cultures of Agrobacterium were inoculated from

frozen glycerol stock and grown overnight at 28�C in the

presence of appropriate antibiotics (kanamycin, 50 mg/ml;

rifampicin, 25 mg/ml; and gentamicin, 25 mg/ml). Cells

were harvested and prepared for transformation as previ-

ously described (Kovalchuk et al. 2000).

Stable transformation of N. tabacum cultivar Big

Havana wild-type plants was performed as previously

described (Boyko et al. 2009). In brief, leaves of 4-week-

old tobacco plants grown in sterile conditions were

removed and then submersed into a Petri dish laid out with

Whatman paper and containing resuspended Agrobacte-

rium. Once upside-down and completely submersed, the

leaf surface was incised using a sharp surgical blade.

Incisions were made in parallel to side veins. The distance

between two parallel incisions was 5–7 mm; thus, on

average 4–6 incisions were made per single leaf. Four

leaves of approximately similar size per each experimental

group were used and the number of incisions was kept at 20

per each experimental group. Each experiment was repe-

ated three times. When cutting was completed, leaves were

allowed to be submersed for 10 min, then they were blotted

dry and placed upside-down in solid standard MS medium.

After 3 days of incubation in the dark at 22�C, leaves were

removed from plates, well rinsed with sterile distilled

water, blotted dry, and transferred to solid standard MS

medium containing IAA (0.8 mg/L), kinetin (2 mg/L) for

calli induction and regeneration, and the combination of

ticarcillin (100 mg/L) with potassium clavulanate (3 mg/L)

to control Agrobacterium growth. Calli and roots induction

were performed under selection conditions (hygromycin,

25 mg/L). The developed plantlets were transferred to soil

and checked for luciferase gene expression. The effect of

selected chemicals on plant transformation was evaluated

using two parameters: callus regeneration efficiency and

stable transformation frequency (Boyko et al. 2009). The

former shows the total number of shoots produced on

callus-inducing/regenerating medium per 20 incisions

made in 4 leaves during transformation. The latter shows

the total number of luciferase expressing plants obtained

per 20 incisions made in 4 leaves during transformation.

T-DNA segregation analysis

Seeds of self-pollinated T0 tobacco plants were germinated

and grown for 3 weeks on MS medium in presence of

Table 2 Growth medium compositions used for the analysis of potassium and cerium (III) chlorides effects on transformation efficiency in

N. tabacum

Standard MS macro (mM) Experimental media compositions (mM)

NH4NO3

19

NH4NO3

29

NH4NO3

39

CeCl3
0.1

CeCl3
0.3

CeCl3
0.5

CeCl3
1.0

KCl

50

NH4NO3 20.6 20.6 41.2 61.8 20.6 20.6 20.6 20.6 20.6

KNO3 18.8 – – – – – – – –

CaCl2 3 3 3 3 3 3 3 3 3

MgSO4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

KH2PO4 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

K2SO4 – 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4

KCl – – – – – – – – 50

CeCl3 – – – – 0.0001 0.0003 0.0005 0.001 –

To have ammonium nitrate as the only source of nitrogen in the medium, potassium nitrate was substituted for potassium sulphate. Modified MS

medium containing 20.6 mM of ammonium nitrate, an amount that is naturally present in standard MS medium was used as a control
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hygromycin (25 mg/L). 300–400 seeds per each putative

transgenic line were used. The following number of

transgenic lines was analyzed: for control, 8 lines; for

‘‘KCl’’ group, 16 lines; for ‘‘Ce 0.1 lM’’, 5; for ‘‘Ce

0.3 lM’’, 7; for ‘‘Ce 0.5 lM’’, 12; and for ‘‘Ce 1.0 lM’’, 8

lines. Plants showing an antibiotic resistance phenotype

were scored, and a segregation ratio was calculated. Single

locus typically gave a ratio of resistant to sensitive plants of

3:1, whereas two, three and four (or more) loci would give

the ratio of 15:1, 63:1 and 255:1, respectively. Statistical

significance of calculated segregation ratios was confirmed

using Chi square statistic with a = 0.05.

Total DNA preparation and PCR amplification

of right and left borders

Total DNA was prepared using the Gene Elute Plant

Genomic DNA Miniprep Kit (Sigma) according to the

manufacturer’s protocol. The following number of trans-

genic lines was used for the analysis of PCR intactness: for

control, 5 lines; for ‘‘KCl’’ group, 20 lines; for ‘‘Ce

0.1 lM’’, 6; for ‘‘Ce 0.3 lM’’, 3; for ‘‘Ce 0.5 lM’’, 16; and

for ‘‘Ce 1.0 lM’’, 3 lines. The intactness of the integrated

T-DNA borders was determined using previously pub-

lished set of PCR primers (Table S1) for left and right

T-DNA border analysis (Boyko et al. 2009). Each set

consisted of one outward (from integrated T-DNA) and

three consecutive inward (into integrated T-DNA) primers.

Deletions of T-DNA border sequence limit the number of

inward primer binding sites in a deletion-size-dependent

manner. The deletion size can be approximated by ana-

lyzing the PCR products in agarose gel: an intact border

sequence should yield 3 PCR products, and a truncation of

a border sequence should reduce the number of PCR

products to 2, 1 or 0 depending on a deletion size (Boyko

et al. 2009). PCR conditions were the same as previously

published (Boyko et al. 2009).

Southern blot analysis

To determine the number of T-DNA copies inserted in

plant genome, 10 lg of total genomic DNA prepared from

plants regenerated from control, Ce 0.3 and Ce 0.5 media

was digested overnight with 10 U of NdeI (New England

Biolabs, Beverly, MA) in a final volume of 200 ll. Pre-

cipitated DNA was dissolved in 10 ll of water. The DNA

was separated by electrophoresis on a 1% agarose gel. The

gel was treated for 30 min in 0.4 M NaOH, and then for

20 min in 0.25 M HCl. The DNA was blotted onto a

positively charged nylon membrane (Roche, Mannheim,

Germany) by vacuum transfer; afterward, the DNA was

UV-crosslinked. Hybridization and washes of the mem-

brane were performed according to DIG Application

Manual for Filter Hybridization (Roche, Mannheim,

Germany) with following modifications. The membrane was

hybridized with a DIG-labeled probe overnight at 42�C.

The probe (575 nt) was synthesized with PCR DIG Probe

Synthesis Kit (Roche, Mannheim, Germany) according to

the manufacture’s protocol using luciferase-specific prim-

ers (forward 50 ATTTATCGGAGTTGCAGTTGCGCC 30,
reverse 50 CCAGCAGCGCACTTTGAATCTTGT 30) and

pCAMBIA NLUC plasmid as a template. The High

Stringency membrane wash was done at 65�C.

pCAMBIA NLUC (1 lg) was digested overnight with

2 FDU of FastDigest NdeI (Fermentas). Enzyme was

removed by phenol–chloroform (1:1) and then chloro-

form. DNA was precipitated with sodium acetate and

ethanol and precipitated DNA was dissolved in water.

The digested plasmid DNA was used as a positive control

for the blot. The intact T-DNA should give a fragment of

at least 6.3 kb (from NdeI site to the right border) (see

Fig. 6a).

Statistical treatment of data

In all cases, the mean and standard error or standard

deviation from at least three independent experiments was

calculated. Statistical significance of the experiment was

confirmed by either the two-tailed paired Student’s t test

(comparing data from two treatments), or Kolmogorov–

Smirnov test (comparing two distributions). Statistical

analysis was performed using the JMP 5.0 software (SAS

Institute Inc) and R (version 2.10.1) statistical package

(freeware).

Results

High concentrations of potassium chloride increase

recombination rates in Arabidopsis

To analyze whether the exposure to potassium chloride can

induce homologous recombination, transgenic Arabidopsis

line #11 plants (Swoboda et al. 1994) were germinated and

grown on solid MS media modified with various concen-

trations of potassium chloride (Table 1). Our results dem-

onstrated that the presence of potassium chloride in the

growth medium significantly increased recombination rate

(RR) (Fig. 1a). The presence of 18.8 mM potassium

chloride resulted in a 9.3-fold increase in RR as compared

to control MS medium (Student’s t test, a = 0.01)

(Fig. 1a). Consistently, the supplementation of the growth

medium with 47 and 94 mM potassium chloride led to a

15.4- and 19.2-fold increase in RR, as compared to plants

grown on MS medium (Student’s t test, a = 0.01)

(Fig. 1a). Overall, a strong positive correlation between the
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amount of potassium chloride present in growth media and

RR was observed (r = 0.93, P \ 0.05).

Rare earth elements increase the frequency

of homologous recombination in N. tabacum

Effects of rare earth elements on induction of HR was

analyzed using transgenic N. tabacum line #LU2 plants

(Ilnytskyy et al. 2004). In the pilot experiments we found that

0–3 lM of LaCl3 and CeCl3 was preferable concentration

range as higher concentrations resulted in the growth inhi-

bition (data not shown). It should be noted that although we

used chloride salts of cerium and lanthanum, the concen-

tration of chloride were the fraction of those used in potas-

sium chloride salts, 0.1–3.0 lM for LaCl3 or CeCl3 versus

18.8–94.0 mM for KCl. Thus, the effects observed in the

experiments with cerium and lanthanum salts were due to the

rare earth elements, rather than chloride ions.

Our results demonstrated that supplementation of

growth medium with 0, 0.1, 0.3, 1.0, 2.0 and 3.0 lM of

cerium (III) or lanthanum (III) chlorides resulted in an

increase of HRF (Fig. 1b). Strikingly, while two elements

have very similar chemical properties, they had a different

influence on HRF. Cerium (III) chloride resulted in a

greater than twofold increase in HRF while present in the

medium in the lowest concentration of 0.1 lM (Student’s

t test, a = 0.05) (Fig. 1b). In contrast, lanthanum (III)

chloride increased the HRF only when it was present in the

medium at 1.0 lM (Student’s t test, a = 0.05) (Fig. 1b).

Consistently, there was no additive positive effect observed

when the growth medium was supplemented with both

cerium (III) and lanthanum (III) chlorides at 0.1 or 0.3 lM

each. Only when 1.0 lM of each element was added to

the growth medium, a statistically insignificant 1.4- and

1.5-fold increase of HRF was observed as compared to the

media supplemented with 1.0 lM of either cerium (III) or

lanthanum (III) chlorides, respectively (Fig. 1b). Finally,

neither cerium (III) nor lanthanum (III) chlorides had a

significant effect on HRF when present in medium in

concentrations higher than 1.0 lM.

Rare earth elements increase the root growth

and rooting in N. tabacum

While analyzing the influence of rare earth elements on

HRF, we observed a strong positive effect on root growth

from presence of cerium (III) and lanthanum (III) chlorides

in media (Fig. 2). Similar to the HRF response discussed

above, a broad range of cerium (III) chloride concentration

from 0.3 to 2.0 lM had a positive effect on root growth

(Kolmogorov–Smirnov test, P \ 0.01). In contrast, a

strong positive response to lanthanum (III) chloride was

observed only at 2.0 lM, where the average root length

was increased by 2.4-fold compared to the control MS

medium (Kolmogorov–Smirnov test, P \ 0.01) (Fig. 2a).

Presence of 0.3 lM of cerium (III) chloride increased the

average root length by 2.7-fold as compared to the control

MS medium (Kolmogorov–Smirnov test, P \ 0.01).

Increasing cerium (III) chloride concentration to 1.0 and

2.0 lM resulted in a somewhat less pronounced response,

as the average root length was increased only by 2.3-

and 1.7-fold, respectively (Kolmogorov–Smirnov test,

P \ 0.01) (Fig. 2a). Finally, a weak 1.5-fold increase in

root length was observed when lanthanum (III) chloride

was used at 3.0 lM (Kolmogorov–Smirnov test, P \ 0.1).

A

B

× × ×

Fig. 1 The effect of growth media supplemented with various

amounts of potassium chloride (a) and rare earth elements (b) on

recombination frequencies and recombination rates in plants.

a Recombination rates (as an average of three experiments with

standard error) were measured in the population of *100 (per each

experimental group) Arabidopsis plants germinated and grown for

3 weeks on solid MS medium (control) or modified medium

containing 18.8 (19), 47 (2.59) and 94 (59) mM potassium chloride.

9 stands for the concentration of potassium in standard MS medium.

Asterisks show significant difference (Student’s t test) from the

control (P \ 0.01). b Homologous recombination frequencies (as an

average of three experiments with standard deviation) were measured

in the population of *50 (per each experimental group) N. tabacum
plants germinated and grown for 4 weeks on solid MS medium

(control) or MS medium supplemented with 0.1, 0.3, 1.0, 2.0 and

3.0 lM of either cerium (III) or lanthanum (III) chlorides, or in the

presence of both elements. Asterisks show significant difference

(Student’s t test) from the control (vertical asterisks) or other

treatment (horizontal asterisks), where one asterisk is P \ 0.1 and

two asterisks are P \ 0.05

Plant Cell Rep

123



The increase in root growth was paralleled by enhanced

rooting capacities. While the plants grown on the control

MS medium had on average 2.2 roots per plant, the plants

grown on media supplemented with 0.3 and 2.0 lM of

cerium (III) chloride had 3.5 and 3.7 roots per plant,

respectively (Kolmogorov–Smirnov test, P \ 0.1 for

0.3 lM, P \ 0.01 for 2.0 lM) (Fig. 2b). In general, 70%

of control plants analyzed in this study had from 1 to 2

roots formed per plant (Table S2). In contrast, about 75%

of plants grown in presence of 2.0 lM of cerium (III)

chloride formed from 3 to 7 roots per plant. Similar

response was observed when lanthanum (III) chloride was

used at 2.0 lM: plants developed on average 3.5 roots per

plant, and 66% of all analyzed plants formed from 3 to 7

roots per plant (Table S2). Moderate correlation between

the number of roots and root length was found for the

plants grown on the medium containing cerium (III)

chloride in concentrations of 0.3, 1.0 and 2.0 lM, lantha-

num (III) in the concentration of 2.0 lM and for plants

grown on both salts as concentrations of 2.0 and 3.0 lM

(in all cases r [0.5 but \0.75).

Finally, the positive effect of rare earth elements on plant

growth was supported by an increase in dry mass of plants

grown at optimal concentrations of cerium (III) and

lanthanum (III) chlorides (Figure S2). The significant

2.4- and 1.9-folds difference was observed, when plants were

grown at 0.3 lM of cerium (III) and 2.0 lM of lanthanum

(III) chlorides, respectively (Student’s t test, a = 0.05).

It is noteworthy that no added positive effect on the

growth of roots from simultaneous presence of two rare

earth elements in the media was found. The significant

difference in root length and root number, observed in

several cases between the control and the various treat-

ments with a simultaneous application of cerium (III) and

lanthanum (III) chlorides, can be fully attributed to a

presence of only one of the two analyzed elements in the

media (Fig. 2).

The influence of potassium and cerium (III) chlorides

on callus regeneration and the frequency of stable

T-DNA integrations in N. tabacum

To analyze whether potassium chloride and rare earth

elements have any effect on the frequency of stable plant

transformation, we performed an experiment on genetic

transformation of plants grown in media supplemented

with potassium or cerium (III) chloride. Previous experi-

ments showed that active concentration of lanthanum (III)

chloride is higher than of cerium (III) chloride and the

observed effects are smaller so we decided to test cerium

(III) chloride only. To compare the effects of these salts on

calli regeneration efficiency and stable transformation

frequency with those previously described for ammonium

nitrate, we also included growth media modified in their

ammonium nitrate content (Table 2). The concentration of

ammonium nitrate of 20.6 mM was used as a control.

Consistent with previous experiments, growing plants

on the medium supplemented with 41.2 and 61.8 mM

ammonium nitrate increased the total number of regener-

ated calli by 3.9- and 7.5-fold, respectively (Fig. 3a). The

presence of 50 mM potassium chloride also resulted in

6.0-fold increase in callus regeneration. At the same time,

the presence of 0.1–1.0 lM cerium (III) improved callus

A

B

Fig. 2 The effect of supplementation of growth media with various

amounts of cerium (III) and lanthanum (III) chlorides on root growth

in N. tabacum. N. tabacum plants were germinated and grown for

4 weeks on solid MS medium (control) or MS medium supplemented

with 0.1, 0.3, 1.0, 2.0 and 3.0 lM of either cerium (III) or lanthanum

(III) chlorides, or in the presence of both elements. To evaluate the

effect of rare earth elements on plant growth, the roots length (a) was

measured, and a number of roots formed on each single plant (b) was

scored in the population of 10 plantlets. Data are shown as an average

from five independent measurements with standard deviation. Aster-
isks show significant difference of the roots length or roots number

distributions (Kolmogorov–Smirnov test) from the control (vertical
asterisks) or other treatments (horizontal asterisks), where one
asterisk is P \ 0.1, two asterisks are P \ 0.05 and three asterisks
are P \ 0.01. NS not significant difference
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regeneration by 2.1- to 3.3-fold (Fig. 3a). In all cases we

observed significant difference in the number of calli

regenerated from media supplemented with various amount

of CeCl3 or KCl as compared to control media containing

20.6 mM NH4NO3 (P \ 0.05).

Next, we analyzed the frequency of the appearance of

stable transformants. The presence of 41.2 and 61.8 mM

ammonium nitrate in media increased the total number of

stable transformants by 3.8- and 6.7-fold, respectively

(Fig. 3b). Exposure to media containing 50 mM potas-

sium resulted in a 5.9-fold increase, whereas exposure to

0.1–1.0 lM cerium (III) chloride lead to 1.9- to 3.0-fold

increase in the number of transformants, respectively

(Fig. 3b). In all cases we observed significant difference

in the number of plants regenerated from media supple-

mented with various amount of CeCl3 or KCl as com-

pared to control media containing 20.6 mM NH4NO3

(P \ 0.05). The difference between media containing 0.1

and 0.3 lM cerium (III) chloride was insignificant

(P [ 0.05), as well as the difference between 0.5 and

1.0 lM (P [ 0.05) (Fig. 3b). Overall, our data supports

the idea that the application of potassium chloride and

rare earth elements in growth media improves plant

transformation efficiency.

Segregation analysis

Increased frequency of transformation may also cause the

transgene to integrate in multiple genomic locations. Since

single-locus insertions are usually preferable, we analyzed

whether the use of KCl, CeCl3 and LaCl3 resulted in the

increase in the number of transgenic loci. For this, the

segregation analysis of the T1 progeny of self-pollinated

T0 plants was performed (Fig. 4). Segregation analysis

showed that most integration events are single-locus only

(Fig. 4). It was found that plants regenerated from media

supplemented with 50 mM KCl, 0.1, 0.5 and 1.0 lM of

CeCl3 had more frequent occurrence of single-locus inte-

gration events, as compared to control plants (Fig. 4). This

suggests that increased transformation efficiency found in

plans regenerated from media supplemented with KCl and

cerium (III) chloride was achieved without compromising

the quality of transgenic plants produced.

A

B

× ××

× ××

Fig. 3 Number of calli (a) and transgenic plants (b) regenerated from

Agrobacterium-mediated transformation of tobacco leaves pre-

exposed to ammonium nitrate, potassium chloride and cerium (III)

chloride. Plants were grown in the presence of different amounts of

ammonium nitrate [20.6 (19), 41.2 (29) and 61.8 (39) Mm],

potassium chloride (50 mM) or cerium (III) chloride (0.1, 0.3, 0.5

and 1.0 lM) were used for Agrobacterium-mediated transformation

with the construct carrying the luciferase gene. 9 stands for the

concentration of ammonium nitrate in standard MS medium. a Calli

were regenerated under selective conditions (hygromycin, 25 mg/L).

The data are shown as an average number of calli regenerated per

each experimental group. b Stable transformation events were

confirmed via luciferase gene expression. The data are shown as an

average number of transgenic plants regenerated per each experi-

mental group. Asterisks show significant differences between treat-

ment group and a control group, where one asterisk is P \ 0.1, two
asterisks are P \ 0.05 and three asterisks are P \ 0.01

Fig. 4 Segregation analysis of regenerated transgenic plants. Regen-

erated transgenic plants were subjected to segregation analysis using

25 mg/L of hygromycin. Typically 300–400 seeds were used for the

analysis of segregation of each individual line. KCl group is the group

of plants regenerated from exposure to 50 mM KCl, whereas Ce 0.1,

Ce 0.3, Ce 0.5 and Ce 1.0 represent groups of plants regenerated from

exposure to 0.1, 0.3, 0.5 and 1.0 lM of CeCl3. Y axis shows the

average percentage of plants with one, two, three or four transgenic

loci. Asterisks show significant differences between treatment and

control groups (P \ 0.05)
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Exposure to KCl and CeCl3 salts results in more intact

integrations at the right T-DNA border

We found that exposure to KCl and CeCl3 resulted in

increased RR and transformation frequency. HR is a more

precise mechanism of strand break repair as compared to

NHEJ, so we hypothesized that exposure to these salts

could also influence the transgene integration pattern.

As the VirD2 protein nicks the T-DNA right border

between nucleotides 3 and 4 (Kim et al. 2007), the intact

integration events should contain the T-DNA right border

sequence starting from nucleotide 4. The left border is

typically less preserved. To test for the right and left border

integrity, we used a nested PCR approach for the

amplification of the T-DNA sequence. The presence of 3

fragments of 323, 296 and 251 nt in the PCR product from

the right border would indicate that annealing sequence for

all 3 primers was preserved, suggesting no deletion or a

deletion smaller than 13 nt at the right border (Fig. 5a, b).

If less than 3 fragments were present, there could be

truncations at the right border; the presence of 2, 1 or 0

fragments would suggest truncations of 13–40, 40–85, or

larger than 85 nt, respectively. Similar to the results with

right border, the presence of 3 fragments of 332, 315 and

153 nt in the PCR product from the left border would

indicate that there was no deletion or a deletion at the left

border was smaller than 9 nt (Fig. 5a, c). The presence of

2, 1 or 0 fragments would suggest truncations of 9–36,

D

E

A

B

C

Fig. 5 Analysis of the intactness of the right and left T-DNA borders

in regenerated plants. a Schematic presentation of the PCRs for the

analysis of T-DNA intactness. The intactness of each border was

analyzed using four primers, one primer going outward from T-DNA

(RB? and LB?) and 3 primers going inward (RB1-, RB2- and

RB3- and LB1-, LB2-, LB3-). In the case when no fragments

were observed upon PCR, the PCR was redone with internal primers,

IP? and IP-, each annealing to sequence located in over 2,000 nt

from the border. b Analysis of the right border intactness. First and
last lanes show the ladder. Lines marked as ‘?’, show a positive

control, from a plasmid containing T-DNA (?P) and from genomic

DNA of a transgenic line (?TL), whereas lane, marked as NC, shows

the negative control—PCR from genomic DNA extracted from wild

type. All the other lanes represent PCR amplifications from genomic

DNA of individual transgenic lines. Numbers under the image show

the number of PCR fragments, 1 (251 bp), 2 (251 and 296 bp) or 3
(323, 296 and 251 bp in size). b Analysis of the left border intactness.

First and last lanes show the ladder. Lanes marked as ‘?’, show a

positive control, from a plasmid containing T-DNA (?P) and from

genomic DNA of a transgenic line (?TL), whereas lane, marked as

NC, shows the negative control—PCR from genomic DNA extracted

from wild type. All the other lanes represent PCR amplifications from

genomic DNA of individual transgenic lines. Numbers under the
image show the number of PCR fragments, 1 (153 bp), 2 (153 and

315 bp) or 3 (153, 315 and 332 bp in size). c Summary of the right

border intactness analysis. Percentage of plants having T-DNA

truncations of various sizes found in various experimental media

groups. KCl group is the group of plants regenerated from exposure to

50 mM KCl, whereas Ce 0.1, Ce 0.3, Ce 0.5 and Ce 1.0 represent

groups of plants regenerated from exposure to 0.1, 0.3, 0.5 and

1.0 lM of CeCl3. d Summary of the left border intactness analysis.

Percentage of plants having T-DNA truncations of various sizes found

in various experimental media groups. KCl group is the group of

plants regenerated from exposure to 50 mM KCl, whereas Ce 0.1, Ce

0.3, Ce 0.5 and Ce 1.0 represent groups of plants regenerated from

exposure to 0.1, 0.3, 0.5 and 1.0 lM of CeCl3
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36–188, or larger than 188 nt, respectively. In the cases

when we were not able to amplify any fragment, a pair of

‘internal’ primers was used to confirm the transgene

presence.

About 60% of plants regenerated from the control

medium containing 19 NH4NO3 had no deletions or

deletions were smaller than 13 nt, whereas 40% had

deletions between 13 and 40 nt. In contrast, plants regen-

erated from the media supplemented with either KCl or

various amounts of CeCl3 had at least 80% of plants

without deletions at the right border. Moreover, 100% of

plants regenerated from media containing 0.1, 0.3 and

1.0 lM of CeCl3 had no deletions at the right border

(Fig. 5d). In contrast, approximately 2/3 of all tested plants

had deletions smaller than 9 nt at the left border. There was

no significant difference observed between the control 19

NH4NO3 group and any of the groups with supplemented

amount of KCl or CeCl3 (P [ 0.05; Fig. 5e). This experi-

ment showed that exposure to KCl and CeCl3 results in less

frequent T-DNA truncations at the right border.

Southern blot analysis of selected transgenic lines

To evaluate the complexity of integration events the total

number of the inserted T-DNA copies was determined for

the selected transgenic lines. Based on the previously dis-

cussed segregation analysis, four plants with a single

transgenic locus, one plant with two and one plant with

three transgenic loci were chosen for Southern blot anal-

ysis. As we used a restriction enzyme (NdeI) that cuts

T-DNA only at a single position and does not cut through

region of probe hybridization (see Fig. 6a), the number of

fragments observed on Southern blot would correspond to

the number of loci carrying the transgene(s). In all lines

analyzed in this experiment, the number of fragments on

the Southern blot corresponded to the number of transgenic

loci as identified by segregation analysis (Fig. 6).

Discussion

In this study we analyzed the effect of high concentrations

of potassium chloride and the presence of rare earth ele-

ments in growth media on the activity of HR. We found

that: (a) supplementation of plant growth media with

potassium chloride results in a dose-dependent increase of

RR; (b) application of two rare earth elements, cerium and

lanthanum, can increase HR frequency; (c) cerium (III) and

lanthanum (III) chlorides promote root growth and increase

rooting in tobacco plants; (d) growing plants in media

supplemented with potassium or cerium (III) chloride

before transformation can increase the frequency of

T-DNA integration in the plant genome; (e) plants

regenerated from potassium and cerium (III) chlorides

supplemented medium exhibit normal segregation pattern

and have better protected T-DNA right borders.

High concentrations of potassium chloride increase

recombination rates in Arabidopsis

Our previous studies of the effects of salt stress on the plant

genome demonstrated that the presence of sodium chloride

in growth media can significantly increase RR in plants

(Boyko et al. 2010a, b). This suggests the possibility of

using this chemical for increasing HRF in plants in order to

influence the outcomes of transformation with Agrobacte-

rium. Unfortunately, high concentrations of sodium chlo-

ride result in a significant increase in the level of DNA

double strand breaks (Boyko et al. 2010a, b), therefore

limiting the application of this chemical to relatively low

concentrations. Furthermore, elevated levels of Na? ions in

media are toxic to plants and result in ionic stress

A

B

Fig. 6 Southern blot analysis of selected transgenic lines. a Structure

of pCAMBIA–Npro-long-Luc vector and T-DNA. Position of LUC

gene and the probe is shown. Genomic DNA was digested with NdeI;

thus it is expected that the number of fragments found on Southern

blot should correspond to the number of genomic loci carrying the

transgene. b Southern blot. Lane description: M marker, 1 kb DNA

Ladder Plus (Fermentas). 1 pCAMBIA NLUC digested with PstI, 500

pico grams; 2 pCAMBIA NLUC digested with PstI, 100 pico grams;

3 pCAMBIA NLUC digested with PstI, 50 pico grams; 4 pCAMBIA

NLUC digested with PstI, 25 pg; 5. pCAMBIA NLUC digested with

PstI, 1 pg; 6 line Ce 0.3 9 1 (segregation analysis, 3 loci; Southern

blot, 3 fragments); 7 line Ce 0.5 9 3 (segregation analysis, 1 locus;

Southern blot, 1 fragment); 8 line Ce 0.5 9 7 (segregation analysis, 1

locus; Southern blot, 1 fragment); 9 line Ce 0.5 9 8 (segregation

analysis, 1 locus; Southern blot, 1 fragment); 10 line Ce 0.5 9 9

(segregation analysis, 1 locus; Southern blot, 1 fragment); 11 control

19 NH4NO3 (segregation analysis, 2 loci; Southern blot, 2 frag-

ments); 12 no sample; 13 genomic DNA of the wild-type Havana

plant
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(Hasegawa et al. 2000; Zhu 2000, 2002). The role of Na?

ions in HR induction is negligible. In contrast, Cl- ions

mediate an increase in RR under salt stress conditions

(Boyko et al. 2010b). We hypothesized that delivering Cl-

ions with other cations to growth media could increase

HRF without triggering an ionic stress response associated

with Na?. K? is a natural candidate to use, since it is

normally present in high concentrations in growth media in

the form of potassium nitrate (Murashige and Skoog 1962).

Our data supported a hypothesis regarding the important

role of Cl- ions in increasing RR. Exposure to potassium

chloride resulted in a dose-dependent increase in RR.

Unfortunately, the mechanism behind the effect of Cl- ions

on RR is unclear and remains to be specified. Since both

control and ‘‘KCl 19’’ modified media contained the same

concentration of K? ions, it could be suggested that the

effect of potassium chloride on HR was mediated by Cl-

ions. Indeed, it was previously reported that a genotoxic

aspect of salt stress is Cl--dependent (Boyko et al. 2010b).

Previously, we have shown that the increase in RR in

response to stress is much higher in tobacco as compared to

Arabidopsis (Filkowski et al. 2004b). Thus, although we

have not analyzed the response of tobacco plants to KCl,

we assume that the RR increase will be at least equal to the

one observed in Arabidopsis.

These data strongly support the use of potassium chlo-

ride in growth media for enhancing HRF and improving

plant transformation. Importantly, the effectiveness of such

approach was successfully demonstrated for ammonium

nitrate, one of five MS macrosalts that are normally present

in standard MS medium (Boyko et al. 2009).

The presence of rare earth elements increases

the frequency of homologous recombination

in N. tabacum

Our previous studies demonstrated that enrichment of

growth media with ammonium nitrate has a significant

positive influence on HRF and can improve the efficiency

of Agrobacterium-mediated plant transformation (Boyko

et al. 2009). We believe that these influences can at least be

partially mediated by the positive effect of enhanced

nitrogen metabolism on plant growth, development and

differentiation (Forde 2002; Cao et al. 2007; Weiping et al.

2003; Yin et al. 2009).

Our data demonstrate a new finding that the presence of

rare earth elements in plant growth environment can

increase HRF. Furthermore, these findings are consistent

with our hypothesis and support a hypothetical link

between nitrogen metabolism and HR activity. Both rare

earth elements analyzed in this study had significant

inducing effect on HRF. However, in contrast to previously

described effects of ammonium nitrate (Boyko et al. 2009)

and potassium chloride, the effect of cerium (III) and

lanthanum (III) on HR activity was not dose-dependent and

was observed only at well-defined concentration range:

0.1–1.0 lM for cerium (III) and 1.0 lM for lanthanum

(III). The simultaneous presence of these two elements in

media did not increase the activity of HR, as compared to

media where only one of two analyzed elements was

present. This response may be explained by a small overlap

between the optimal concentration ranges of cerium (III)

and lanthanum (III).

The presence of rare earth elements promotes

growth in N. tabacum

The observed positive effects of cerium (III) and lantha-

num (III) chlorides on root growth and rooting are inter-

esting findings. Unfortunately, published data that describe

the effects of cerium (III) and lanthanum (III) on plant

growth are contradictory and require further clarifications.

While some authors reported no or little effect on root

growth (Diatloff et al. 2008; Hu et al. 2002), others

observed a significant increase of root length and root

number in response to cerium (III) and lanthanum (III)

treatments (Weiping et al. 2003). The discrepancy between

the published data can be attributed to the fact that the

spectrum of plant species and concentrations of cerium

(III) and lanthanum (III) tested differed among the studies.

Plant roots are the primary bioaccumulation site for

cerium (III) and lanthanum (III), and the uptake of these

two elements positively correlates with their concentration

in growth media (Diatloff et al. 2008; Hu et al. 2002). Both

cerium (III) and lanthanum (III) were shown to increase

chlorophyll content, and to accelerate photosynthetic light

reactions (Chen et al. 2001; Yuguan et al. 2009). Consis-

tently, supplementing growth media with cerium (III)

under conditions of magnesium (Yuguan et al. 2009) and

calcium (Hao et al. 2008; Huang et al. 2008) deficiency

was sufficient to alleviate the negative effects on

photosynthesis.

The strong positive impact of rare earth elements on

plant growth observed in our study can also be explained

by the accelerated nitrogen metabolism. A number of

independent studies have showed that the presence of

cerium (III) and lanthanum (III) in growth media promoted

protein synthesis and ammonia assimilation, and increased

activities of nitrate reductase, glutamine synthetase, and

glutamate dehydrogenase enzymes (Cao et al. 2007;

Weiping et al. 2003; Yin et al. 2009). Indeed, we observed

a significant gain of biomass in treatments, where cerium

(III) and lanthanum (III) were used at their optimal

concentrations.
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The presence of potassium and cerium (III) chlorides

improves the frequency of calli regeneration

and of stable T-DNA integrations

It was previously demonstrated that the activity of host

DNA repair proteins plays a critical role during T-DNA

integration. In fact, it has been shown that simultaneous

inactivation of HR and NHEJ pathways by mutations in

RAD52 and KU70 genes completely inhibits T-DNA

integration in yeast (van Attikum and Hooykaas 2003).

We hypothesized that an increase of HRF in plants sub-

jected to tissue culture and transgene delivery should

result in the increase in the frequency of transformation

events. This hypothesis was consistent with our previous

data demonstrating that high ammonium nitrate concen-

trations in growth media could increase HRF and signif-

icantly improve the transformation yield (Boyko et al.

2009). Our current results confirmed the hypothesis and

demonstrated a positive effect of KCl and CeCl3 on plant

transformation. The best results by far were obtained

when KCl was used. KCl in the concentration of 50 mM

was nearly as effective as ammonium nitrate in the con-

centration of 61.8 mM.

As to cerium (III) chloride, we showed here that expo-

sure even to the very low concentration of 0.1 lM

improved transformation frequency. This implies that cer-

ium can be used simultaneously with other chemicals, like

ammonium nitrate, to potentiate their effect on plant

transformation. Manipulation of the amount of macrosalts

in growth media has its own physical and physiological

limit: very high salt concentrations depress the water

potential of media and are usually toxic to plants. Since

cerium (III) chloride is active at such low concentration, it

can be an ideal additive for improvement of transformation

frequency. In contrast, KCl should probably be used with

caution, because the concentration higher than 50 mM

results in some visible physiological changes in plants. The

individual range of KCl to be used for improvement of

transformation should be estimated for each plant species

separately.

It is noteworthy that previous reports demonstrated that

even very small quantities of different microelements in

growth media could significantly improve SE. Supple-

menting standard MS medium with higher quantities of

cupric sulphate promoted tissue regeneration on callus

induction and plant regeneration media (Kothari et al.

2004). Similarly, zinc sulphate was shown to be essential

for regeneration and proper growth of shoots (Kothari et al.

2004). In contrast, media devoid of zinc sulphate enhanced

regenerative callus formation (He et al. 1991; Kothari et al.

2004). Silver nitrate in media improved the total embryo

yield in anther culture in Brassica (Dias and Martins 1999;

Sahrawat et al. 2003).

Exposure to KCl and CeCl3 results in the less frequent

deletions at the 50 of the transgene

Our data showed that exposure to KCl and CeCl3 resulted

in the increased intactness of the right border of T-DNA.

Substantial amount of data exists on the analysis of T-DNA

integration sites; insertions and deletions of various sizes

were observed (Fladung 1999; Kumar and Fladung 2002;

Meza et al. 2002; Tinland et al. 1995; Windels et al. 2003).

According to published literature, the 50-end (the right

border) of the T-DNA seems to be better preserved than the

30-end (the left border) (Brunaud et al. 2002; Rossi et al.

1996; Tinland et al. 1995). This indeed was the case in our

current work (Fig. 5) as well as in the case of our recently

published paper (Boyko et al. 2009).

The difference between changes at the right and left

T-DNA is probably due to the mechanism(s) of T-DNA

integration. Three different mutually exclusive models that

explain T-DNA integration were incorporated to a hypo-

thetical model (reviewed in Tzfira et al. 2004). This model

suggests that the intactness of the 50-end is explained by

attachment of VirD2. At the same time, invading T-strand

undergoes minor degradation at the unprotected 30-end.

Additional loss of nucleotides from the 30-end could occur

upon conversion of a single stranded T-DNA to a double

stranded T-DNA form. Converted dsT-DNA undergoes

integration into the host DNA via NHEJ or HR pathways. It

is suggested that VirD2 alone or together with host protein

searches for microhomology and anneals to the DNA at

available transient strand breaks. Then, the 50-end over-

hangs are filled-in, and the dsT-DNA is ligated into DNA

break in the genome.

We observed the exposure to KCl and CeCl3 to increase

the rate of protection at the right border. Since these com-

pounds increase the HRF as well, it is possible that there is a

more frequent or perhaps more efficient involvement of

recombination proteins in the transgene integration, and thus

better ability either to search for microhomology or to form

the protein/DNA microfilaments. This could allow for better

protection of the invading 50 T-DNA strand. The exact

mechanism remains to be uncovered.

Conclusion

In this study we described the effect of potassium chloride

and salts of rare earth elements on the frequency of HR,

plant growth rate and plant transformation efficiency. The

data demonstrated that all tested chemicals have the

potential for improving the efficiency of plant transfor-

mation. We also think that the simultaneous application of

different transformation-enhancing chemicals in growth

media could result in potentiating their effect on
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transformation efficiency. From this viewpoint, rare earth

elements represent the most likely candidates for potenti-

ating the influence of other macrosalts on the effectiveness

of Agrobacterium-mediated genetic transformation.
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