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Abstract A protocol was developed for regeneration
and Agrobacterium-mediated genetic transformation of
Lesquerella fendleri. Calli were first induced from
hypocotyls and cotyledons on MS plus 0.5 mg 17! BA,
1 mg 17! NAA and 1 mg ! 2,4-D, then co-cultivated
for 2-3 days in darkness on MS supplemented with
0.5 mg 1! BA, 0.2 mg 1"' NAA and 100 pmol 17'As
together with Agrobacterium tumefaciens strain EHA
105/pCAMBIA1301 that harbored genes for uidA (GUS)
and hygromycin resistance. Following co-cultivation,
calli transfected by A. tfumefaciens were transferred to
MS with 0.5 mg 17" BA, 0.2 mg 17'NAA, 500 mg 1
Cefand 10 mg 1~ " hygromycin and cultured for 10 days,
then the hygromycin was increased to 20 mg 1~ on the
same medium. After 4 weeks the resistant regenerants
were transferred to MS with 0.5 mg 17'BA, 0.2 mg 1™
NAA, 500 mg 1”' Cef and 25 mg 1™ hygromycin for
further selections. Transgenic plants were confirmed by
polymerase chain reaction analysis, GUS histochemical
assay and genomic Southern blot hybridization. With this
approach, the average regeneration frequency from
transfected calli was 22.70%, and the number of
regenerated shoots per callus was 6-13. Overall results
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described in this study demonstrate that Agrobacterium-
mediated transformation is a promising approach for
improvement of this Lesquerella species.
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Abbreviations

MS Murashige and Skoog medium
NAA a-Napthaleneacetic acid

BA 6-Benzylaminopurine

2,4-D 2,4-Dichlorophenoxy

GUS p-Glucuronidase

CaMV  Cauliflower mosaic virus

Hpt Hygromycin phosphotransferase
X- 5-Bromo-4-chloro-3-indolyl-b-d-
Gluc glucoronide

PCR Polymerase chain reaction

As Acetosyringone

Rif Rifampicin

Cef Cefotaxime

Introduction

Lesquerella is considered to be a promising new oil
crop because it contains significant quantities of
hydroxy fatty acid (HFA) that can be used by industry
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for the manufacture of resins, waxes, nylons, plastics,
corrosion inhibitors, cosmetics, coatings, and lubricat-
ing grease (Thompson et al. 1989; Arquette and Brown
1993; Dierig et al. 1993). Within this genus, Lesque-
rella fendleri L. is a good candidate for domestication
because it has the highest agronomic potential, low
seed dormancy and low fruit dehiscence (Thompson
and Dierig 1994; Ploschuk et al. 2003). L. fendleri
seeds contain over 25% oil by weight where the
primary fatty acid (55-60%) content is the C20:1
lesquerolic hydroxy fatty acid (http://www.nnfcc.co.
uk/crops/info/lesquerella.pdf). Theoretically the oil
and lesquerolic acid content in L. fendleri can be
increased through genetic engineering. The pre-
requisite for a successful gene transfer is the
establishment of an efficient transformation protocol.
This paper reports the development of a genetic
transformation protocol for this species using calli
induced from cotyledons and hypocotyls as explants.

Materials and methods
Plant material and bacterial strains

Seeds of Lesquerella fendleri L.were obtained from
Prof. Dr. Sten Stymne, Swedish University of Agri-
cultural Sciences, Alnarp, Sweden. The disarmed
Agrobacterium tumefaciens strain EHA105 harboring
binary vector pCAMBIA1301 (http://www.cambia.
org/, Center for the Application of Molecular Biology
to International Agriculture, Australia), which con-
tains a uidA (gus) gene as the reporter gene and a
hygromycin resistance gene (hygromycin phospho-
transferase, Hpt) as the selectable marker, both driven
by the cauliflower mosaic virus (CaMV) 35S pro-
moter, was used for transformation studies. A.
tumefaciens EHA105/pCAMBIA1301 was inoculated
into modified liquid YEB medium (1 g1™' Yeast
extract, 5 g 17" Beef extract, 5 g 17! Peptone, 5 g 1™
Sucrose, 0.5 g 17! MgS0,4-7H,0, pH 7.2) containing
50 mg 17! rifampicin and 50 mg 1" kanamycin and
incubated for 24 h at 28°C with reciprocal shaking
(150 cycles minfl).

Callus induction and shoot regeneration

The seeds were surface sterilized for 15 min in
0.1% HgCl,, followed by three rinses in sterile
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distilled water. They were then germinated under
aseptic conditions on MS basal medium (Murashige
and Skoog 1962) with 30 g 17" sucrose and 7 g 17"
agar (Sigma). Calli were first induced from coty-
ledons and hypocotyls of 7-day old seedlings on
MS medium with different BA, NAA and 2,4-D
combinations (Table 1), then transferred to MS
medium containing 0.2 mg 1"'NAA, 0.5 mg 17!
BA for regeneration. Regenerated shoots were
transferred to basal MS for rooting. Above cultures
were incubated at 25°C under a 16/8-h (day/night)
photoperiod. Variance analyses on effects of BA,
NAA and 24-D were carried out by running
Orthogonal Design Assistant II 3.1.

Transformation and regeneration

Agrobacterium tumefaciens suspensions were pelleted
by centrifugation at 2,000 rpm for 10 min and then re -
suspended to an ODggyy of 0.6 in liquid inoculation
medium that consisted of MS medium supplemented
with 3% sucrose. Each time 80 hypocotyls or cotyle-
dons were incubated in 40 ml of A. tumefaciens
inoculation medium for 5 min, then blotted on a sterile
filter paper, and co-cultivated in darkness at 28°C with
A. tumefaciens for 2-3 days on agar-solidified (0.7%)
MS medium supplemented with 0.5 mg1~' BA,
0.2mg 1" NAA and 100 umol 1"'As. Following
co-cultivation, hypocotyls/cotyledons were rinsed
three times with sterile distilled water containing
500 mg 1~" Cef, blotted dry on sterile filter paper, and
cultured on selective regeneration medium (MS salts,
0.5 mg 17! BA, 0.2 mg 1™' NAA) supplemented with
500 mg 1" Cef and 10 mg 1" hygromycin. Ten days
later, hypocotyls and cotyledons were transferred to
MS medium containing 0.5 mg 1~' BA, 0.2 mg ™'
NAA and 20 mg1~' hygromycin for subsequent
regeneration. Regenerated adventitious shoots under
this selection pressure were transferred to the same
medium with higher concentrations of hygromycin
(25 mg 171 for further selections.

Meanwhile, calli were first induced from cotyledons
and hypocotyls on MS plus 0.5 mg 17" BA, 1 mg 1™*
NAA and 1 mg 1! 2,4-D, then co-cultivated with
A. tumefaciens and selected as described above. After
several rounds of selections at 25 mg 1~! hygromycin
the regenerated shoots were transferred to MS basal


http://www.nnfcc.co.uk/crops/info/lesquerella.pdf
http://www.nnfcc.co.uk/crops/info/lesquerella.pdf
http://www.cambia.org/
http://www.cambia.org/

Plant Cell Tiss Organ Cult (2008) 92:165-171

167

Table 1 Effect of BA, 2,4-D and NAA on callus induction from hypocotyls and cotyledons of L. fendleri

Medium BA NAA 2,4-D

Frequency of callus induction Frequency of callus induction Days needed for shoot

number mgl™' mgl™' mgl™' from hypocotyls from cotyledons regeneration
1 0 0.2 0.5 75.00 66.67 25

2 0 0.5 1 27.27 69.23 40

3 0 1 2 22.22 70.00 25

4 0.5 0 0.5 85.71 100.00 40

5 0.5 0.2 0 44.44 66.67 17

6 0.5 0.5 2 57.14 75.00 40

7 0.5 1 1 100.00 80.00 25

8 1 0 1 100.00 11.11 25

9 1 0.2 2 100.00 0.00 Can not regenerate
10 1 0.5 0 100.00 55.56 17

11 1 1 0.5 91.67 20.00 25

12 2 0 2 0.00 14.29 25

13 2 0.2 1 100.00 60.00 40

14 2 0.5 0.5 84.62 66.67 40

15 2 1 0 50.00 100.00 17

medium containing 25 mg 1" hygromycin for rooting
and then moved to the soil.

PCR analysis

To check for the presence of transgenes in putative
transformants, PCR analysis for the uidA gene was
performed using genomic DNAs isolated from
hygromycin-resistant and untransformed L. fendleri
leaves as templates. Plasmid DNA of pCAMBIA
1301 was used as the positive control. The forward
and reverse primers used for the uidA gene
were 5’ACCCCAACCCGTGAAATCAAAAAACTC
3’ and 5CCCGCTTCGAAACCAATGCCTAAA3Z,
respectively. The PCR reaction mixture (10 pl)
contained 1 pl of 10 x PCR buffer, 1 ul MgCl, of
25 mM, 0.2 pul dNTPs of 0.5 mM, 0.2 pul forward
primer of 5 uM, 0.2 ul reverse primer of 5 pM,
0.1 pl Tag DNA Polymerase, 0.5 pl template, and
6.8 ul ddH,0. The enzyme and primers were from
Invitrogen Company (Shanghai, China). The PCR
reaction profile included 35 cycles of strand separa-
tion at 94°C for 20 s, annealing at 54°C for 25 s and
extension at 72°C for 1 min. The program was
extended for 8 min at 72°C. The amplification
products were analyzed on 0.8% agarose-goldview
(SBS Gene Company, Shanghai, China) gels.

GUS histochemical assay

A histochemical GUS assay was performed using the
method of Jefferson (1987). The assay solution
contained 0.5 mM potassium ferrocyanide, 0.3%
(v/v) Triton X-100, and 1 mg/ml 5-bromo-4-chloro-
3-indolyl-D-glucuronide (X-gluc) in 50 mM phos-
phate buffer, pH 7.0. Leaflets randomly collected
from regenerated hygromycin-resistant and non-
transformed control plants were placed in micro-
centrifuge tubes containing about 0.8 ml staining
solution. The tubes were incubated for 2 h at 37°C.
The GUS-staining was observed after extracting
chlorophyll with 70% ethanol.

Southern blot analysis

The integration of foreign genes in host genome was
determined by Southern blot analysis (Holtke et al.
1995). After RNase treatment, the genomic DNA was
digested with Hind III (NEB) and separated by
electrophoresis (0.8 % [w/v] agarose). Size-fractionated
DNA was transferred to Hybond N* membrane
(Amersham Pharmacia Biotech, Piscataway, NJ) by
standard Southern-blot techniques (Sambrook and
Russell 2002). DIG High labeled probe was made
using the PCR-amplified uidA coding sequence and
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with a digoxigenin (DIG)-11-dUTP using DIG High
Prime DNA labeling reagents (Roche, Mannheim,
Germany). Hybridization, washing, and detection were
performed according to the instruction manual of the
DIG High Prime DNA labeling and detection starter kit
IT (Roche). Hybridization signals were detected by
exposing the membrane to an X-ray film at 15-25°C for
15-25 min.

Results
Callus induction and shoot regeneration

Our results indicated that calli could be induced from
cotyledons and hypocotyls of L. fendleri in about
20 days after inoculation onto MS with different
hormone combinations (Table 1 and Fig. la,b).
Direct comparison indicated that BA was the most
important factor for callus induction from hypocotyls
and cotyledons. Variance analysis indicated that BA
had significant influence on the callus induction from
hypocotyls but it did not influence the callus induc-
tion from cotyledons significantly. Variance analysis
also indicated that neither NAA nor 2,4-D influenced
the callus induction significantly, but this conclusion
needs to be confirmed by more experiments. Most
calli induced from media listed in Table 1 could
regenerate after transferred to the regeneration
medium, but the regeneration speed varied. Some
hypocotyls and cotyledons regenerated directly into

Fig. 1 Genetic
transformation of

L. fendleri. (a, b) calli
induced from cotyledons (a)
and hypocotyls (b, ¢) shoots
amplified on subculturing
medium, (d) shoots
regenerated from tranfected
calli, (e) tranformants
rooting, (f) transformed
plantlets transferred to soil
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adventitious shoots when the induction medium
contained no 2, 4-D while calli induced on medium
with 1 mg 17" BA, 0.2 mg 17! NAA, 2 mg 17" 2,4-D
could not be regenerated. Regenerated shoots were
rapidly amplified after transferred onto fresh medium
containing 0.5 mg1™' BA and 02 mgl™' NAA
(Fig. 1c). Roots were induced in 4 weeks when
regenerated shoots were transferred to MS basal
medium (Fig. le).

Transformation and recovery of resistant shoots

Adventitious shoots were formed from the hypocotyls
and cotyledons in about one month after co-cultiva-
tion with A. tumefaciens and some of them survived
after transferred to fresh medium with higher con-
centrations of hygromycin (25 mg 17"). However
subsequent PCR gave no positive amplification.
Under the selection pressure of 20 mg 17! hygro-
mycin, some A. tumefaciens-transfected calli swelled
and developed into adventitious shoots within 6 weeks
(Fig. 1d). The average regeneration frequency from
transfected calli was 22.70%, and the number of
regenerated shoots per callus was 6—13. During the
process of selection, subculturing explants onto fresh
medium containing 25 mg 1= hygromycin greatly
reduced the number of escapes. Some of the shoots that
were initially green grew yellow, leaving some con-
tinued to grow vigorously. After several rounds of
selections shoots of about 3-4 cm in length were
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Fig. 2 PCR Identification of uidA gene. Lane M. 1Kb Ladder;
Lane N. Untransformed plants; Lane P. Plasmid pCAM-
BIA1301; Lane 1-11. Transformed plants

rooted on MS basal medium containing 25 mg 1™
hygromycin. All shoots subsequently formed roots on
this medium in 4 weeks (Fig. 1e) and more than 80%
of the rooted plantlets survived after transferred to the
soil (Fig. 1f).

Fig. 3 X-Gluc reaction of
regenerated plantlets.
Leaves of transformed (a)
and non-transformed
plantlets (b)

PCR analysis of regenerated plants for uidA gene

All hygromycin-resistant plants exhibited amplifica-
tion of 1.08 kb band corresponding to the coding
region of the uidA gene, indicating the presence of
transgene in the transformed plants (Fig. 2).

Histochemical GUS assay

Histochemical staining revealed that leaves of
putative transgenic plants were strongly positive
for GUS activity (Fig. 3a), while leave samples
from non-transformed plantlets did not stain blue
(Fig. 3b). Since the GUS construct in EHA105/
pCAMBIA1301 used in the present study contained
an intron (Hajdukiewicz et al. 1994), the observed
expression should not be coming from bacterial
contamination.

@ Springer
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Fig. 4 Southern hybridization analysis of non-transformed and
transformed plantlets harboring uidA gene. Lane 1. pCAM-
BIA1301; lane 2. untransformed L. fendleri; lane 3-11.
transformed L. fendleri; Genomic DNA from each line was
digested with HindIII and probed with the uidA gene fragment.
The bands represent the transgene insertions. The migration of
DNA size markers is shown on the left in kb

DNA blotting analysis

Southern blot analysis confirmed the integration of
the T-DNA region in the transformed plant genome
(Fig. 4). Usually the transgenic plants contained one
copy of uidA gene (Fig. 4, lane 4, 6, 7, 8, 10), some
plants contained two copies (Fig. 4, lane 3, 5, 9) and
one plant contained probably three copies of uidA
gene (Fig. 4, lanel1). No hybridization was detected
in the non-transformed control plants (Fig. 4, lane2).

Discussion

In this study we established a simple and reliable
procedure for A. fumefaciens-mediated transforma-
tion of L. fendleri using calli as explants and this
system should facilitate the improvement of this
species. It was reported that L. fendleri had a high
capacity for plant regeneration from cultured cells
(Skarzhinskaya et al. 1996) and a plastid transforma-
tion protocol was established for this species
(Skarzhinskaia et al. 2003). In the present study it
was shown that adventitious shoots could be induced
directly from hypocotyls and cotyledons when the
induction media contained no 2,4-D. Considering the
calli induction frequency and regeneration speed, we
chose MS supplemented with 0.5 mg 1-' BA, 1 mg
17! NAA and 1 mg 17! 2,4-D as the callus induction
medium and MS supplemented with 0.5 mg 17! BA
and 0.2mg1™' NAA as the shoot regeneration
medium in the transformation experiment.
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Lesquerella fendleri calli were chosen as explants
for the A. tumefaciens-mediated transformation
because the regenerated shoots from transfected
hypocotyls/cotyledons did not give positive PCR
amplification. The calli were first induced without
hygromycin, then co-cultivated with A. fumefaciens,
then transferred onto medium containing hygromycin
for shoot regeneration. This method is sometimes
called two-step method and is often used for plant
transformation (Li et al. 2006a, b). Our explanation is
that calli are much looser than hypocotyls and
cotyledons and the calli cells have more contact
surface with A. tumefaciens during the co-cultivation,
and thus makes transformation easier and decreases
the possibility of escapes. According to our experi-
ence the possibility of chimeric regenerants might not
be ruled out, but the percentage of un-transformed
cells can be minimized by repeated selections and by
increasing the selection pressure.
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