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Abstract An Agrobacterium tumefaciens-based transfor-
mation procedure was developed for the desiccation tolerant
species Lindernia brevidens. Leaf explants were infected
with A. tumefaciens strain GV3101 harbouring a binary
vector that carried the hygromycin resistance gene and an
eGFP reporter gene under the control of a native dehydra-
tion responsive LEA promoter (Lb2745pro). PCR analysis of
the selected hygromycin-resistant plants revealed that the
transformation rates were high (14/14) and seeds were ob-
tained from 13/14 of the transgenic lines. A combination of
RNA gel blot and microscopic analyses demonstrated that
eGFP expression was induced upon dehydration and ABA
treatment. Comparison with existing procedures used to
transform the well studied resurrection plant and close rel-
ative, Craterostigma plantagineum, revealed that the trans-
formation process is both rapid and leads to the production
of viable seed thus making L. brevidens a candidate species
for functional genomics approaches to determine the genetic
basis of desiccation tolerance.
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Introduction

Although often observed in seeds, spores and pollen, des-
iccation tolerance is rare in vegetative tissues of vascular
plants. Of the quarter of a million species of vascular
plants, approximately 330 species have been documented
as having the potential to survive desiccation in the vege-
tative growth phase (Porembski and Barthlott 2000). The
acquisition of desiccation tolerance requires the induction
of a co-ordinated programme of genetic and biochemical
processes. Among the metabolic changes that take place
during drying is the synthesis of proteins and sugars, which
are postulated to form the basis of protective mechanisms
that limit damage to cellular constituents. A group of
proteins that are predicted to play a major role in desic-
cation tolerance are the Late Embryogenesis Abundant
(LEA) proteins (Cuming 1999).

Plant systems have to be developed to elucidate desic-
cation tolerance associated gene functions through stable
genetic transformation. So far only two species have pro-
ven amenable to gene transfer namely, Craterostigma
plantagineum (Furini et al. 1994; Toldi et al. 2002) and
Ramonda myconi (Téth et al. 2006). T-DNA tagging
strategies have subsequently been employed to identify
C. plantagineum genes that play a role in abscisic acid
(ABA) signalling, although a major drawback to this ap-
proach is that it is both time consuming and difficult to
produce seeds (Furini et al. 1997; Smith-Espinoza et al.
2005). Thus there is a need to develop improved genetic
transformation technology in order to over-express and
silence genes in a desiccation tolerant species.

Previously, phylogenetic analysis has been used to
demonstrate monophyly of the lineage that includes the
genera Craterostigma and Lindernia (Rahmanzdeh et al.
2005). Recent data demonstrates that Lindernia brevidens
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is desiccation tolerant (Phillips, Fischer, Baron, van den
Dries, Kutzer, Rahmanzdeh, Remus and Bartels unpub-
lished). Mechanisms that transcriptionally regulate and
confer cellular protection during extreme water loss appear
well conserved in L. brevidens, and genes that play a
putative role in desiccation tolerance have a high degree of
sequence homology to the corresponding genes from C.
plantagineum. In this context a homologue of the LEA gene
CDeT27-45 from C. plantagineum (Bartels et al. 1990) was
isolated from L. brevidens. Using an Agrobacterium tum-
efaciens-mediated procedure, a plasmid construct that
contained the Lb27-45 gene promoter (Lb2745pro) driving
eGFP expression was introduced. The regulatory parame-
ters were investigated and Lb2745pro was found to be (1)
abscisic acid responsive and (2) active in guard cells of
desiccated leaves and in embryos of mature seeds.

Materials and methods
In vitro culture

Lindernia brevidens plants were collected by Professor
Eberhard Fischer (University of Koblenz, Germany) from
the Usambara Mountains, Tanzania. Seeds were surface
sterilised in 70% (v/w) ethanol for 2 min and in 1.6% (w/v)
sodium hypochlorite, 0.1% Tween 20 for 10 min. The
seeds were rinsed five times in sterile deionised water and
then germinated on MS medium pH 5.8 containing half-
strength MS elements (Murashige and Skoog 1962), su-
crose (20 g/1) and agar (8 g/1). Germination took place after
stratification at 4°C for 3 days and maintained in a climate
chamber at day/night temperatures of 22 and 18°C,
respectively. Plants were grown under a 16 h day per 8 h
night regime, with a light intensity of 80 uE/m”s. Leaves
(1-2 cm in length) were aseptically transferred to Leaflet
Proliferation medium containing half-strength MS ele-
ments (Murashige and Skoog 1962), sucrose (20 g/l),
naphthalene acetic acid (NAA; 0.1 mg/l), benzyl amino
purine (BAP; 0.5 mg/l), myo-inositol (100 mg/1), nicotinic
acid (1 mg/l), pyridoxine HCl (5 mg/l) and Gelrite
(Duchefa Biochemie, Haarlem, Netherlands) (6 g/) to
generate a proliferation of leaflets (5—10 mm in length).

Cloning, bacterial strain and culture conditions

The 5’-flanking region of the Lb27-45 gene (GenBank
Accession number EF364563) was cloned by genome
walking, using the Universal Genome Walker kit (Clontech
Laboratories, Palo Alto, CA, USA) and following the
instructions of the manufacturer. Genomic DNA was pre-
pared according to the cetyl trimethyl ammonium bromide
(CTAB) method described by Ausubel et al. (2006) and
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digested with EcoRV. The blunt-end fragments generated
were then ligated to a Genome Walker adaptor to construct
a Genome Walker library. A 1,049 bp fragment putatively
containing the 975 bp Lb27-45 promoter was isolated
by two successive PCR-based DNA amplifications of
the Genome Walker library. The primary PCR was
performed with a gene-specific primer (5-AG-
CATCGTCTTATCGTTTCCCTTCAAC-3’) and the outer
adaptor primer (AP1). The primary product served as
template for the secondary PCR with a nested gene-specific
primer (5’-ACGCAGATCTTGGCGAGGTAAGTGAT-3’)
and the nested adaptor primer (AP2). The 1,049 bp sec-
ondary PCR product was cloned into the pCR 2.1 TOPO
vector (Invitrogen, Carlsbad, CA, USA) and the DNA se-
quence was determined. The search for putative cis ele-
ments in the promoter region was carried out with PLACE
(http://www.dna.affrc.go.jp/PLACE/signalscan.html).

The Lb2745proGFP construct was used for transfor-
mation (see Fig. 1). The Lb27-45 promoter including the 5
untranslated region (1,049 bp in total) was amplified using
the following oligonucleotide primers: Lb27-45 proF
5’CTGCAGAGATCTTGGCGAGGTAAG 3’ and Lb27-45
proR  5GAATTCCCTTGGAAGTTCTTCTCCT 3 and
cloned into the EcoRI — Pst sites. The binary vector back-
bone was pH7GWIWG2(I) (Karimi et al. 2002) and the

ATG
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e -
Lb27-45pro

EcoRI (1)

Pstl (1178)

NOSt eGFP
LB
' / \ RBCS term
specR Lb2745proGFP $ RB
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Fig. 1 Schematic diagram of the Lb2745proGFP plasmid. A
1,049 bp 5" upstream region that included the 975 bp Lb27-45
promoter was cloned via EcoRI—Pst sites as a translational fusion
with the eGFP gene. Dehydration/ABA related cis-elements are
annotated. Blue boxes indicate ABREs (ABA Responsive Elements;
ACGTG) (Simpson et al. 2003). Yellow boxes indicate DRE
(dehydration-responsive elements) (Dubouzet et al. 2003). The purple
box indicates a R18-SAP domain transcription factor binding site
(Nelson et al. 1994; Hilbricht et al. 2002 )
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Gateway expression cassette was replaced by eGFP (Clon-
tech Living Colors ® Mountain View, CA; Cormack et al.
1996) and a pea RbcS terminator sequence (Coruzzi et al.
1984). The construct was transferred into A. tumefaciens via
electroporation (Wen-jun and Forde 1989). The A. tum-
efaciens strain GV3101 carrying the helper plasmid
pMPO0RK was used as the host strain (Koncz and Schell
1986). The plasmid bearing A. tumefaciens were grown
overnight at 28°C at 200 rpm in YEB medium containing
rifampicin (100 pg/ml), gentamycin (25 pg/ml) and specti-
nomycin (150 pg/ml). The cells were pelleted and resus-
pended for plant infection in MS medium pH 5.8 containing
half-strength MS elements (Murashige and Skoog 1962),
sucrose (20 g/l) and an antioxidant mixture (0.15 g/ ascor-
bic acid; 0.1 g/l citric acid) to a final density of 0.5 at ODssy.

Genetic transformation

Leaflets (5—10 mm in length; Fig. 2a) were excised and
lightly pressed on a sterile fine sand paper to increase the
wounded area. The leaflets were then incubated with the
A. tumefaciens suspension for 20 min in darkness and co-
cultivated for 2 days on Leaflet Proliferation medium that
also contained the antioxidant mixture (0.15 g/l ascorbic
acid; 0.1 g/l citric acid). After co-cultivation, the infected
leaflets were subcultured for 2 weeks on Leaflet Prolifer-
ation medium with the addition of the antioxidant mixture,
cefotaxime (500 mg/l) and hygromycin (15 mg/l). Five
further rounds of subculturing on identical medium were
performed to obtain shoot clusters, each time with a
100 mg/I reduction in the level of cefotaxime. Shoots were
rooted on Root Formation medium that contained half-

Fig. 2 Generation of transgenic
Lindernia brevidens plants
obtained by Agrobacterium
tumefaciens-mediated infection
of in vitro cultured leaflet tissue.
a In vitro leaflet formation.

b Co-cultivation of leaflets with
A. tumefaciens. ¢ Hygromycin-
based selection of transgenic
shoot tissue. d Early root
formation; arrow shows the
formation of a root structure.

e Example of a transgenic plant
transferred to soil. f A L.
brevidens flower. Bar = 1 cm

strength MS elements (Murashige and Skoog 1962), su-
crose (20 g/l), antioxidant mixture, hygromycin (15 mg/l),
myo-inositol (100 mg/l), nicotinic acid (1 mg/l), pyridox-
ine HCI (5 mg/l) and Gelrite (Duchefa Biochemie, Haar-
lem, Netherlands) (6 g/l) for 3-6 weeks. Rooted plants
were hardened in water for 2 days, transplanted to potting
mix (FloraGard, Oldenburg, Germany), and grown to
maturity in the regime described for in vitro-cultured
plants. Vigorous growth and floral initiation was promoted
by pruning. After 2-3 months, the first flowers appeared,
however these were sterile—a phenomenon also observed in
wild-type plants. The second flush of flowers followed
1 month later and gave rise to viable seed. 5-10 siliques
were obtained per transgenic line, and approximately 100
seeds were contained in each silique

PCR analysis to verify the transgene insertion

A 0.7 kb fragment that includes the enhanced green fluo-
rescent protein (eGFP) coding region (Clontech Living
Colors ®, Mountain View, CA; Cormack et al. 1996) was
amplified using the following oligonucleotide primers de-
signed by Willige and Bartels (unpublished): eGFP_5’
CGAACGATAGCCATGGGTAAAG and eGFP_3'CTC-
TAGAGGATCCTTACAGCTCATCCTTACCGGTACCA
TTTGTATAGTTCATCCCATGC. Note that the eGFP_3’
primer contains additional 5" sequence that encodes for a
C-terminal endoplasmic reticulum retention signal (KDEL)
which is incidental to this study. The 1,049 bp Lb27-45
promoter/5” untranslated region (GenBank Accession
number EF364562) was amplified using the oligonucleo-
tide primers Lb27-45 proF and Lb27-45 proR. Genomic
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DNA was isolated from 1 g of leaf material harvested from
mature plants according to the CTAB method described by
Ausubel et al. (2006) and 100 ng was used in each PCR
amplification.

Dehydration treatment

Young expanding leaves were detached from the hydrated
transformed plant lines and dried on filter paper for 48 h
under approximately 50% relative humidity in a climate
chamber at 16 h day per 8 h night temperatures of 22 and
18°C, respectively, with a light intensity of 80 uE/m?s.
Following drying, the relative water content of the leaves
was measured according to the method described by Ber-
nacchia et al. (1996) and found to be approximately 5%.

RNA gel blot analysis

RNA extraction and RNA blot hybridisations were per-
formed according to Bartels et al. (1990). About 10 pg
total RNA was loaded in each lane from hydrated (relative
water content ~80%) and desiccated (relative water content
~5%) leaf material. The filter was sequentially probed with
the eGFP coding region (Clontech Living Colors ©,
Mountain View, CA; Cormack et al. 1996), the Lb27-45
cDNA (Accession number EF364563) and rDNA (pTA71;
Gerlach and Bedbrook 1979).

Confocal microscopy

Fluorescence imaging was performed using a confocal
laser scanning microscope (e-Cl confocal microscope
system, Nikon GmbH, Diisseldorf, Germany). Hydrated
and dried samples were mounted in water and visualised
within 5 min of preparation. Tissues were treated for
16 h with 100 pM ABA or water as described by
(Bartels et al. 1990). With each figure, images were
obtained at constant settings (i.e. laser power and pinhole
size) to facilitate comparisons in fluorescence levels.
Images were prepared using EZ-C1 3.20 software (Ni-
kon). eGFP fluorescence was analysed using a blue argon
ion laser (488 nm) and detection at 515/530 nm. Back-
ground fluorescence from chlorophyll and the testa was
visualised using a green helium/neon laser (543 nm) and
detection at 570 nm.

Scanning electron microscopy

Young expanding leaves were fixed in 2% (v/v) glutaral-
dehyde in phosphate buffered saline (PBS pH 7.2) and
dehydrated through a graded ethanol series (10-100%)
diluted in PBS prior to critical point drying according to the
method of Svitkina et al. (1984). Leaf specimens were
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viewed after coating with gold using a Philips 501 scanning
electron microscope.

Results
Isolation and analysis of the Lb27-45 promoter

Genomic DNA flanking the Lb27-45 gene was cloned and
shown to contain the 5" promoter region (GenBank
Accession number EF364562). Cis-elements were identi-
fied that have been shown to mediate dehydration and ABA
transcriptional responses (Fig. 1). These are: ACGTG, an
ABRE sequence required for etiolation-induced expression
of erdl in Arabidopsis thaliana (Simpson et al. 2003) (blue
boxes); RCCGAC, a core motif of DRE (dehydration-
responsive element) (Dubouzet et al. 2003) (yellow boxes);
and AGCCC, R18-SAP domain transcription factor binding
sites in the desiccation responsive CDeT27-45 promoter
(Nelson et al. 1994; Hilbricht et al. 2002) (purple box). To
assay the function, we constructed an Lb27-45 promoter
eGFP fusion (Lb27-45proGFP; Fig. 1) and analyzed the
expression of the reporter gene. This allowed promoter
activity to be observed in L. brevidens cells in a non-
destructive manner by eGFP fluorescence microscopy.

Genetic transformation of Lindernia brevidens
and selection of transgenic tissue and plants

Excised leaflets were wounded and infected with the
Agrobacterium strain harbouring the Lb27-45proGFP
plasmid construct (Fig. 1). The wounded explants and
bacteria were co-cultivated (Fig. 2b) and then transferred
to medium that inhibits bacterial growth and promotes the
growth of transformed shoot tissue. Because of the high
amount of phenolic compounds produced from the woun-
ded tissue, it was necessary to add an antioxidant mixture
to the culture media. In the absence of the antioxidant, the
explants released phenolic substances whose oxidation
products darkened both the tissue and the medium and
subsequently the explants died within a few days.
Individual embryoids developed from the explants
growing on medium containing NAA and BAP that gave
rise to green shoots (Fig. 2¢). During further subculturing,
the shoots continuously proliferated and did not display
any differences to that observed for wild-type shoots
regenerated on the same medium in the absence of
hygromycin. The established shoots were transferred to
medium without hormones and supplemented with hygro-
mycin for root formation and further development
(Fig. 2d). More than 80% of the subcultured shoots gave
rise to plantlets. The continuous regeneration of plants on
selective medium was a positive indication that the putative
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transformants were stable. Rooted plants, with 6-8 leaves
and with roots 2-3 cm long, were transferred to soil and
cultivated in a growth chamber where they grew to matu-
rity.

Presence and expression of the transgene
PCR analysis of transgenic tissue

PCR analysis was performed on putatively transformed,
hygromycin resistant lines. The presence of the eGFP gene
was confirmed in all of the 14 hygromycin-resistant lines
and was not detected in the non-transformed control
(Fig. 3). As a positive control, PCR analysis was also used
to demonstrate the presence of the Lb27-45 promoter in all
lines including the wild-type genomic DNA sample.

RNA gel blot analysis

RNA gel blot analysis was used to compare the levels of
the eGFP and endogenous Lb27-45 steady state RNA
levels in hydrated and dehydrated leaf samples (Fig. 4).
Dehydration responsive eGFP expression was detected in
all lines except for the non-transformed control. A similar
transcript profile was observed when the Lb27-45 cDNA
was used as a probe with the exception that a signal was
also present in the wild-type samples. Subtle differences
between the expression levels of eGFP and Lb27-45 were
observed specifically in lines 4, 8 and 11. In these three
lines, the level of eGFP was noticeably higher than that of
Lb27-45 mRNA in the hydrated sample. Variability in the
levels of Lb27-45 mRNA was also seen between plant lines
that also correlated with reporter gene levels. For example,

Fig. 3 Analysis of L. brevidens
transgenic lines by genomic

DNA PCR. Amplification of the
¢GFP ¢cDNA and Lb27-45 0
promoter region

Fig. 4 RNA gel blot analysis of WT 12

MWT 1 2 3 4 5§

't

lines 2, 3, 6 and 10 displayed low levels of both Lb27-45
and eGFP expression, whereas lines 4, 5, 8, 12, 13 and 14
exhibited high levels of expression. The level of total RNA
that was present in each lane was controlled using a probe
that consisted of the intergenic spacer and fragments of
the 18S and 26S rRNA sequence (pTA71; Gerlach and
Bedbrook 1979).

eGFP expression analysis

To observe the spatial distribution of eGFP expression in
leaves and seeds, confocal laser scanning microscopy was
used. Typical fluorescent patterns observed in the trans-
genic L. brevidens lines are shown in Figs. 5-7. Strong
eGFP fluorescence was detected specifically in stomatal
guard cells of dehydrated leaves (Fig. 5b) and the embryos
of mature seeds (Fig. 6a) in all 14 transformed lines in
comparison to hydrated leaves of transgenic plants (Fig. 5a)
and wild type controls (Figs. 5c,d, 6b). Weak eGFP fluo-
rescence was observed in the endosperm (Fig. 6a). eGFP
labelling of the guard cells of desiccated leaves revealed
that the stomata were fully open, a feature that has also been
observed in other resurrection plants such as C. plantagi-
neum (Schwab et al. 1989). The red background fluores-
cence in desiccated leaves is due to chlorophyll, which is
indicative of homiochlorophyllous (chlorophyll-retaining)
desiccation tolerant plant species, whereas in the case of
seeds the red autofluorescence is due to the testa.

Upon exogenous application of ABA, an increase in
eGFP expression was observed in all young, expanding leaf
epidermal cell types relative to a water control (Fig. 7a,b).
A scanning electron microscope image of the epidermal
cells from an equivalent region of a L. brevidens leaf is

6 7 8 9 10 11 12 13 14 M
O e e O e e e GFP
—
Lb27-45pro

4 12 13 14

L. brevidens transgenic lines.
RNA was isolated from
hydrated and desiccated leaf
tissue and sequentially probed
with the eGFP ¢cDNA, Lb27-45
cDNA and rDNA fragment
(pTA71; Gerlach and Bedbrook
1979 )
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Fig. 5 Localisation of eGFP
expression in desiccated tissues
of the Lb2745proGFP
transgenic L. brevidens lines.

a eGFP expression was barely
detectable in hydrated leaves.
b Following desiccation, eGFP
expression was observed
specifically in the guard cells of
desiccated leaves. ¢ and d No
eGFP expression was observed
in wild-type hydrated and
desiccated leaves, respectively.
Bar = 50 pm

Fig. 6 Localisation of eGFP
expression in mature seeds of
the Lb2745proGFP transgenic
L. brevidens lines. a eGFP
expression was observed in the
embryo and to a lesser extent in
the endosperm of mature seeds.
b No eGFP signal was detected
in wild-type seeds.

Bar = 200 pm

shown in Fig. 7c for comparison. Expression of eGFP in
L. brevidens tended to result in the formation of eGFP
aggregates, this phenomenon may be due to factors such as
protein solubility or the activity of the Lb2745pro promoter.

Discussion
Transgenic plants allow the targeted over-expression and
silencing of dehydration-related genes in vivo and are

therefore excellent systems to assess the function and tol-
erance conferred by the encoded proteins. Collections of
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dehydration responsive genes have been assembled from
Lindernia brevidens and Craterostigma plantagineum
(Bockel et al. 1998; Bartels unpublished). Functional
information regarding many of these gene products is re-
quired to determine their role in desiccation tolerance. It
has been observed that a large proportion of the desicca-
tion-tolerance-associated genes are conserved between
both species, therefore we propose that knowledge derived
from one organism may be applied to the other via a
comparative genomics approach. The objective of this
study was to develop a system for the stable genetic
transformation of L. brevidens and to test the functional
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Fig. 7 Induction of Lb27-45 promoter activity in epidermal cells of
transgenic L. brevidens young expanding leaves in response to
exogenously applied ABA after 16 h. a eGFP expression was barely

properties of the Lb27-45 promoter in a homologous
background. The transformation procedure is based largely
on the protocol described by Furini et al. (1994) that was
used to genetically transform C. plantagineum with several
key differences. Unlike C. plantagineum, no extensive
callus phase was required for the regeneration of plants.
After co-cultivation with A. tumefaciens, shoots were
immediately regenerated from the infected explants. Al-
though not observed, the presence of a brief callus phase
cannot be ruled out. The initiation and maintenance of C.
plantagineum callus in the presence of selective agents
prior to shoot differentiation is a time consuming stage of
the procedure, often requiring 4-6 months. Furthermore,
the ability to generate large quantities of viable seed enable
traits to be potentially monitored in transgenic plants over
multiple generations.

Lb27-45 is homologous to the CDet27-45 gene reported
from C. plantagineum (Bartels et al. 1990; Phillips, Fi-
scher, Baron, van den Dries, Kutzer, Rahmanzdeh, Remus
and Bartels unpublished). The Lb27-45 promoter drives
eGFP expression in a manner that is broadly similar in
leaves to that observed for the endogenous Lb27-45 gene.
Expression of the transgene was broadly observed to be
similar to that of the endogenous Lb27-45 gene at the
steady state mRNA level, indicating that the gene is pre-
dominantly regulated at the transcriptional, rather than at
the level of transcript stability. In three different events, an
increase in expression under hydrated conditions was ob-
served, suggesting that the integration of the T-DNA may
play some role on the induction kinetics. Factors such as
chromatin structure may influence the promoter activity. In
addition, variability in the expression of the endogenous
Lb27-45 gene, which was broadly correlated with the re-
porter gene transcript levels (Fig. 4). This phenomenon is
likely to be due to variability in the age of each plant, since
the time spent in tissue culture and after transfer to soil
varied slightly between the different lines.

The response of the promoter to desiccation and exog-
enously applied ABA was investigated in leaves using

detectable in water treated control leaves. b Strong eGFP expression
was observed in ABA(100 uM) treated leaves. ¢ A surface view of
the leaf epidermis. Bar = 50 pm

confocal laser scanning microscopy. The use of a GFP-
based prokaryotic expression system as a tool to measure
water availability has been established at least to a mild
drop in water potential (2.5 MPa) (Axtell and Beattie
2002). Axtell and Beattie (2002) state that ‘‘GFP is very
stable, a factor which provides experimental flexibility
when evaluating reporter activity following an induction
event’”’. Our data support this statement to some degree,
however further experiments are required to prove that
GFP fluorescence is unaffected in desiccated cells. One
disadvantage of GFP as a reporter protein in the study of
dehydration tolerance, however, is that dying and dead
plant tissue autofluoresces at similar emission wavelengths.
Here we show that since L. brevidens leaf tissues are
desiccation tolerant, no background fluorescence interfered
with observations. This characteristic therefore makes
GFP-based biosensors useful in monitoring promoter and
gene function using this resurrection plant.
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