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ABSTRACT

By screening a native plant extract library we identified Solidago nemoralis as a novel source of agonists for alpha7
nicotinic receptors for acetylcholine with therapeutic potential. The next phase of our drug discovery strategy is to in-
crease the yields of active compounds in the plant species by gain of function mutations in hairy root cultures [1]. Here
we report a protocol for Agrobacterium rhizogenes-mediated genetic transformation of hairy root cultures of Solidago
nemoralis which will enable this. Leaf explants of this species were successfully transformed with a frequency of 30% -
35% using A. rhizogenes strain R1000 harboring the binary vector pCambia 1301. Transformation was confirmed using
the f-glucuronidase (GUS) histochemical assay. Transformed hairy roots showed spontaneous regeneration of adventi-
tious shoots in media without the addition of cytokines, albeit at very low frequency. However, media supplementation
with auxin (a-naphthaleneacetic acid, NAA) increased shoot regeneration frequency to 35% and resulted in viable ad-
ventitious shoots. Transformation was confirmed at all phases of plant regeneration by GUS staining. Hairy root trans-
formation of Solidago altissima has been previously reported, but this is the first report of genetic transformation of S.
nemoralis. The protocol will allow for a large population of activation tagged mutants of S. nemoralis to be generated
which will be then screened for the presence of stable mutants which are over-producing metabolites with activity at
alpha7 nicotinic receptors. These over-producing mutant cultures will then be regenerated into intact mutant plants.
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1. Introduction cological activity using a “differential screening” ap-
proach [1] which identified Solidago nemoralis (“gray
goldenrod”) as a prime candidate which has not previ-
ously been investigated for this activity. However, as for
other plant species, long grow cycles, low yield and ne-
cessity to harvest large amounts of biomass, is likely to
hinder the development and commercialisation of these
metabolites. A number of bioengineering strategies to
circumvent these issues have been described for known
metabolites with known metabolic pathways [5]. How-
ever, in the case of unknown metabolites with unknown
pathways for production (as here) an alternative strategy
for optimizing plant production is required. The strategy
developed in our laboratory relies on Agrobacterium-
mediated continuous hairy root culture together with
random gain-of-function mutagenesis. Stable mutants

Plants have complex biosynthetic machineries that have
allowed them to evolve bioactive, complex and multi-
functional secondary metabolites as protection against
stressors. One example is the complex alkaloid me-
thyllycaconitine (MLA) in Delphinium species which
deters herbivorous insects by targeting the insect nico-
tinic receptor for acetylcholine (nAChR), the most
prevalent excitatory receptor in the insect CNS [2]. In
addition to being a high affinity ligand for the insect
nAChR, MLA is also a highly selective ligand for the
alpha7-subtype of human nAChR [3]. Since this receptor
is an emerging target for the treatment of neurodegenera-
tive disorders [4] other plant metabolites with this selec-
tivity would be of considerable therapeutic interest. We

therefore screened a native plant library for this pharma-
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over-producing the active metabolites are identified by
pharmacological screening, and are then regenerated into
intact mutant plants. However, for the Solidago genus,
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only one species, S. altissima, has been reported to be
transformed by Agrobacterium [6]. Here we report an
Agrobacterium-mediated transformation protocol for S.
nemoralis, which will enable the application of our ge-
nomic optimization strategy to the potential therapeutic
compounds contained in this species.

2. Materials and Methods
2.1. Plant Material & Culture Conditions

Solidago nemoralis seeds were washed with 70% ethanol
for 2 min followed by surface sterilization in 30% com-
mercial bleach for 20 min. Seeds were rinsed five times
with sterile water and aseptically germinated in plates
containing half-strength of Murashigue and Skoog (MS)
media supplemented with 0.6% agar and 1% sucrose. For
all media, the pH was adjusted to 5.8 and autoclaved.
The temperature in the growth chamber was maintained
at 25°C + 2°C with a 12 h photoperiod and (light inten-
sity 45 pmol'm *'s™").

2.2. Agrobacterium Culture and Infection

The pCambia 1301 binary vector was mobilized into
Agrobacterium rhizogenes strain R1000 by freeze-thaw
method. Briefly, 1 pg of plasmid DNA was mixed with
competent cells of A. rhizogenes and incubated on ice for
30 min. The DNA-bacterial mix was frozen in liquid
nitrogen for 30 sec and incubated for 5 min in a water
bath at 37°C. After the heat shock, 600 pL of liquid Lu-
ria-Bertani (LB) media were added to the bacteria-DNA
mix and shaken on rotary shaker set at 200 rpm for 4 h at
28°C. Bacteria were pelleted down by centrifugation at
4000 rpm, resuspended in 100 pL LB and finally plated
on solid LB media containing 50 mg/L kanamycin. The
plate was incubated for two days at 28°C which resulted
in transformed colonies. A single colony was used to
make transformed bacterial stock which was in turn ali-
quoted in 1.5 mL 60% glycerol suspensions and kept at
—80°C.

Five ml of liquid LB kan 50 media was inoculated with
A. rhizogenes stock harboring pCambia 1301 and grown
overnight at 28°C. Two mL of this culture were used to
inoculate 50 mL of LB plus kanamycin 50 mg/L liquid
media and grown until the optical density (OD) reached
to 0.6. Bacteria were then pelleted down by centrifuga-
tion at 4000 rpm and resuspended into 50 mL liquid MS
media supplemented with 100 uM acetosyringone (3,5-
dimethoxy-4-hydroxy-acetophenone).

Stem explants (4 week old plants), leaf explants (4
week old plants) and root-excised seedlings (2 week old
plants) were tested for Agrobacterium infection. Leaf
explants were excised from stems and stem explants
were cut into 1 cm long sections. Explants or seedlings
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were placed in the Agrobacterium culture, wounded us-
ing a sterile needle and left to incubate for 20 min. Ex-
plants were then blot-dried on sterile filter paper, trans-
ferred onto solid MS media supplemented with vitamin
BS5 and 1% sucrose and incubated for 2 days in the dark
in the growth chamber. After the 2-day co-cultivation
period, explants were transferred onto MS media plate
supplemented with 400 mg/L cefotaxime and 3% sucrose.
Hairy roots appeared after 2 - 3 weeks at which point
they were excised from explants, cut into 1 cm long sec-
tions and cultured and maintained on MS media supple-
mented with 250 mg/L cefotaxime and 3% sucrose.

2.3. Plant Regeneration from Hairy Roots

All media used in the regeneration process was supple-
mented with 250 mg/L cefotaxime in order to prevent
undesired Agrobacterium growth. Hairy root cultures
were transferred onto MS media alone or MS media sup-
plemented with a-naphthaleneacetic acid (NAA) (0.1 or
1 mg/L) or MS media supplemented with NAA (0.1 or 1
mg/L) and 6-benzyladenine (BA) (2 or 5 mg/L). After 4 -
6 weeks adventitious shoots appeared. They were excised
and transferred onto MS media for root formation. GUS
staining was performed at all stages of hairy root culture
and plant regeneration to confirm transformation.

2.4. p-Glucuronidase (GUS) Histochemical Assay

GUS staining buffer was prepared by adding 50 mM so-
dium phosphate (pH 7.0), 0.5 mM potassium ferricyanide,
0.5 mM potassium ferrocyanide, 10 mM EDTA and
0.05% Triton X-100 into 150 ml of water. This buffer
was dispensed into 15 ml aliquots and stored at —20°C.
For GUS staining, the stock buffer was thawed and di-
luted to a final volume of 100 ml in water. 35 mg of
5-bromo,4-chloro,3-indolyl-#-D-glucuronide (X-Gluc) was
dissolved in 150 pl of dimethylformamide and subse-
quently added to the diluted buffer. Tissue samples were
incubated in X-Gluc solution for 24-h at 37°C and ob-
served for blue staining indicative of GUS expression.

3. Results

S. nemoralis stem explants, leaf explants and seedlings
were tested for their ability to be transformed by A.
rhizogenes and produce hairy roots after infection. Leaf
explants transformation produced the highest hairy root
induction frequency (30% - 35%) as compared to stem
explants (18% - 20%) and seedlings (6% - 9%). There-
fore, further experiments on regeneration of transformed
plants were undertaken with 4. rhizogenes transformed
leaf explants.

2 - 3 weeks after infection, hairy roots appeared on the
site of infection. They were excised and cultured in-
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dependently. When grown in solid MS media without the
addition of phytohormones, adventitious shoot regenera-
tion occurred via direct organogenesis. Indeed, once ex-
cised, several hairy roots turned green, produced green
callus-like structures which ultimately turned into shoots
after 4 - 6 weeks of culture (Figures 1(a) and (b)). How-
ever, the frequency of spontaneous shoot regeneration on
simple MS media was low (only 2 - 3 shoots appeared on
each hairy root). Therefore, in order to increase shoot
regeneration frequency, media was supplemented with
either BA/NAA or NAA alone.

A combination of BA (2 or 5 mg/L) and NAA (1 mg/L)
did not increase shoot regeneration because hairy roots
cultured in this particular medium produced white callus
like structures that did not turn into shoot buds (Figure
1(c)). However, media with NAA alone (0.1 or 1 mg/L)
did produce shoots in 4 weeks of culture (Figure 1(d))
after going through both white and green callus like
structure stages. Regeneration efficiency was increased
by NAA supplemented media which afforded an adventi-
tious shoot budding frequency of ~35%, much higher
than in non-supplemented media.

Since the transformation of S. nemoralis was per-
formed with A. rhizogenes strain R1000 harboring
pCambia 1301 which has the GUS gene as visible marker,
all stages of hairy root development and shoot regenera-
tion were tested by GUS histochemical assay to ensure
transformation events (Figures 2(a)-(c)). The coding re-

gion of the gusA gene is interrupted by a catalase intron
to ensure that the transcription and post-transcription
splicing to form mature mRNA occurs by utilizing the
plant cell machinery rather than the Agrobacterium pro-
tein synthesis machinery [7].

4. Discussion

A. rhizogenes-mediated genetic transformation in plants
is a well established procedure which produces hairy
roots at the site of infection by altering the endogenous
auxin:cytokinin ratio in the plant cell [8,9]. Additionally,
it is well documented that, once established, hairy roots
can be cultured on hormone-free medium [10]. S. nemor-
alis hairy roots were easily established and then cultured
both in solid and liquid hormone free medium.

Although shoot regeneration occurred spontaneously
in hormone-free media, it occurred only at low frequency.
Additionally, introducing exogenous NAA and BA led to
no improvement in shoot regeneration. However, ap-
plication of NAA alone on S. nemoralis hairy root cul-
tures showed a positive effect on shoot regeneration.
These results go against the notion that higher levels of
cytokinin (in the auxin:cytokinin ratio) are necessary for
shoot regeneration although it has been reported that A.
rhizogenes transformed plants can regenerate shoots in
the presence of only auxin, presumably due to the cyto-
kinin mimetic effect of the over expression of the rolC
gene, present on 4. rhizogenes Ri plasmid [11].

Figure 1. Agrobacterium rhizogenes mediated transformation of S. nemoralis. (a) Hairy root culture and their spontaneous
regeneration into shoot; (b) Hairy root turned green after two weeks of culture and produced shoots on their surface; (c)
Hairy root treated with BA produced white callus which failed to regenerate when culture continued on the same medium; (d)
Shoot regeneration increased by application of NAA (0.1 mg/L).

>

Figure 2. GUS histochemical assays were performed to ensure transformation events. Samples were treated in the x-Gluc
solution overnight followed by washing with 70% ethanol. (a) Hairy roots generation on the leaf explants; (b) Transformed
hairy root turned into callus during regeneration process; (c) Regenerated shoots showed blue GUS stain in their leaves; (d)
Adverse effect of high concentration of sucrose in the culture medium—the regenerated shoots turned brown and did not
elongate further when HR were cultured on 6% sucrose containing medium.
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The effect of auxin application for shoot regeneration
may be different for each hairy root and might be linked
with the expression of the rolC gene [12]. A similar re-
sult has been previously reported in Solanum khasianum
hairy roots where application of IAA and kinetin affected
the growth and regeneration capacity of the plant [13].

Additionally, high concentrations of sucrose appear to
have an adverse effect on root culture and shoot organo-
genesis. S. nemoralis hairy root grew better in media
containing only 1% - 2% sucrose. On the other hand,
media with more than 4% sucrose turned the root culture
and regenerated shoots deep brown in color and abro-
gated growth (Figure 2(d)). Similar findings on the ef-
fect of sucrose concentration on growth and shoot regen-
eration have previously been reported for Hypericum
perforatum [14].

In conclusion, we report a protocol for culture and
transformation of S. nemoralis which should enable the
genome of this species to be altered so as to optimize
production of the potentially valuable pharmacologically
active metabolites it contains.
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