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FROM HAIRY ROOTS OF NICOTIANA
BENTHAMIANA: A PROMISING
HOST FOR TRANSIENT
EXPRESSION OF FOREIGN PROTEINS

L]

Hairy roat cuftures of Nicotiana benthamiana have been
obtained by co-cultivation af teafl explants with Aprobacrerium
rhizogenes sirain AL harboring a binary vector plasmid, and
transgenic nature of the obtained cultures was corfirmed by
FCR analysis. Transgenic planis were regenerated from hairy
roois. The biomass vield of rransgenic plants grown in vitro
was almast two-fold higher than those of wild-type N. ben-
thamiana planes. They differed from uniransformed plants by
shart fnternodes, reinforced stem, thick and wrinkled leaves
and more developed root system. The level of Agrobacierium-
mediated transient expression of green fluovescent protein
{GEP) i the regenerated plants was similar to that of unirans-
Sormed plants,
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Introduction. Transient expression of foreign
genes in plants attracted considerable attention
during recent decade. In addition to other poten-
tial applications, this approach may be regarded as
a promising method for high-scale inexpensive
production of recombinant proteins. In contrast to
bacterial expression systems, plant cells are able to
synthesize proteins with proper post-translation
modifications, as well as correctly folded and as-
sembled multimeric proteins [1]. Plant-made bio-
pharmaceuticals are free of bacterial toxins and
human pathogens like viruses and prions. From
the economical point of view, production of raw
plant material is significantly less expensive com-
pared with the animal or even bacterial cells grown
in bioreactors [2]. The main obstacle on the way of
using transgenic plants as a source of recombinant
proteins is the low level of foreign gene expression
in case of stable integration into plant nuclear
genome [3], often due to the transcriptional or
post-transcriptional gene silencing of the nuclear
transgenes |4, 5]. Although plastid transformation
allows to achieve considerably higher level of
recombinant protein accumulation and to avoid
gene silencing [6], it usually takes many months or
even years to obtain the plants with transgenic
plastids. The factor of time may be important for
production of some recombinant proteins, e.g.
patient-specific cancer vaccines, which should be
generated during several weeks. Transient expres-
sion of foreign genes allows production of large
amount of recombinant proteins within a very
short (days) time. The reporier protein may be de-
tected on the 2™ day after infiltration with Agro-
bacterium carrying the corresponding gene 7).
Agrobacterium-mediated transient gene expression
system was successfully applied for production of
tumor-specific antibodies in tobacco leaves within
a week [8]. The level of recombinant protein accu-
mulation in case of transient expression of foreign
genes sometimes is comparable with that reported
for chloroplast transformants [9, 10].

Transient expression is ofien carried out in Ni-
cotiana benthamiana [9, 11, 12]. This plant is char-
acterized by high level of transient expression (up
to 5 mg of reporter protein/g FW [10]), but has a
rather small biomass yield which hinders its appli-
cation for large-scale production of recombinant
proteins. It has been reported that genetic trans-
formation with Agrobacterium rhizogenes followed
by spontaneous or phytohormone-induced regen-
eration results in obtaining of plants with an
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altered phenotype which may sometimes have
increased leaf number |13] and/or higher biomass
yield [14]. In order to study possibilities to improve
biotechnological characteristics of N. benthamiana
(biomass yield, level of transient expression) we
have transformed it with A. rhizogenes and regener-
ated plants from the transgenic hairy root cultures,
As far as we know this is the first report on produc-
tion of hairy roots and plant regeneration in N.
benthamiana. We found that in vitro grown trans-
genic regenerated plants produce approximately
twofold higher biomass compared to intact N, ben-
thamiana plants while demonstrating similar level
of reporter gene transient expression, thus making
them a promising host for high-scale production of
recombinant proteins.

Materials and methods. Plant materials. Seeds of
N. benthamiana were obtained from the National
Germplasm Bank of World Flora of the Institute of
Cell Biology and Genetic Engineering (Kyiv,
Ukraine). Seeds were sterilized with 70 % (v/v)
ethanol during 45 sec, then commercial solution of
hypochlorite (1 : 1 water dilution) during 2 min
and, after washing with sterile distilled water, ger-
minated on solid hormone-free MS medium [ 15]
at 25 °C and 16 h light period {3000 lux). Aseptic
N. benthamiana plants were maintained on the
above mentioned medium under the same condi-
tions with the subcultivation period of 30—33 days,
In greenhouse N. benthamiana plants were grown
al 20—25 °C and 16 h light period (3000—4000
lux).

Bacterial strains and genetic constructs. A, rhizo-
genes strain A4, harboring a binary vector on the
basis of pBIl21 (Clontech, USA) with marker
genes of neomyein phosphotransferase 11 (npeff)
under nopalin synthase promoter and p-glu-
curonidase (gusd4) under 358 CaMV promoter
[16], was used for genetic transformation.
Bacterial suspension was grown in liquid LB medi-
um [17] supplemented with 50 mg/L kanamycin
and 100 pM acetosyringone at 25 °C during 36 h
on rotary shaker (70 rpm). A fresh portion of ace-
tosyringone was added to A. rhizogenes suspension
1—2 h before transformation so that the final con-
centration came to 200 uM.

A. rumefaciens strain GV3101 was used for tran-
sient expression of the reporter gene coding for
green fluorescent protein (GFP). The plasmid
plC5290 carried the reporter synthetic GFP gene
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[18] driven by the CaMV 355 promoter. The plas-
mid plC6692 contained the gene of p19 protein of
tomato bushy stunt virus, a suppressor of post-
transcriptional gene silencing [9]. Bacteria harbor-
ing either plC52%0 or plC6692 were grown in LB
medium supplemented with 50 mg/L rifampicin,
50 mg/L carbenicilin and 100 pM acetosyringone
at 25 °C during 36 h on rotary shaker (70 rpm) to
an optical density (OD 600) of around 1.0. The
plasmids pIC5290 and plC6692 were generously
donated by lcon Genetics GmbH (Halle/Saale,
Germany).

Obtaining of hairy root cultures. Leal explants
(appr. 1 cm x 1 cm) of aseptic N. benthamiana
plants were placed into the A. rhizogenes suspen-
sion for 10—20 min, transferred onto solid M5
medium and incubated during 24 h at 25 °C. The
explants were rinsed with sterile water and cultivat-
ed on solid M5 medium without phytohormones
supplemented with carbenicillin (300 mg/L) and
cefotaxime (400 mg/L) during 2—4 passages of 14
days. After Agrobacterium elimination the emerged
roots were transferred onto solid MS medium
without phytohormones supplemented with 50
mg/L kanamycin. Selected hairy root cultures
werg maintained on solid MS medium without
phytohormones and antibiotics at 25 °C in the
dark with subcultivation period of 21 —30 days.

Regeneration of transgenic plants. Transgenic
roots were transferred onto solid MS medium sup-
plemented with 30 mg/L kanamycin without phy-
tohormones or containing benzyvlaminopurine
(BAP, | mg/L) and either indoleacetic acid (LAA,
0.1 mg/L) or naphthalencacetic acid (NAA, 0.1
mg/L) or 1AA (0.1 mg/L) and thidiazuron (TDZ,
1 mg/L). Regeneration was carried out at 25 °C
and 16 h light period (3000 lux). Regenerated
plants were maintained on solid MS medium with-
out phytohormones supplemented with 50 mg/L
kanamycin at 25 *C and 16 h light period (3000
lux) with subcultivation period of 30—40 days.

Polymerase chain reaction. DNA was isolated
from plant material according to Cheung et al.
[19]. PCR was carried out using Tercyc 1MO2
thermocycler («DNA Technologye, Russia), The
reaction mixture contained either (.2 ng of plas-
mid DMNA as positive control or 20—40 ng of plant
DNA (DNA from intact plants as negative control
or DNA from putative transgenic root cultures or
plants), 0.25 pM of each primer, 1x reaction buffer
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(10 mM Tris/HCI, pH 9.0, 30 mM KCI, 0.1 %
Triton X-100), 2 mM MgCl,, 800 uM deoxyri-
bonucleoside 5'-triphosphate mixture (200 pM
each) and 1 U of Tag DMNA polymerase. Amplifi-
cation of 646 bp fragment of npr/f gene was carried
out using primer pair aptii-1 (5-GAGGCTATT-
CGGCTATGACT-3) and nptfl-2 (5-CAAGCT-
CTTCAGCAATATCACG-3') under the following
conditions: 95 °C 4 min 30 sec, 56 °C | min, 72°C
45 sec — 94 °C Imin, 56 °C | min, 72 °C 45 sec
(35 cycles) — 72 °C 8 min. Fragment of ro/8 gene
TR0 bp in length was amplified with primer pair
rolB-1 (3 -ATGGATCCCAAATTGCTATTCCT-
TCCACGA-3) and rofB-2 (3-TTAGGCTTC-
TTTCTTCAGGTTTACTGCAGC-3) under fol-
lowing conditions; 95 °C 4 min 30 sec, 65 °C 1 min,
72°C 45 sec — 94 °C Imin, 65 °C 1 min, 72°C 45
sec (35 cycles) — 72 °C 8 min. Amplification prod-
ucts were analyzed by electrophoresis in 1 % aga-
rose gel.

Transient expression assay. Plant infiltration was
performed as it was described by Marillonnet [10]
with minor modifications: A. fumefaciens suspen-
sion was centrifuged and resuspended in the equal
volume of the infiltration buffer ( 10 mM MES, pH
5.5; 10 mM Mg50,; 100 uM acetosyringone). The
Agrobacterium suspensions harboring different
plasmid vectors were mixed in equal volumes
before infiltration. For typical assay the leaves of
greenhouse grown N, benthamiana plants were
infiltrated with Agrebacterivm  mixture (50
mkl/leaf)y by using a syringe without a needle. The
plant material was harvested on the 4" day aflier
inoculation. Accumulation of GFP was monitored
with a hand-held black ray lamp (UVP, Upland,
LISA) and the infiltrated area was cut out, The leaf
tissue was extracted with 50 mM phosphate buffer
(pH 7.0). The supernatant after centrifugation was
used for protein analysis. The content of GFP was
calculated by measurements of fluorescence inten-
sity in leaf extracts using fluorescence spectropho-
tometer Hitachi 850 (Hitachi, Tokvo, Japan) (ex-
citation at 395 nm, emission at 509 nm) on the
basis of standard values (GFP standard was gener-
ously granted by Icon Genetics GmbH (Halle/Sa-
ale, Germany). The background fluorescence of
control extracts (from leaves infiltrated with bacte-
ria carrying plC6692 only) was subtracted from
values of GFP containing extracts. The identity of
GFP in the extracts to the standard was proved by
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Fig. 1. Hairy root culture of N. benthamiana (51 strain)
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Fig. 2. Resulis of PCR amplification of DMNA isolated from
N. bermthamiana hairy roots: gy { — plasmid on the basis of
pBI121 amplificated with primer pair npiff {positive con-
trol); 2 — DMNA of untransformed N. henvhamiana roots
amplificated with primer pair sapsff (negative control); 37—
4 — DNA of hairy roots amplificated with primer pair aprfi
(51 and 85 strains, respectively); 5 — DNA size marker; b)
I—2 — DNA of hairy roots amplificated with primer pair
red B (S1 and 55 strains, respectively); J — DNA of
untransformed N benthamiana roots amplificated with
primer pair el (negative control), & — Ri plasmid of A.
ritizogenes amplificated with pnimer pair rol 8 ( positive con-
trol}; 5 — DMNA size marker. The amplificated 646 bp and
T80 bp DMNA fragments are indicated by arrow
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Fig. 3. Plants regenerated from hairy roots of N, benthami-
ana (lefl) and control plants (right) grown in vitro
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Fig. 4. Biomass yield of transgenic regenerated plants (left),
regenerated plants without transgene (center), and control
plants of N. benthamiana (fght) grown in vitro. Bars repre-
sentl confident intervals
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Fig. 5. GFP transient expression level in transgenic regen-

erated plants (left) and control plants of N. benthamiana
{right). Bars represent confident intervals
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recording their fluorescence spectra. The concen-
tration of total soluble protein was determined by
the method of Bradford [20].

Results and discussion. [mduction of N. ben-
thamiana hairy root cultures. Roots appeared on N,
benthamiana leaf explants on the 10h—]12" day
after co-cultivation with A. rhizogenes. In total, 44
emerging roots were detected on 12 explants. After
7—=8 days the roots were detached and transferred
onto hormone-free MS medium containing kana-
mycin. Ability to grow on media without phyto-
hormones is a characteristic feature of transgenic
hairy roots [21], while the resistance to kanamycin
is conferred by nprff gene present in the T-DNA of
the binary vector. Two kanamyvein-resistant root
cultures with the best growth characteristics were
chosen for further analysis. The selected root cul-
tures grew vigorously and showed the typical hairy
root phenotvpe: profuse branching, high density of
root hairs and plagiotropism (Fig. 1), that suggests
the transfer and expression of the genes of Ri-plas-
mid T-DNA [21, 22]. PCR amplification of rolB
{gene, located in TL-DMNA region of Ri-plasmid
and playing an imporiant role in hairy root induc-
tion [22]) and npi!f gene fragments confirmed the
transfer and integration of both T-DNA of Ri-plas-
mid as well as T-DNA of binary vector in the
genome of the obtained hairy root cultures (Fig. 2).

Regeneration of transgenic N. benthamiana plants.
Obtaining of plants from transgenic hairy roots has
been reported for numerous plant species, Rege-
neration may occur spontaneously or be induced
by phytohormones. Transgenic plants usually have
a characteristic Ri-phenotvpe with wrinkled lea-
ves, shoriened internodes, branched siems and
developed root system [23]. Transgenic roots of N,
benthamiana were cultivated under the light on MS
media without phytohormones or with several
phytohormone combinations. The best results were
obtained with MS medium containing 1 mg/L
BAP and 0.1 mg/L IAA. Regeneration was detect-
ed after 40—45 days; 20—30 days later regenerated
plantlets were detached and transferred onto phy-
tohormone-free medium. Plants regenerated from
transgenic roots grew on medium supplemented
with 530 mg/L kanamycin and differed from intact
N. benthamiana plants by short internodes, rein-
torced stem, thick and wrinkled leaves and well-
developed root system (Fig. 3). Afier 3 subcultures
several regenerated plants flowered in virro and
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formed viable seeds. For comparison of biomass
yield, the seeds of intact N. benthamiana and seeds
of the plants regenerated from transgenic roots
were germinated in vitro, Progeny of the regenera-
ted plants was examined by PCR amplification of
rol B gene fragment. It was shown that § R1 plants
carried the rolB gene, while the other 10 ones did
not. The biomass yield of plants bearing the rolB
transgene grown in vifre surpassed about twofold
the corresponding value of intact N. benthamiana
plants as well as regenerated plants without the
rofB gene (Fig. 4). The difference is significant
(P =0.95). It is noteworthy, that the biomass yield
of the regenerated offspring without the rol/B gene
did not differ significantly from the value of con-
trol plants.

Transient expression of GFP in transgenic N. ben-
thamiagna plants. Seeds of the plants regenerated
from transgenic roots were germinated in vitro and
after | —2 weeks the plants were successfully estab-
lished in the greenhouse. After acclimatization,
the greenhouse grown R1 plants carrving the ro/B
transgene (as confirmed by PCR) were used for
transient expression of the GFP gene under con-
trol of the 355 CaMV promoter. The pl9 protein
of tomato bushy stunt virus, a suppressor of post-
translational gene silencing, was co-expressed with
the GFP gene to increase the reporter protein ac-
cumulation [9]. The content of GFP in the leaf tissue
of the transgenic plants amounted to 3.17 £ 1.06 %
of the total soluble protein, that does not differ sig-
nificantly from the level of the greenhouse grown
intact N. benthamiana plants (Fig. 5).

Based on the oblained results, we can outline
two major strategies to enhance production of
transiently expressed recombinant proteins in
plants: modification of the expression system,
which may include co-expression of viral suppres-
sors of post-transcriptional gene silencing [9]
and/or construction of viral-based wvectors that
could be delivered by Agrobacterium infiltration
and allow to achieve the extremely high level of
recombinant protein accumulation (up to 80 %
TSP [10]). On the other hand, the optimization of
transient expression conditions and plant host
characteristics allows further improving the effec-
tiveness of a given genetic construct [24]). The des-
cribed here approach allowed obtaining transgenic
N. benthamiana plants with considerably higher
biomass while maintaining the level of reporter

FSSN 05643783 Humosozus u 2enemuxa. 2005, MNe 6

protein accumulation similar to that of wild-type
plants. This material represents a promising host
far the large-scale production of recombinant pro-
teins by means of transient expression. Additional
selection and/or screening of hairy root clones
may further increase the level of transiently
expressed proteins in regenerated plants.
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PEINOME. Kopeneni kynrrypu «hairy rootse Nicotiana
benthamiana HyN0 OTPHMAHO KOKYIETHBYBAHHAM I3 T4~
moM Agrobacterium rhizogenes Ad, aKMH MICTHBE DIHAPHY
BEKTOPHY CHCTEMY, 1 TpaHCreHHY NpHPoIy OTPHMaHHX
AiHifA KopeHis Byio aopeneHo metomnom NP 3 tpaderen-
HHX KOpeHiB Byo0 peréHeposado pocidHd. biomaca pere-
HEPORAHHX POCTHH, AKI KVIETHBYRATH 1 vilro, Nepepepiiny-
Bna BioMacy HeTpaHcpMORAHNK PoCTHH N, benthamiana
Maiixe Basidi. Bouu BLAPISHANKHCH BLI IHTAKTHHMX POCITHH
KOPOTKMMH MIKBYLUAMM, NMOTOBUCHHM CcTefmomM, TOBC-
THMH Ta CKPHANEHHMH THCTHMH TA GBI POIBMHEHOHD
KOpeHeRow cHeTemo, PiscHb Agrobactenium-onocepei-
KOBAHOT TPAHMEHTHOT excnpecii penoprepHoro Ginka
GFP B peredepopaHiy TPANCTEHHHY POCTHHAY OVE no-
MIOHMM 10 TAKOID ¥ HETPAaHChOPMOBIHHX POCAMH.

PEIFOME. Kynbryphl kopHell shairy rootss NMeofiana
benthamiana BRI NOAYVHEHB KOKVIETHRHPOBAHHEM JTHC-
TORBIX JKCIUIAHTOR CO WTaMMom Agrobacterium rhizogenes
Ad. conepxaluMy GHHAPHYKD BEKTOPHYK) CHCTEMY, H
TPAHCTEHHAS NPHUPOIA NOAYISHHBIX THHRIA KopHei Oslia
nokazaHa Metomgos NMUE M3 TpadcreHHBIX KOpHER Gram
pereHepHpOBaHL pacTedud. buoMacca pereHepupoBan-
HbIX PACTEHHH, KYIETHEHPOBABILIMNCH in vitro, NpeBkiE-
Jia Brosmacey HetpancthopMupoBaHHbY pacTenmi N, ben-
thamiana NprOAKIKTENsHO B A8a paza, OHKM OTAHYAIHCE
OT HHTAKTHBX PACTEHHH YKOPOUCHHBIMH MEAI0YIIH-
MH, YTOMEHHBIM credaeM, TOACTLIMH HCKPHBACHHBIMH
JHCTEAMKM H DOJlee PA3BUTOR KOopHeBOH cHoTeMmol. ¥po-
pens  Agrobacierium-onocpenosaHHol  TpaHMIHEHTHON
skenpeccHy penoprepHoro Genka GFP 8 pereHepupo-
BAHHLIX PACTEHHAX HE OTIHYANCH OT TAKOBOTO ¥ HETPAHC-
(POPMHPOBAHHEIX pacTe i,
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