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Abstract

Key message Composite potato plants offer an extre-
mely fast, effective and reliable system for studies on
gene functions in roots using antisense or inverted-
repeat but not sense constructs for gene inactivation.
Abstract Composite plants, with transgenic roots on a
non-transgenic shoot, can be obtained by shoot explant
transformation with Agrobacterium rhizogenes. The aim of
this study was to generate composite potato plants (Sola-
num tuberosum) to be used as a model system in future
studies on root-pathogen interactions and gene silencing in
the roots. The proportion of transgenic roots among the
roots induced was high (80-100 %) in the four potato
cultivars tested (Albatros, Desirée, Sabina and Saturna). No
wild-type adventitious roots were formed at mock inocu-
lation site. All strains of A. rhizogenes tested induced
phenotypically normal roots which, however, showed a
reduced response to cytokinin as compared with non-
transgenic roots. Nevertheless, both types of roots were
infected to a similar high rate with the zoospores of
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Spongospora subterranea, a soilborne potato pathogen.
The transgenic roots of composite potato plants expressed
significantly higher amounts of B-glucuronidase (GUS)
than the roots of a GUS-transgenic potato line event.
Silencing of the wuidA transgene (GUS) was tested by
inducing roots on the GUS-transgenic cv. Albatros event
with strains of A. rhizogenes over-expressing either the
uidA sense or antisense transcripts, or inverted-repeat or
hairpin uidA RNA. The three last mentioned constructs
caused 2.5-4.0 fold reduction in the uidA mRNA expres-
sion. In contrast, over-expression of uidA resulted in over
3-fold increase in the uidA mRNA and GUS expression,
indicating that sense-mediated silencing (co-suppression)
was not functional in roots. The results suggest that com-
posite plants offer a useful experimental system for potato
research, which has gained little previous attention.
Keywords Potato - Agrobacterium rhizogenes - Gene
silencing - Transgenic plant - Root - Spongospora
subterranea f. sp. subterranea

Introduction

Composite plants consisting of a wild-type (WT) shoot
with transgenic roots were initially described in the legume
Lotus corniculatus (Hansen et al. 1989). They were
obtained by inoculating an apical stem explant with
Agrobacterium rhizogenes used for hairy root induction
and letting both the roots and the shoot grow. Induction of
hairy roots has been reported for over 450 plant species,
suggesting that many of them are potentially suitable for
production of composite plants (Veena and Taylor 2007).
Indeed, composite plants have been described in other
legume species, such as Vicia hirsuta (Quandt et al. 1993)
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and Medicaco truncatula (Boisson-Dernier et al. 2001;
Mrosk et al. 2009; Vieweg et al. 2004), and also coffee
(Coffea arabica) (Alpizar et al. 2006), tomato (Solanum
lycopersicum), tobacco (Nicotiana tabacum) and Nicotiana
benthamiana (Collier et al. 2005). These composite plants
have been used to analyse gene functions (Boisson-Dernier
et al. 2005; Kiister et al. 1995), promoter activities (Dalton
et al. 2009; Gherbi et al. 2008a, b; Gonzalez-Rizzo et al.
2006; Limpens et al. 2004), metabolites and phytohormone
reactions (Ding et al. 2008; Isayenkov et al. 2005; Larson
et al. 2001; Sun et al. 2006).

Composite potato plants were generated by Collier
et al. (2005) in a study that included also a large number
of other species and, therefore, the report provides lim-
ited amount of information on properties of the com-
posite potato plants. Hyperbranching and plagiotrophy
have been observed in the transgenic, hairy potato roots
induced by A. rhizogenes (Pistelli et al. 2010). Such
anomalies are observed occasionally in the hairy roots of
various plant species as a consequence of an imbalanced
hormone regulation due to the modified auxin sensitivity,
which in turn is caused by the co-transformed rol genes
(Christey 2001; Hashem 2009; Maurel et al. 1991; Shen
et al. 1990). Treatments of hairy root cultures with auxin
(mostly 1.0 mg/l) have been reported to cause either a
very slight decrease (Bais et al. 2001; Gangopadhyay
et al. 2011) or a very slight increase (Kim et al. 2012;
Yang et al. 2010) in root biomass and very often a rapid
disorganisation (Bais et al. 2001; Gangopadhyay et al.
2011; Rhodes et al. 1994). Relative to auxin, cytokinin
has been shown to have even a greater impact on the
growth of hairy roots. Cytokinin supplementation has
been reported to decrease both biomass and elongation
of hairy roots in Artemisia annua (Weathers et al. 2005)
and to arrest both wild-type and hairy root growth in M.
truncatula (Gonzalez-Rizzo et al. 2006). Addition of
1.0 mg/l cytokinin leads to increased lateral branching in
hairy roots of A. annua (Weathers et al. 2005) and
Hyoscyamus albus (Sauerwein et al. 1992).

The intensity of the reaction on exogenous hormone
supply is influenced by the strain of A. rhizogenes used for
transformation (Sauerwein et al. 1992).

However, in spite of the changes in hormone level,
Mrosk et al. (2009) found no difference between hairy
roots and WT roots in the rate of mycorrhization, mor-
phology of the fungal structures or the molecular
responses in the root-fungus interaction. Hence, normally
developed roots of composite plants may be very useful
for studies on root-microbe interactions, including plant-
symbiont interactions (Estrada-Navarrete et al. 2006;
Gherbi et al. 2008a; Kiister et al. 1995; Mrosk et al.
2009; Vijn et al. 1995) and plant-pathogen interactions
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(Collier et al. 2005; Larson et al. 2001), including soil-
borne pathogens, vectors of soilborne viruses and the
viruses themselves (Lennefors et al. 2006, 2008; Santala
et al. 2010; Sasaya et al. 2008).

In the case of potato, resistance to soilborne viruses and
other pathogens is one of the most important goals of
breeding. Nevertheless, it is limited by the few known
natural sources of resistance. Therefore, also transgenic
resistance is seen as an important alternative (Simén-Mateo
and Garcia 2011). One of the latest strategies is a cisgenic
approach employing natural alleles or genetically modified
forms of host genes required by pathogens during the
infection cycle and using them as resistance genes (Piron
et al. 2010). Composite potatoes should be a fast and
efficient system to test the influence of the genes on
resistance.

It remains to be ascertained whether the roots of
composite plants are also suitable to study RNA silencing,
which is the most important natural, basal defence
mechanism against viruses in plants (Simén-Mateo and
Garcia 2011; Smith et al. 2000). RNA silencing can target
and degrade the genomes of RNA viruses and the gene
transcripts of DNA viruses, as also observed with host
gene mRNAs in the process called post-transcriptional
gene silencing. Consequently, similar types of gene con-
structs can be designed to target the viruses and cellular
genes with RNA silencing (Smith et al. 2000). Transgenes
made of viral genes or viral genome fragments to induce
RNA silencing against viruses can be categorized as sense
(co-suppression), antisense or inverted-repeat constructs
(Smith et al. 2000). However, studies on transgenic
resistance to soilborne viruses have provided lines of
evidence suggesting that RNA silencing is not particularly
efficient in roots (Andika et al. 2005; Germundsson et al.
2002; Kawazu et al. 2009). There are few studies com-
paring the different types of gene silencing constructs in
roots in the same experiments, making it difficult to
elucidate which constructs could be more efficient than
others. Therefore, efficient systems to test resistance
genes in roots are needed, for which composite plants
may offer a solution.

The aim of this study was to develop composite potato
plants with transgenic roots on non-transgenic shoots. An
important goal was to obtain transgenic hairy roots that do
not suffer from anomaly and to test whether they were
infected with Spongospora subterranea f.sp. subterranea, a
soil microbe transmitting Potato mop top virus (PMTV), to
the same extent as the wild-type (WT) roots. Furthermore,
we aimed to test silencing of a reporter gene (uidA gene for
B-glucuronidase, GUS) with various gene silencing con-
structs in the transgenic roots and obtain direct evidence for
possible differences in their silencing activity in roots.
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Materials and methods
Plasmid construction

The uidA gene encoding [-glucuronidase (GUS) was
amplified with the primers GusFa and GusR (Table 1) to
clone uidA in antisense orientation (1,821 nt) to the vector
pKOH122 (Holmstrom 1998; Kreuze et al. 2005). Cloning
to pKOH122 was done at the Xbal/Bcll site, between the
Cauliflower mosaic virus 35S promoter and the terminator
region of the nopaline synthase gene (nos) (Fig. 1).

In order to prepare a “GUS hairpin” construct, PCR
fragments (194 nt) were amplified from the 5’-end of the
uidA gene using primers GusFs and GusRhp (Table 1;
sense fragment, 208 nt containing the restriction sites

Table 1 Primers used in the study

added with the primers) and primers GusFa and GusRhp
(Table 1; antisense fragment, 206 nt containing the
restriction sites added with the primers). The sense frag-
ment was ligated under the 35S promoter upstream of the
IV2 intron [Bcll/Xbal-digested 189-nt fragment of the
second intron of potato gene ST-LS1 (Eckes et al. 1986;
Vancanneyt et al. 1990)] using the Notl/Bcll sites, whereas
the antisense fragment was inserted between the intron and
the nos terminator sequence using the Xbal/BamHI sites in
pKOHI122 (Fig. 1). A “GUS short-repeat” construct was
prepared by replacing the uidA antisense fragment of the
“GUS hairpin” construct for the full uidA gene in anti-
sense orientation (Fig. 1).

To obtain binary plasmids asGUS, hpGUS and srGUS,
the 35S-(gene fragment)-nos cassettes containing the uidA

Primer Sequence (5'-3")* Purpose

actinF GTACGTCGCTATTCAGGCAGTCTT Amplification of actin cDNA by quantitative PCR

actinR CAGAATCCAGCACAATACCTGTTG cDNA synthesis of actin transcripts, amplification of actin

cDNA by quantitative PCR

Aux1-fw CGAGATCCTTCGCTTAGTCG Amplification of aux1 gene derived from A4 DNA sequence”

Aux1-rv GTGGTGAGTATGCACGATGG

Aux2-fw GGCAGACCGTTGGAACTAAG Amplification of aux2 gene derived from A4 DNA sequence”

Aux2-rv GAATTTCCGTTGTCCCTTGA

GUSF GAAGTCGGCGGCTTTTCT Amplification of GUS sense cDNA by quantitative PCR

GusFa TCTAGAATGTTACGTCCTGTAGAAACC Cloning GUS in antisense orientation into pKOH122 vector
(Xbal)®

GusFs GCGGCCGCATGTTACGTCCTGTAGAAACC Cloning GUS in sense orientation into pKOH122 vector
(NotD)®

Gus-int-fw GGTCACTCATTACGGCAAAGTG Amplification of GUS gene DNA

Gus-int-rv GTAATGCGAGGT ACGGTAGGAG Amplification of GUS gene DNA

GUStagR GCAGTATCGTGAATTCGATGCTCATTGTTTGCCTCCCTG cDNA synthesis of GUS sense transcripts

GUSnsF CCGGGTGAAGGTTATCTCTATG Amplification of GUS cDNA by quantitative PCR

GUSnsR GCGGGTAGATATCACACTCTGTC

GusR GGATCCTCATTGTTTGCCTCCCTGCTG Cloning GUS in sense/antisense orientation into pKOH122
(BamHI)® vector

GusRhp GGATCCCGCATAATTACGATTATCTGC Cloning the 5’ 194 nts of GUS into pKOH122 vector
(BamHI)®

prGUS-fw ACCGTTTGTGTGAACAACGA Primers to synthesize a probe

prGUS-rv CACGTAAGTCCGCATCTTCA Primers to synthesize a probe

RolA-fw CCCAGACCTTCGGAGTATTAT Amplification of rolA gene derived from A4 DNA sequenced

RolA-rv GGTCTGAATTTTCACGTCCG

RolB-fw CTATTCGAGGGGATCCGATT Amplification of rolB gene derived from A4 DNA sequence®

RolB-rv TCAAATCTAGCACTGCAAGA

Tag GCAGTATCGTGAATTCGATGC Amplification of GUS sense cDNA by quantitative PCR

? Restriction sites are underlined
® Camilleri and Jouanin (1991) (NCBI GenBank M61151.1)

¢ Restriction sites present in the primer sequence: GusFs, Notl; GusFa, Xbal; GusR, BamHI; GusRhp, BamHI

4 Slightom et al. (1986) (NCBI GenBank K03313.1)
¢ Furner et al. (1986) (NCBI GenBank X03433)

@ Springer



1980

Plant Cell Rep (2014) 33:1977-1992

(a)

(c)
asGUS

V2
pKOH122 m D35S tnos
A NB HX S
(b)
pkoH200] 18 |— SRR npti NERE 1 8|
-—-ﬂ-—-_—- 0355 ST (355 e 0353 tnos [re]
A B X S
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®

E40::35S-
gusAint (Kister
1995)

Fig. 1 Schematic presentation of GUS (B-glucuronidase) gene
silencing cassettes. a Vector pKOH122; b binary vector pKOH;
¢ asGUS silencing construct with uidA gene in antisense orientation;
d hpGUS silencing construct with IV2 intron flanked by the sense and
antisense fragments (194 nt) derived from the 5’-end of uidA;
e srGUS silencing construct with sense fragment (194 nt) derived
from the 5’-end of uidA and uidA in antisense orientation, separated
by the IV2 intron; f T;-DNA integration vector E40::35S-gusint.

antisense fragment, “GUS hairpin” or “GUS short repeat”,
respectively, where moved from the cloning vector
pKOHI122 to the binary vector pKOH200 (Holmstrom
1998; Kreuze et al. 2005) using the Ascl/ShfI sites (Fig. 1).
Binary vectors were introduced into the competent cells of
A. rhizogenes strain ARqual (Quandt et al. 1993) by cold
shock transformation (Simon et al. 1983).

Bacterial strains and culture media

The strains of A. rhizogenes (Table 2) were maintained on
solid yeast extract broth (YEB) medium (Vervliet et al.
1975) and grown in liquid YEB medium overnight at 28 °C
before plant transformation. The Agrobacterium tumefac-
iens strain LBA4404 (Ooms et al. 1982) was cultivated at
28 °C overnight in liquid lysogeny broth medium (Bertani
1951) for plant transformation.

Plant material and growth conditions
Potato cvs. Albatros, Desirée, Sabina, Saturna and Hansa
were grown on standard Murashige Skoog (MS) (Mu-

rashige and Skoog 1962) as described by Neumann et al.
(2005). Composite potatoes were cultivated on slants of
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UidA-int sense

AmpR, gene conferring ampicillin resistance; p35S, cauliflower
mosaic virus 35S promoter; tnos, nopaline synthase gene terminator
sequence; LB and RB, left and right borders of the T-DNA; nptll,
coding region of neomycin phosphotransferase; ¢35, cauliflower
mosaic virus 35S terminator; uidA, coding region of B-glucuronidase;
Ascl, restriction sites for A; N, Notl; B, Bcll; H, BamHI; X, Xbal; S,
Sbfl are indicated. E40, eco RI fragment 40 from the ARqual T;-
DNA, (1.5 kb) fragment (Stougaard et al. 1987)

potato SP medium (sugar free MS medium with 8.0 g 17"
agar; Duchefa) in Petri dishes at 20 °C under a 12-h pho-
toperiod. Plants of Nicotiana benthamiana were grown in
Vermiculite soaked with Hoagland medium (Hoagland and
Arnon 1950) at 24/21 °C under a 16-h photoperiod. To
obtain root lines hairy roots were individually propagated
on solid hormone-free BS medium according to Stiller
et al. (1997) at 20 °C.

Plant transformation

Potato scions were transferred to the ‘Steri Vent’ plant
growth containers on to fresh MS medium 3 weeks prior to
induction of hairy roots with A. rhizogenes. The plantlets
rooted after 2 weeks and were transferred to low light
conditions for etiolation for 1 week. Three etiolated potato
plantlets were transferred to a Petri dish containing SP
medium and inoculated with A. rhizogenes by stab inocu-
lation as described for V. hirsuta (Quandt et al. 1993) in the
internodes of potato plantlets. The petri dishes were placed
vertically in a growth cabinet (20 °C, 12 h photoperiod).
2 weeks after inoculation transgenic hairy roots emerged
from the inoculation site (Fig. 2a, b). About 3 weeks after
inoculation when transgenic roots were ca. 1 cm long, the
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Table 2 Strains of Agrobacterium rhizogenes and A. tumefaciens used in the study

Agrobacterial strain Original strain ~ Plasmid® Characteristic References
Agrobacterium tumefaciens
LBA 4404 - - Onc™; Sm® Ooms et al. (1982)
LBA GUS-INT - pGUS-INT®  Onc™; Sm®; Km"® This work
Agrobacterium rhizogenes
ARqual R1000° - Agropine strain; Tr -DNA und Tr-DNA; Sm® Quandt et al. (1993)
AR30 ARqual E40::35S- p35S-uidAint-t35S::T; -DNA; Sm®; Km"® Kiister et al. (1995)
gusAint®
ARnptII ARqual pKOH200¢ p35S-nptI-t35S; Sm®; Sp® This work
ARasGUS ARqual asGUS® pKOH200:p35S-uidAas-tnos This work
ARhpGUS ARqual hpGUS*® pKOH200:p35S-AuidA-1V2-Auid A-tnos This work
ARsrGUS ARqual srGUS*® pKOH200:p35S- AuidA-IV2-uidAas-tnos this work
AR1023::rol B~ R1000° - Agropine strain; Tr -DNA und Tr-DNA; Km® White et al. (1985)
C58Cl1::pRil15834::pGUS- C58Cl:: pGUS-INT® Agropine strain; T; -DNA und Tg-DNA; Km®; Rif®  Quandt et al. (1994)
INT pRi15834"
TR7 - - Mannopine strain; single T-DNA similar to Ty - BCCM/LMG bacteria
DNA; wild type catalogue, Belgium
NCPPB 2655 - - Cucumopine strain; single T-DNA similar to T;-  NCPPB-collection, GB
DNA; wild type
NCPPB 2656 - - Cucumopine strain; single T-DNA similar to Ty - NCPPB-collection, GB
DNA; wild type
NCPPB 2659 - - Cucumopine strain; single T-DNA similar to T;-  NCPPB-collection, GB

DNA; wild type

Onc™, without octopine genes; Sm”, resistance of bacteria against streptomycin; Sp~, resistance of bacteria against Spectinomycin; Km”,
resistance of bacteria against Kanamycin; Rif%, resistance of bacteria against Rifampicin; E40, native 1,5 kb fragment (Stougaard et al. 1987);
P35S, Cauliflower mosaic virus 35S promoter; 135S, Cauliflower mosaic virus 35S terminator; tnos, nopaline synthase terminator; nptll, coding
region of neomycin phosphotransferase; uidA, coding region of B-glucuronidase; AuidA, first 194 nucleotids of B-glucuronidase coding region;
BCCM/LMG, Belgian Co-Ordinated Collections of Microorgansims/Laboratory for Microbiology of the Faculty of Sciences of the Ghent
University; NCPPB, National Collection of Plant Pathogenic Bacteria; GB, Great Britain

* Schematic presentations of the plasmids are in Fig. 1
® White et al. (1985)

¢ Kiister (1995)

¢ Holmstrom (1998)

¢ asGUS, hpGUS, srGUS are cloned in pKOH200

f Hansen et al. (1989)

& Vancanneyt et al. (1990)

non-transgenic roots growing from basal part of the scion
were removed. The composite potatoes were then trans-
ferred to fresh SP medium.

For generation of uidA expressing potato lines, the
binary vector pGUS-INT (Vancanneyt et al. 1990) was
introduced into A. tumefaciens strain LBA4404 (Hoekema
et al. 1983) and used to transform potato cv. Albatros, as
described by Diiring et al. (1993). The presence of the
transgene in the plant genome of regenerated shoots was
demonstrated using primers (Gus-int-fw/rv; Table 1) which
amplify a 913-bp fragment located in the coding region of
uidA. Transgenic plants were further characterized by
Southern blot and flourometric 4-methylumbelliferyl--D-
glucuronide (MUG) assays. Southern analysis was done

according to (Hiihns et al. 2008) with DNA digestion by
EcoRI or Aflll and probed with a uidA PCR fragment of
517 bp produced using the prGUS-fw and prGUS-rv
primers (Table 1).

Reaction of composite plants on cytokinin

The reaction of roots of composite plants on cytokinin was
analysed according to (Gonzalez-Rizzo et al. 2006) on SP
medium in comparison to the response of WT roots. In two
repetitions, three to ten composite plants with roots induced
by ARqual (A. rhizogenes strain transferring only its
T-DNA into the plant) or ARnptll (ARqual derivate
transferring nptIl from a binary vector) were grown on SP
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Fig. 2 Composite potato plants cv. Albatros. a, b Root formation on
potato scions 2 weeks after induction of hairy roots; ¢, d histochemical
staining of hairy roots of composite potatoes induced by A. rhizogenes
strain AR30 carrying E40::35S-gusAint construct (¢) and those
induced by ARqual without a binary vector (d); Blue colour indicates

medium amended with BAP (2 mg 1" or without BAP
supplementation.

Infection of the roots of composite potato plants
with S. subterranea f. sp. subterranea

Rooted plantlets of the composite plants of cv. Saturna,
and the wild-type (WT) plantlets of Saturna and cv.
Hansa, were transferred from the MS medium to stone
wool in 80 ml net plastic pots and placed in a hydropond
to secure abundant root growth (Merz 1989). Seedlings of
N. benthamiana were included for comparison, because N.
benthamiana is commonly used in studies on transmission
of PMTV by S. subterranea (Germundsson et al. 2002).
After 15-20 days the plants had developed 3—4 leaves and
an abundant root system had emerged. The WT roots
were removed and the composite plants were transferred
to 250 ml plastic pots with vermiculite. Sporeballs of S.
subterranea (scraped from tuber skin lesions, dried, pul-
verized and stored in dark at 4 °C until use) were placed
into a hole in vermiculite as inoculum and the composite
potato planted in the same hole. The plants were trans-
ferred to a growth chamber and grown at 18/16 °C (day/
night) under a 16-h photoperiod in open plastic containers
(980 cmz), five pots in each, and drip-irrigated with
nutrient solution (Hoagland and Arnon 1950) added to the
water, securing a high water content necessary for
sprouting of the resting sporeballs and swimming of the
released zoospores. A trial consisted of at least 12
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(d)

GUS activity. e-h roots 8 weeks after transfer to petri dishes; e, g WT
roots; f, h hairy roots on composite potato plants; i mock inoculation
on the stem without root induction 8 weeks after treatment (colour
figure online)

composite plants of a potato cultivar and 15 plants of N.
benthamiana.

Twenty-one days after planting root samples were col-
lected, stained with Trypan blue at 60 °C for 3 min and
washed in ion-exchanged water. The stained roots of each
plant were assessed for presence of zoosporangia of S.
subterranea with a microscope at 100 spots chosen at
random using Kole’s scale (Kole 1954) for root hair
infection, where 0 = no zoosporangia; 1, 2 and 3 indicate
very few, several, and many sporangia, respectively; and 4
indicates heavy infection.

GUS assay

GUS activity was demonstrated by histochemical staining
(Fig. 2¢) or quantified by the fluorometric assay according
to Jefferson et al. (1987). For fluorometric assay around
100 mg of root material from 2 to 5 different composite
plants was combined to one sample. The background level
of fluorescence was determined using samples from non-
transgenic material and was subtracted from the values of
the GUS-transgenic samples. The total protein content of
the plant samples was determined by the Bradford assay
(Bradford 1976) and GUS activity calculated in relation to
the protein content. The level of GUS activity in the roots
induced by the A. rhizogenes strain ARqual on the GUS-
INT-1 transgenic potato cv. Albatros was used as a stan-
dard to which the GUS activity values of other samples
were compared.
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RNA extraction, cDNA synthesis, qualitative
and quantitative RT-PCR

For qualitative reverse transcription PCR (RT-PCR) total
RNA was extracted from 70 to 200 mg of propagated hairy
roots using a Quiagen RNeasy Plant Mini-Kit (Hilden,
Germany) or 10-70 mg of hairy roots using a Machery-
Nagel NucleoSpin RNA XS Kit (Diiren, Germany). For
cDNA synthesis the RevertAid H Minus First Strand cDNA
Synthesis Kit (Fermentas) (St. Leon-Rot, Germany) was
used (Hiihns et al. 2008). cDNA was produced using spe-
cific primers (Table 1) deduced from the respective geno-
mic DNA sequences (rolA, NCBI GenBank K03313.1,
Slightom et al. 1986; rolB, X03433, Furner et al. 1986; aux1
and aux2, NCBI GenBank M61151.1, Camilleri and Joua-
nin 1991) with the following PCR program: 5 min at 94 °C;
9 cycles of 1 min at 94 °C, 1 min at 57 °C, 2 min at 72 °C;
30 cycles of 1 min at 94 °C, 1 min at 57 °C, 2 min at 72 °C
with a 10-s time increment per cycle, followed by 10 min at
72 °C for final extension. Products were separated by
electrophoresis in 1.5 % agarose gels.

For quantitative RT-PCR (qRT-PCR) total RNA was
extracted from the hairy roots of composite potato plants
using the Trizol-like reagent (Caldo et al. 2004). RNA
concentration and purity were determined spectrophoto-
metrically. RNA (0.5 pg) was diluted to a total volume of
4 pl with nuclease free water. 0.5 pl of RQ1 buffer (Pro-
mega, Madison, USA) and 0.5 pl of RQ1 RNase free
DNase (Promega, Madison, USA) were added, and the
mixture was incubated at 37 °C for 30 min. DNase was
inactivated by adding 0.5 pl of RQI stop solution.

Non-strand specific qRT-PCR and positive-strand spe-
cific qRT-PCR (pss-qRT-PCR) amplifications of wuidA
transcripts were carried out using a potato gene for actin
(GeneBank accession no. X55746.1) as an internal control.

For qRT-PCR, cDNA was synthesized on the DNase
treated RNA with Moloney murine leukaemia virus reverse
transcriptase (Promega) according to the manufacturer’s
instruction using oligo d(T),sN to initiate cDNA synthesis.
Subsequently, cDNA was diluted to 50 pl with nuclease-
free water.

The cDNA synthesis for pss-qRT-PCR was done
according to the protocol of Purcell et al. (2006) with some
modifications. A tagged antisense primer (GUStagR)
(Table 1) was used to initiate cDNA synthesis on the uidA
sense transcripts. Initiation of cDNA synthesis on actin
transcripts was done with the antisense primer actinR
(Table 1). A mixture (1.0 pl) containing 5 pmol of both
primers was added to 5.5 pl of DNase-treated RNA and the
samples were incubated at 70 °C for 10 min followed by
3 min cooling onice. Subsequently, 1 x reverse transcriptase
buffer, 10 mM dithiotreitol, 0.5 mM dNTPs (Finnzymes,
Espoo, Finland), 100 U of Moloney murine leukemia virus

reverse transcriptase (Promega, Madison, USA), and 10 U of
RNasin (Promega, Madison, USA) were added to a total
reaction volume of 10 pl and incubated at 50 °C for 1 h
followed by inactivation of the reverse transcriptase at 70 °C
for 10 min. To remove the excess primers, the transcription
reactions were treated with 2 U of Exonuclease I (Fermentas,
Carlsbad, USA) in endonuclease buffer (reaction volume
20 pl) and incubated at 37 °C for 30 min. The enzyme was
subsequently inactivated at 80 °C for 15 min. The reaction
mix was then diluted to the final volume of 30 pl with
nuclease free water.

The potato actin gene-specific primers (actinF and ac-
tinR) (Table 1) used for qRT-PCR and pss-qRT-PCR were
those described by Vuorinen et al. (2010). The tag primer
(Table 1) used as the reverse primer for uidA sense tran-
script cDNA amplification was adopted from Purcell et al.
(2006), whereas the forward primer (GUSF) for the uidA
sense transcript cDNA and the uidA primers for non-strand
specific qPCR (GUSnsF and GUSnsR) were designed using
Primer3 software (Rozen and Skaletsky 2000). Two ana-
Iytical replicates of each biological replicate were tested.
Quantitative PCR was conducted with LightCycler 480
(Roche, Basel, Switzerland) in a 384-well format. Each
well contained 1x SYBR Green I master mix (Roche,
Basel, Switzerland) with 0.45 pmol of forward and reverse
primers and 5 pl of cDNA in a total volume of 15 pl. The
PCR program consisted of a pre-incubation step at 95 °C
for 5 min followed by 45 cycles of 10 s at 95 °C, 10 s at
60 °C and 10 s at 72 °C. To confirm that each primer pair
produced only a specific, single product, a melting curve
analysis was done at the end of the program, and amplifi-
cation products were sequenced without cloning. Analysis
of the qRT-PCR data was carried out using the E-method
as described (Vuorinen et al. 2010).

Statistical analyses

For the comparisons, the ¢ test or the F test (including the
multiple comparison based on the least significant differ-
ence, LSD) was used. A P value <0.05 was considered
significant. The analysis was calculated with IBM SPSS
Statistics 19 and Microsoft Excel.

Results

Identification of the optimal combination of the A.
rhizogenes strain and potato cultivar

In order to simulate a normal plant, the phenotype, hormone
concentrations and sensitivity to hormones in the hairy roots
of composite plants should be similar to WT roots. Because
previous studies on V. hirsuta indicate that induction of
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Table 3 Percentage of explants producing hairy roots after induction by different A. rhizogenes strains on the four different potato cvs. Albatros,

Desirée, Sabina and Saturna

A. rhizogenes Opines Albatros Desirée Sabina Saturna

ARqua 1 Agropine 100 £ 0 % (5) 93+7 % (3) 96 x4 % (3) 96 4 % (5)
AR30 Agropine 9+1 % (7) 96 + 4 % (3) 100 £ 0 % (2) 100 £ 0 % (13)
AR1023 rol B- Agropine 74 £ 17 % (4) 81 £8 % (2) 87 £0% (2) 92 £8 % (2)
C58C1::pRil15834::pGUS-INT Agropine 82+ 18 % (3) 100 £ 0 % (5) 100 £ 0 % (2) 97+£3 % (3)
TR 7 Mannopine 68 £2 % (2) 77 £ 10 % (2) 23+7 % (2) 58 £32 % (2)
NCPPB 2655 Cucumopine 25 £25 % (2) 8+8 % (2) NE NE

NCPPB 2656 Cucumopine 78 £2 % (2) 65 £+ 35 % (2) NE NE

NCPPB 2659 Cucumopine 3% (1) 0% (1) NE NE

Efficient combinations of A. rhizogenes and potato cultivar are marked in bold

Mean £+ SE

N number of experiments; NE no experiment

normal roots requires an optimal A. rhizogenes—plant
genotype combination (Pistelli et al. 2010; Quandt et al.
1993), we tested the efficiency of hairy root induction of
eight strains of A. rhizogenes (Table 2) on four potato cul-
tivars (Abatros, Desirée, Sabina and Saturna). The agropine
A. rhizogenes strains induced root growth on 74-100 % of
the inoculated shoots, whereas the mannopine and cu-
cumopine strains only induced root growth on 23-77 % and
0-78 % of the inoculated shoots, respectively (Table 3).
Hence, in the following, the agropine strains ARqual
(Quandt et al. 1993), AR30 (Kiister et al. 1995) and
C58C1::pRi15834::pGUS-INT (Kiister et al. 1995) were
used for root induction. While ARqual and AR30 were most
efficient inducers of hairy roots on cvs. Albatros, Saturna and
Sabina, C58C1::pRil15834::.pGUS-INT proved to be also
efficient on Desirée but not on Albatros (Table 3).

All roots of the composite plants were phenotypically
similar to WT roots, independent of the strain of A. rhizog-
enes, and no phenotypic anomaly typical for hairy roots, such
as vigorous branching, was observed (Fig. 2e-h). Further-
more, wounding did not stimulate root growth on potato
scions (Fig. 2i) indicating that all roots growing on the
inoculation site were induced by A. rhizogenes. Accordingly,
the presence of the rol RNA could be verified by qualitative
RT-PCR in 100 % of the roots analysed (Fig. 3). On protein
level, transgene encoded GUS activity could be demon-
strated in 95-100 % of the roots (Fig. 2c, d).

When hairy roots were ca. 1 cm long, the WT roots were
removed from the basal end of the scions and the com-
posite potatoes were transferred to a fresh medium
(Fig. 2h).

Hormone reactions of the transgenic, phenotypically
normal hairy roots

Although the roots were phenotypically normal, hormone
reactions might be changed due to the expression of the
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hormone genes located on the T-DNA. Compared to auxin,
cytokinin supplementation has been shown to have more
impact on hairy root development (Christey 2001; Hashem
2009). Therefore, we decided to analyse the reaction of
transformed hairy roots to cytokinin (6-benzylaminopurine,
BAP) in comparison with the response of WT roots. After
3 weeks, all roots had grown ca. 4 cm on the medium
lacking BAP. In contrast, addition of BAP greatly ham-
pered the growth of WT roots which grew only 0.1 cm in
the same period of time. The growth of roots on composite
plants was less affected by BAP (Fig. 4), as indicated by
growth of ca. 50 % of the roots up to 0.7 cm (ARqual) or
0.8 cm (ARnptIl) during the experiment. 15 hairy roots of
potato cv. Saturna induced by ARnptll and three control
roots induced by ARqualwith different growth rates were
excised and grown in root culture in hormone free medium.
The expression of aux and rol genes was analysed via
qualitative RT-PCR in order to identify possible correlation
to the individual growth rate (Fig. 3). No correlation
between the aux and rol gene expression and the growth
rate could be observed. The three WT roots showed no
expression of rol and aux genes and did not grow as a root
culture on hormone-free B5 medium.

Influence of the transformation vector on the percentage
of roots expressing the transgene

Previous studies have shown that the proportion of uidA
expressing (GUS+) roots of V. hirsuta could be increased
when the wuidAint gene (uidA carrying an intron) was
integrated into the Ty -DNA of the Ri Plasmid instead of the
T-DNA of a binary vector (Horn et al. 2014 submitted).
The efficiency of the system was determined by comparing
the proportion of GUS+ roots induced with either
C58C1::pRi15834::pGUS-INT containing uidAint gene in
a binary vector (Quandt 1994) or AR30 (Kiister et al.
1995), an ARqual derivative with uidAint gene integrated
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Fig. 3 Growth of roots Saturna niV

Hairy roots

expressing rolA and rolB in
different combinations with aux
genes on hormone free medium.
Expression was verified via
qualitative RT-PCR in two
repetitions. The first box shows
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growth. N, number of samples
analysed. Error bars indicate
standard deviation
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in the T -DNA. On cvs. Albatros and Desirée AR30
induced 95-98 % roots expressing GUS, while
C58C1::pRi15834::pGUS-INT induced only 87-88 %
GUS+ roots (Table 4). On cv. Saturna AR30 induced less
(81 %) GUS+H roots than C58C1::pRil5834::pGUS-INT
(91 %). As expected the negative control ARqual, that
does not carry the uidA gene, induced no GUS+ roots
(Table 4).

Infection of the roots of composite potato plants
with S. subterranea

The potato powdery scab pathogen S. subterranea is a soil
micro-organism that infects roots, stolons and tubers of
potato. The propensity of the composite potato hairy roots
for infection with S. subterranea was studied using a bio-
assay, in which the resting spores of the pathogen were
added onto the growth medium of the composite potato
plants of cv. Saturna, including non-transgenic plants of cv.
Saturna with non-transformed roots as controls. Potato cv.
Hansa and N. benthamiana plants susceptible to S. sub-
terranea were included as additional controls (Andersen
et al. 2002). The three independent experiments carried out
with composite plants of cv. Saturna each included at least
12 composite and control potato plants. Results showed
that while infection rates expressed as the proportion of
infected plants were similar, the infection intensity mea-
sured on Kole’s scale (Kole 1954) was higher in the potato

plants than in the N. benthamiana control plants (Fig. 5).
No differences were found either in the proportion of
infected plants or in the infection intensity between hairy
roots of composite cv. Saturna and the non-transformed
roots of Saturna and Hansa (Fig. 5).

Post-transcriptional silencing of uidA in the hairy roots
of composite potato plants

In order to test the silencing of uidAint in hairy roots, a
GUS+ event was produced via transformation with A.
tumefaciens carrying a Dbinary vector (pGUS-INT)
(Table 2) with a uidA gene interrupted by an intron
(Vancanneyt et al. 1990). Out of ten transformants, a single
event with high (2.0 £ 0.6 pmol min~' pg protein—"') and
stable GUS activity in roots was selected for further stud-
ies. Southern analysis confirmed that this event (designated
as Albatros GUS-INT-1) had only a single copy of the uidA
in its genome. In order to trigger post-transcriptional
silencing of uidA in the transgenic event Albatros GUS-
INT-1, it was transformed with strains of A. rhizogenes
either carrying the uidA gene on the T-DNA (strain AR30)
or a binary plant transformation vector containing various
uidA-derived constructs that do not express GUS but uidA-
homologous single-stranded antisense (strain ARasGUS) or
double-stranded RNA (strains ARhpGUS and ARsrGUS)
(Table 2; Fig. 1). Strains of A. rhizogenes lacking any
transgene on the T-DNA (ARqual) or carrying a binary
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vector containing the neomycin phosphotransferase gene
(ARnptll) were included as controls. GUS activity was
measured using the MUG assay, calculated relative to the
total protein content of the sample, and compared with the
GUS activity of hairy roots induced with ARqual on Al-
batros GUS-INT-1 (activity = 100 %).

Following transformation of WT cv. Albatros, GUS
activity was detected only in the hairy roots of the com-
posite plants induced by transformation with the A. rhiz-
ogenes strain AR30, whereas transformation with any other
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Fig. 4 Influence of the cytokinin 6-benzylaminopurine (BAP) on

growth of the non-transgenic roots as compared with the hairy roots
induced by A. rhizogenes. Values indicate the percentage of roots
which showed any detectable elongation during the experiment
(3 weeks). Saturna niV, non-transformed potato cv. Saturna with
adventitious roots; ARqual, hairy roots of cv. Saturna induced by A.
rhizogenes carrying no transgene. ARnptll, hairy roots of cv. Saturna
induced by A. rhizogenes with a binary vector carrying the coding
region for neomycin phosphotransferase. a—c Significant differences
of means were analysed by post hoc test by the program SPSS and are
indicated by different letters on the columns; N, number of plants
tested. Error bars indicate standard deviation. Any outliers are
marked with a circle and extreme outliers with an asterisk

Table 4 Frequency of GUS expressing roots induced by A. rhizogenes

strain resulted in no detectable GUS activity (Fig. 6), as
expected.

Transformation of the event GUS-INT-1 with ARqual
(no transgene) and ARnptll resulted in similar levels of
GUS activity reflecting the levels typical for this transgenic
cultivar (Fig. 6). Compared with ARqual and ARntpll,
transformation with AR30 resulted in 3-fold higher GUS
activity, thus being even higher than observed for the hairy
roots on WT cv. Albatros (Fig. 6). Finally, the hairy roots
induced with strains ARasGUS, ARsrGUS and ARhpGUS
carrying antisense, short-repeat or hairpin constructs of
uidAint gene, respectively, exhibited significantly less GUS
activity (31-44 %) than the hairy roots in plant transformed
with ARqual or ARntpIl (Fig. 6). The most pronounced
reduction of GUS activity was observed in the hairy roots
induced with strain ARhpGUS (30.9 £ 14.6 %).

The hairy roots were tested for uidA mRNA expression
levels by qRT-PCR using sense strand specific primers.
Results from three biological replicates and two technical
(analytical) replicates of each biological replicate indicated
that uidA transcripts were detected only in the roots
induced with A. rhizogenes strain AR30 on WT cv. Alba-
tros (Fig. 7), as expected, which indicated that pss-qRT-
PCR was highly strand-specific and did not detect the
transcripts of the other uidA-derived constructs, which
were detected using strand non-specific primers in qRT-
PCR. Melting curve analysis and sequencing of the
amplification products verified target-specificity. The uidA
transcript levels were similar in the hairy roots induced
with strains ARqual and ARntpIl on Albatros GUS-INT-1
(Fig. 7) and reflected the typical levels of uidA expression
in the roots of the uidA-transgenic cultivar. Transformation
of Albatros GUS-INT-1 with strain AR30 resulted in ca.
6-fold increase in the uidA transcript levels in the hairy
roots, as compared with the roots induced with ARqual or
ARntplIl. These results further confirmed that over-
expression of the uidA sense transcripts in the uidA-
transgenic roots did not cause RNA silencing (co-sup-
pression). On the other hand, induction of hairy roots with
ARasGUS, ARsrGUS and ARhpGUS led to 2.5-4 fold
reduction in the uidA mRNA expression levels, indicating
that these constructs did cause silencing of the wuidA
transgene (Fig. 7).

A. rhizogenes Location of uidA gene Albatros Desirée Sabina Saturna
ARqua 1 (negative control) No 0.0 % (515) 0.0 % (449) 0.0 % (96) 0.0 % (111)
AR30 T.-DNA 94.7 % (820) 98.4 % (188) 81.1 % (344) 84.3 % (255)

C58Cl1::pRi15834::pGUS-INT Binary vector

86.5 % (524)

88.3 % (993) 91.9 % (1,050) 83.8 % (813)

N number of roots tested
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Fig. 5 Infection rate and the intensity of infection in hairy roots of
composite potato cv. Saturna and in non-transgenic roots inoculated
with S. subterranea f. sp. subterranea. A total of at least 12 plants of a
type were inoculated in one experiment. Each experiment was
repeated at least once. Infection rate (scale to the left) is expressed as
the percentage of plants containing infected roots. Infection intensity
was assessed using Kole’s scale (04, scale to the right). N.
benthamiana plants were included for comparison. comp. Saturna,
composite plants of potato cv. Saturna with hairy roots induced by
AR30; Saturna niV, potato cv. Saturna with non-transgenic roots;
Hansa niV, potato cv. Hansa with non-transgenic roots; N, number of
experiments. a—c Significant differences of means were determined
using post hoc test and are indicated by different letters on the
columns. Error bars indicate standard error. Means that differ are
indicated with different letters above the columns

Discussion

Composite plants can be used experimentally to simulate WT
plants and have proven useful for, e.g., analysis of gene
functions (Estrada-Navarrete et al. 2006; Mrosk et al. 2009;
Quandt et al. 1993). The system is advantageous because large
numbers of independent transformation events (transgenic
roots) can be cultured in a small space under highly controlled
conditions and, hence, sources of uncontrolled experimental
variability including positional and environmental effects are
minimized. The transgenic hairy roots of the composite potato
plants generated in this study were phenotypically indistin-
guishable from WT roots (Fig. 2e-h), in contrast to the roots on
composite potato plants described by Collier et al. (2005)
which exhibited some hyperbranching and plagiotrophy.
Furthermore, all strains of A. rhizogenes used in our study
induced phenotypically normal roots, in contrast to the studies
of Quandt et al. (1993) and Thimmaraju et al. (2008) who
described phenotypic changes in hairy roots of. V. hirsuta and
Beta vulgaris L., respectively, associated with specific strains
of A. rhizogenes.

It is important to assure that the transgenic hairy roots
are not only phenotypically but also physiologically similar
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Fig. 6 Silencing of the GUS activity in hairy roots induced on the
uidA-transgenic potato cv. Albatros GUS-INT-1. Hairy roots were
induced by A. rhizogenes either lacking a transgene (ARqual) or
containing uidAint in the T-DNA (AR30). Furthermore, A. rhizogenes
strains with binary vectors carrying antisense (ARasGUS), short
repeat (ARsrGUS) or hairpin (ARhpGUS) constructs of uidAint gene,
or just the coding region for neomycin phosphotransferase (ARnptlI)
were used (Table 2). GUS activities are shown relative to the activity
detected in the roots of Albatros GUS-INT-1 ARqual (activ-
ity = 100 %). N number of samples analysed. a-b Significant
differences of means determined by post hoc test are indicated with
different letters on top of the columns. Error bars indicate standard
deviation. Outliers are marked with a circle and extreme outliers with
an asterisk

to the non-transgenic roots. It is well known that the
responses to growth hormones such as auxin (Maurel et al.
1991; Rhodes et al. 1994; Shen et al. 1988; Spano et al.
1988; Spena 1993; Thimmaraju et al. 2008; Yamada 1993)
or cytokinin (e.g., Bais et al. 2001; Rhodes et al. 1994;
Sauerwein et al. 1992; Vanhala et al. 1998) or the hormone
levels (Hashem 2009; Konieczny et al. 2011; Thimmaraju
et al. 2008) may differ in the hairy roots, as compared with
WT roots. In addition, the intensity of reaction on hor-
mones may also depend on the A. rhizogenes used for
transformation (Sauerwein et al. 1992).

In our study hairy roots expressing one or both of the
auxl or aux2 genes were comparable with the roots
expressing none of them (Fig. 3), indicating that expression
of these genes is no prerequisite for hairy root induction in
potato. This result is in line with other studies (Alpizar
et al. 2008; Batra et al. 2004) which showed that expression
of auxin genes does not play an important role for hairy
root induction. However, unlike hairy roots of M.
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Fig. 7 Relative abundance of the uidA mRNA determined by qRT-
PCR in hairy roots induced on non-transgenic potato cv. Albatros and
uidA-transgenic cv. Albatros GUS-INT-1 using A. rhizogenes that
lacks (ARqual) or contains (AR30) the uidAint gene in the T-DNA.
Furthermore, A. rhizogenes strains with binary vectors carrying
antisense (ARasGUS), short repeat (ARsrGUS) or hairpin (ARhp-
GUS) constructs of uidAint gene, or only the coding region for

truncatula that do not differ from WT roots in their
response to BAP application (Gonzalez-Rizzo et al. 2006),
the potato hairy roots induced by A. rhizogenes showed
decreased sensitivity to cytokinin (Fig. 4). Therefore, the
hairy roots induced on potato seem to be unsuitable for
experiments that depend on varied cytokinin levels.
Utility of the system also depends on the proportion of
transgenic roots among the roots induced on composite
plants. In the present study, no adventitious WT roots were
formed at mock inoculation sites of the potato explants
(Fig. 2i). At RNA level, rol gene expression could be
demonstrated in 100 % of the roots examined (Fig. 3),
verifying that all roots are transgenic. This is in accordance
with the fact that nearly 100 % of the roots induced on cvs.
Albatros and Desirée by AR30 were GUS-positive
(GUS+), proving that the gene of interest is also present in
the root when it is integrated into the Ty -DNA. This sim-
plifies the system significantly. Nevertheless, the efficiency
of the transfer of the gene of interest may be reduced when
binary vectors are used since in this case the T-DNA
present on the vector has to be integrated in addition to the
Ti-DNA. This became obvious when hairy roots, induced
on cvs. Albatros and Desirée, were analysed for the uidA
expression level. Here, the 100 % frequency of transgenic
roots obtained with the T;-DNA was reduced to 80 %
when a binary vector was used (Table 4). This result is
consistent with studies on other species (Alpizar et al.
2006; Stougaard et al. 1987). However, in potato cvs.
Sabina and Saturna the percentage of GUS+ roots was
similar (approx. 80 % with T -DNA and 80-90 % for the
binary vector) irrespective of the vector. Therefore,
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neomycin phosphotransferase (ARnptll) were used (Table 2). The
uidA mRNA expression levels (numbers above columns) are shown
relative to one biological replicate of Albatros GUS-INT-1 ARntpll.
Error bars indicate the standard deviation of the expression levels
(n = 3). Significant differences were tested by F test and Tukey’s test
for least significant difference (p < 0.05) using log 2 transformed fold
values and are indicated with different letters above the columns (a—f)

selection of the cultivar seems to be crucial in this respect.
The 80-90 % of GUS+ roots obtained with a binary vector
in our system is higher than transformation efficiencies
reported previously (40-70 %) for other species (Boisson-
Dernier et al. 2001; Collier et al. 2005; Quandt et al. 1993;
Stougaard et al. 1987). Hence, the usage of binary vectors
might be more appropriate in potato then in other crops.

An additional advantage of the potato roots induced by
A. rhizogenes was that they showed higher expression and
activity of GUS than the roots of transgenic plants (trans-
formed by A. tumefaciens; Fig. 6). Kumar et al. (2006) also
reported a 6-fold higher expression level of a transgene-
encoded protein in the hairy roots of potato as compared
with the roots of transgenic potato plants.

The hairy roots of composite potato plants were infected
with S. subterranea f. sp. subterranea, the potato powdery
scab pathogen and vector of PMTV, to the same rate as WT
potato roots. These results are encouraging in terms of
future use of the composite potato plants for studies on
resistance to S. subterranea and the vector-transmitted
PMTV. Currently, experiments are carried out by growing
plants in soil or using hydroponic or aeroponic culture
systems, but none of these methods allow easy, non-inva-
sive, real-time monitoring of root-microbe or root-virus
interactions. The transgenic roots of composite potato
plants offer a possibility to produce large numbers of
transgenic roots for study, e.g., by silencing them for
specific host genes encoding proteins putatively needed for
infection by PMTV or the vector, inoculate them and study
them under highly controlled conditions invasively or
noninvasively.
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Studies on transgenic plants expressing virus-derived
sequences suggest that RNA silencing, the basal antiviral
defence mechanism, is less efficient in roots than leaves
(Andika et al. 2005; Germundsson et al. 2002; Kawazu
et al. 2009). In our previous studies, the roots of transgenic
N. benthamiana plants expressing the coat protein gene
sequence of PMTV were less resistant to infection with
PMTYV than the leaves, regardless of whether mechanical
inoculation of leaves or S. subterranea mediated inocula-
tion of roots was used (Germundsson et al. 2002). More
recently, similar results have been obtained in other plant-
soilborne virus interactions using sense (Andika et al.
2005) and inverted-repeat (Kawazu et al. 2009) constructs
of the viral coat protein encoding sequence. Furthermore,
in non-transgenic plants of N. benthamiana inoculated with
Beat necrotic yellow vein virus (BNYVYV), viral RNA-
derived small interfering RNAs (siRNAs) accumulated in
lower levels in roots than in leaves (Andika et al. 2005).

In this study, we addressed the question as to whether
different RNA silencing constructs might differ or not in
their efficiency to induce post-transcriptional gene silenc-
ing in roots and utilized the composite potato plants for the
purpose (Figs. 6, 7). Inverted-repeat and hairpin constructs
express transcripts that fold to double-stranded RNA
(dsRNA), and antisense RNA can generate dsRNA by
binding to the homologous positive sense gene transcript or
viral ssSRNA genome. In these cases, transgene expression
can readily produce dsRNA that triggers the dsSRNA-spe-
cific Dicer-like enzymes of the host and antiviral defence.
In contrast, over-expressed sense RNAs must be first rec-
ognized by a cellular RNA-dependent RNA polymerase
(RdRp), which will synthesize a complementary strand and
hence create dsRNA required for recognition by Dicer (Qu
et al. 2005; Vazquez et al. 2004). Results of our study
clearly showed that those silencing constructs, which can
generate uidA-specific dsSRNA without involvement of the
cellular RdRp, reduced expression of the uidA transgene
significantly in the roots of composite potato plants
(Fig. 7). In contrast, no sense-mediated silencing (co-sup-
pression) was observed in roots over-expressing uidA
mRNA, but accumulation of widA mRNA and GUS
showed a 3-fold increase in these roots. Collectively,
results show that gene co-suppression is debilitated in
roots, which may also explain why over-expression of
virus-derived genes as transgenes in roots of transgenic
plants confers little if any detectable resistance to single-
stranded positive-sense RNA viruses, such as PMTV,
BNYVV and Mirafiori lettuce big-vein associated virus
(MLBVYV) (Andika et al. 2005; Germundsson et al. 2002;
Kawazu et al. 2006).

Since it was discovered that antisense, inverted-repeat
and hairpin constructs (Schwab et al. 2006) offer more
reliable and efficient silencing of target genes than the

use of sense constructs (co-suppression), sense-mediated
silencing has been used rarely in plants. This may be
one reason why the insensitivity of roots to sense-med-
iated silencing has gained little attention in previous
studies.

Taken together, the high transformation rates achieved
with binary vectors and the specificity of A. rhizogenes for
initiating adventitious root production at infected, wounded
sites on the stem suggest that the composite potato plants
offer a superior system compared with, e.g., tomato or
tobacco (N. tabacum) with transformation rates as low as
30 and 60 %, respectively, Collier et al. (2005). The high
proportions of transgenic roots on composite potato plants
obtained in our study are comparable with those generated
on composite L. corniculatus plants in previous studies
(Stougaard et al. 1987). According to our study, antisense,
inverted-repeat and hairpin constructs can be used to
induce gene silencing in hairy roots of composite plants. It
is possible to induce systemic silencing of a gene in a non-
silenced shoot by grafting it on to a silenced rootstock
(Palauqui et al. 1997; Sonoda and Nishiguchi 2000) or by
expressing the silencing construct only in roots (Mohanp-
uria et al. 2011). Therefore, the composite potato plants
described in this study may be useful also for the study of
systemic antiviral silencing or induced systemic resistance
(ISR) (Pieterse et al. 1998) caused by infection of the roots
by viruses or microbes, respectively.
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