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Abstract

The genes encoding for a cucumber class I1I chitinase and Nicotiana plumbaginifolia class 1 glucanase were
co-introduced into Slovak potato (Solanum tuberosum L.) breeding line 116/86 using Agrobacterium tum-
efaciens. For both transgenes the number of integrated copies and level of RNA expression were deter-
mined. These analyses demonstrated low variation and significant correlation in expression of the
introduced transgenes. The effect of transgene expression on fungal susceptibility of transformants was
evaluated in vitro. Hyphal extension assays revealed no obvious differences in the ability of extracts from
transformants to inhibit growth of Rhizoctonia solani comparing to non-transformed potato.

Introduction

Elucidation of the cytological, physiological and
molecular background of plant-pathogen interac-
tions has great importance and provides the basis
for the generation of new disease resistant crop
varieties. The processes occurring in plants after
pathogen attack are being extensively studied. The
best-characterised component of plant defence is
the group of so-called pathogenesis-related (PR)
proteins (Meins et al., 1993) comprising five sub-
groups (PR1-PR5) with different functions and
activities. The glucanhydrolases, chitinases (PR-3)
and f-1,3-glucanases (PR-2) catalyse the hydroly-
sis of the glucan and chitin polysaccharides that
represent major components of many fungal cell
walls. By this way, they are capable of inhibiting
the growth and spreading of the pathogen. Many
of these enzymes have been shown to be active

against various fungi in vitro (Honée, 1999). In
plants, at least five classes (I-V) of chitinases and
three classes (I-1II) of f-1,3-endoglucanases have
been identified (Melchers et al., 1993; Neuhaus
et al., 1996). For both enzymes, their capacity to
inhibit fungal growth varies considerably among
different isoforms (Kombrink and Somssich,
1995). Generally, vacuolar glucanhydrolases of
class I were shown to be potent inhibitors of fungal
growth both in vitro and in vivo, and their anti-
fungal effect was shown to be synergistic (Sela-
Buurlage et al., 1993; Jongedijk et al., 1995). In
contrast, intercellular glucanhydrolases of class II
exhibited limited or no antifungal activity (Sela-
Buurlage et al., 1993). Whether the class IIT glu-
canhydrolases contribute to plant defence response
is not clear yet, since alone they are not fungistatic
in vitro (Ji and Ku¢, 1996). However, they are
significantly induced by treatment with fungal
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elicitors or wounding (Kim et al., 1999; Rojas-
Herrera and Loyola-Vargas, 2002).

In view of the expected synergy between glu-
canases and chitinases, a combination of tobacco
glucanase and cucumber chitinase was introduced
into potato. The tobacco pf-1,3-glucanase (gnl)
gene of class I has been isolated from Nicotiana
plumbaginifolia (De Loose et al., 1988). Studies on
transgenic plants containing the gnl promoter
fused to the p-glucuronidase reporter gene re-
vealed increased gene expression during hyper-
sensitive reaction to pathogen attack (Ashfield
et al., 1994; Alonso et al., 1995). The chimeric gnl/
gene has been successfully introduced and expre-
ssed in tobacco plants (De Carvalho et al., 1992;
Libantova et al., 1998) but the GN1 protein has
not been tested for its antifungal potential neither
in vitro nor in vivo.

The cucumber chitinase gene encodes an acidic,
extracellular chitinase of class I11. It occurs in the
cucumber genome as three closely linked genes,
only one of which appears active. The activity of
this gene increases upon infection with tobacco
mosaic virus or fungal pathogen (Meétraux et al.,
1989; Zhang and Punja, 1994). The role of this
gene in systematic acquired resistance (SAR) has
also been proved (Kubota and Abiko, 2000).
However, there are only limited reports of the
expression of this gene in transgenic plants (Vier-
heilig et al., 1995; Bauer et al., 1998). Tobacco
plants transformed with cucumber chitinase gene
under the control of cauliflower mosaic virus
(CaMV) 35S promoter showed only a slightly in-
creased total chitinase activity in roots and its
expression did not interfere with the development
of symbiotic fungi (Vierheilig et al., 1995).

In this work the cucumber class III chitinase
and Nicotiana plumbaginifolia [-1,3-class 1 glu-
canase genes were introduced into fungus-sensitive
Slovak potato line 116/86 by Agrobacterium-med-
iated transformation. The glucanase genomic and
chitinase cDNA clones were fused to the double
CaMV 35S promoter and placed on the one binary
vector. In order to achieve correlating expression,
plant MARs (Matrix Attachment Regions) were
placed at the T-DNA border. The presence of
MARSs can help to overcome the problem with
highly variable and poorly correlating expression
of co-introduced genes (Mlynarova et al., 2002).
The effect of introduced genes on fungal suscepti-
bility of transformants was analysed in vitro.

Crude plant protein extracts were assayed for their
ability to inhibit spreading of fungus Rhizoctonia
solani in in vitro assays. This is the first time that
the co-expression of class I glucanase and class II1
chitinase has been studied in transgenic potato
plants.

Materials and methods
Vector for plant transformation

DNA manipulations were carried out as described
by Sambrook et al. (1989). The chimeric chitinase
and glucanase were constructed by transcriptional
fusion of a cDNA clone encoding a cucumber
chitinase of class III (M¢traux et al., 1989) and a
genomic clone encoding for a Nicotiana plumba-
ginifolia glucanase of class I (De Loose et al., 1988)
with the double enhanced dCaMV 35S promoter
(Mlynarova et al., 1995). The chitinase gene was
linked to the nopaline synthase (n0s) transcription
termination signal, whereas f-1,3-glucanase con-
tained its natural transcription termination signal.
To obtain plant transformation vector pIL12
(Figure 1) the appropriate restriction fragments of
both genes were cloned into the variant of the
binary vector pBINPLUS (Van Engelen et al.,

Feo RI I'spl
Leo Rl Ispl Ico R1 Ispl

S

dCa MWGLUC
MA dC aMV/CHIT

>2.6kb
NPT II probe

>4.5kb
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Figure 1. The T-DNA region of the binary vector pIL12. The
gene for chitinase (CHIT) and glucanase (GLUC) are driven by
double CaMV 35S promoter (dCaMV), and the gene for neo-
mycin phosphotransferase (NPT II) by nopaline synthase pro-
moter (nos). The transgene cassette is embedded by matrix-
associated regions (MAR). Positions of the Eco RI and Vsp 1
enzymes recognition sites are indicated as well the size of hy-
bridisation signals when the plant DNA is hybridised to GLUC
and NPT II gene fragments as to probes. Transgenic plants are
expected to contain a right border (RB) fragment of size at least
2.6 kb (using NPT II probe) and at least 4.5 kb left border (LB)
fragment (using GLUC probe).



1995) together with the nos promoter driven
NPTII gene. At the borders of T-DNA a plant
matrix associated regions (MARs) (Nap, unpub-
lished) were placed.

The recombinant binary vector plL12 was
conjugated to Agrobacterium tumefaciens LBA
4404 (Hoekema et al., 1983) in a biparental mating
(Simon et al., 1983) using Escherichia coli S 17.1 as
a donor strain.

Potato transformation and regeneration

In vitro plantlets of potato line 116/86 (Solanum
tuberosum L.) were provided by The Potato Re-
search and Breeding Institute, Vel’ka Lomnica,
Slovak Republic. The plantlets were cultivated at
20 £ 2°C with a day length of 16 h under
50 umol m™ s~ light intensity. Shoots were sub-
cultured monthly as a nodal segments on basal MS
medium (Murashige and Skoog, 1962) with 2%
(w/v) sucrose and 0.8% (w/v) agar. Leaf segments
of 4-6 weeks old plantlets were transformed with
Agrobacterium inoculum according to Moravci-
kova et al. (2003).

Southern hybridisation

DNA was isolated from 1.5 g of leaf material
using a urea-phenol extraction procedure as de-
scribed by Mlynarova et al. (1995). Total DNA
(10 pug) was digested with the restriction enzyme
Vsp I (in case of NPT II probe) or Eco RI (GLUC
probe), separated on 0.8% (w/v) agarose gel and
blotted onto a Hybond N* membrane (Amer-
sham). The restriction fragment of 1.4 kb of NPT
IT gene and the 2 kb fragment of glucanase gene
were radioactively labelled (Amersham Mega-
prime DNA labelling Kit) and used as probes. The
hybridisation was performed in hybridisation
solution containing 10% (w/v) dextran sulfate, 1%
(w/v) SDS, 1 mol I"! NaCl and 100 ug ml™" of
salmon sperm DNA at 65 °C. Hybridisation sig-
nals were visualised by autoradiography using a
BAS2000 PhosphorImager (Fuji).

Northern hybridisation

Total RNA was extracted from potato leaves as
described by Békésiova et al. (1999). The samples
(10 pug of RNA per line) were separated on 1.5%
(w/v) formaldehyde agarose gel and blotted onto a
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Hybond N* membrane (Amersham). The 0.7 kb
restriction fragment of gn/ gene, 1.1 kb fragment
of the cucumber chitinase gene and 0.8 kb frag-
ment of the tobacco tubulin gene were radioac-
tively labelled (Amersham Megaprime DNA
labelling Kit) and used as probes.

The hybridisation was performed as described
above at 60 °C. Hybridisation signals were quan-
tified by Phosphor imaging, using a FUIJI
BAS2000 Phosphorimager with BasReader and
TINA software. Signals were expressed as pixels
per mm?. Those for chitinase and glucanase genes
were normalised for the amount of RNA loaded
relative to the tubulin signal.

Antifungal assays

The phytopathogenic fungus Rhizoctonia solani
was obtained from The Potato Research and
Breeding Institute, Vel’ka Lomnica, Slovak
Republic. Fungi were cultured on Czapek-Dox
agar (Duchefa) at 21 °C in the dark.

Crude protein extracts were isolated from
leaves of in vitro grown plants under sterile con-
ditions. The extraction buffer contained
0.05 mol 1! sodium acetate (pH 5.2) and 0.02%
(v/v) p-mercaptoethanol. Plant tissue (0.5 g) was
ground in a mortar using liquid nitrogen, trans-
ferred into extraction buffer and homogenised by
vortexing. Insoluble material was removed from
the homogenate by centrifugation at 14,000 rpm at
4 °C for 15 min. The supernatant was removed,
centrifuged at 14,000 rpm at 4 °C for 10 min.
Protein concentration was determined according
to Bradford (1976). A square (1 cm?) of agar with
growing fungus was placed into the middle of a
Petri dish (J 90 mm) with Czapek-Dox agar.
When the fungal mycelium area reached a diame-
ter of 3-5 cm, sterile filter paper discs of What-
mann 3MM (J 50 mm) were positioned adjacent
to the fungal colony margin. The discs were satu-
rated with 100 and 150 pg (50 ul) of plant crude
protein extracts (the amount optimised in pre-
liminary experiments). Sterile extraction buffer
and/or bovine serum albumin (BSA) were used as
controls. The plates were incubated at 21 °C in the
dark. After 15-24 h the ability of extracts to in-
hibit fungal growth around discs were scored and
evaluated visually by comparing with controls. All
experiments were repeated at least 3 times and
data were pooled.
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Results and discussion

In this work the set of transgenic plants with over-
expressed Nicotiana plumbaginifolia class 1 glu-
canase and a cucumber class III chitinase genes
was obtained by Agrobacterium-mediated trans-
formation with binary vector IL12 (Figure 1). The
transgenic nature of transformants was studied.

In 15 out of 16 different transgenic plants the
presence of T-DNA region was analysed by hy-
bridisation using left border (GLUC gene) and
right border (NPT II gene) fragments as probes
(Figure 2). The data are summarised in Table 1. In
most of the transformants the presence of one or
two glucanase (GLUC) transgene copies was
proven. Two plants did not carry GLUC trans-
gene, and based on mRNA expression data they
probably lack also the CHIT transgene (Table 1).
The number of NPT II gene copies varied from
one to five and was higher (except plants T11, T12)
than the number of GLUC copies in the same
transgenic plants. Such unequal number of left and
right border T-DNA fragments in transformed
genomes is observed relatively frequently and it is
a result of processes comprising transfer and
integration of T-DNA (Zupan et al., 2000).

More copies of the transgene have been previ-
ously proposed to result also in higher gene
expression level. However, many authors have
shown that multiple genes can be silenced and
the expression levels may vary widely among
individual transformants (Fagard and Vaucheret,
2000). We have studied the expression of intro-
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Figure 2. Autoradiograph of Southern blot with Vspl-digested
DNA of transgenic plants 116/86(IL12) (lane 2-11) and non-
transformed control 116/86 (C). The blot was hybridized with a
1.4 kb *P-labelled fragment containing the NPTII gene as the
probe. The numbers on the left indicate the positions of size
markers in kb.

Table 1. RNA data, transgene copy number and fungal
resistance tests of potato 116/86(IL12)

Plants®  Natural logarithm® Copy number®

Ln (GLUC/ Ln(CHIT/ NPTII GLUC

TUB) TUB)
TI 3.39 4.20 3 2
T2 1.94 0.79 1 0
T3 1.49 0.48 1 0
T4 3.25 3.59 4 2
TS 2.37 3.38 2 1
T6 3.60 3.44 3 2
T7 4.08 4.44 3 2
T8 3.69 4.22 4 1
T9 2.53 2.84 2 1
T10 2.97 3.85 2 1
Tl 2.55 3.34 1 2
TI2 2.94 3.64 1 1
T13 5.11 1.99 5 2
T14 4.98 2.13 4 3
T15 2.48 327 nd nd
T16 2.95 211 4 2
C 1.44 1.49 0 0

#Transgenic plants tested (T1-T16), (K) — non-transformed
control 116/86.

®Natural logarithms of glucanase (GLUC) and chitinase
(CHIT) hybridisation signals normalised with respect to the
tubulin signal.

“Transgene copy number determined by DNA blot analyses;
nd — not-determined.

duced glucanase and chitinase genes in transgenic
plants by quantification of corresponding mRNA
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Figure 3. Autoradiograph of Northern blot with total RNA
extracted from leaves of some transgenic plants 116/86(1L12)
(lanes 2-9 marked with T) and non-transformed control plant
(lane 1 marked with NT). The blot was hybridised with 3?P-
labelled DNA fragments encoding Nicotiana plumbaginifolia
glucanase (A), cucumber chitinase (B) and potato tubulin (C).



(Figure 3, Table 1). Correlation analysis indicated
that levels of gene expression in case of GLUC
transgene did not depend on the number of inte-
grated transgene copies (at p < 0.05), as it was
observed by others (Allen et al., 2000). In 2 out of
16 transformants (T2, T3) the mRNA hybridisa-
tion signals for both GLUC and CHIT transgenes
were comparable on the background level of un-
transformed control. Indeed, in these plants only
NPT II gene was detected by Southern analysis
(Table 1). As mentioned earlier, some defects
during transformation process might have oc-
curred. Two transformants (T13, T14) showed
large differences between chitinase and glucanase
expression level. Because the plants contained the
GLUC and CHIT genes according to Southern
analyses, there was no biological reason to exclude
them from further analysis. However, they were
very influential (correlation coefficient —0.29), and
we have omitted them from statistical analyses. In
the remaining twelve plants the expression levels of
both GLUC and CHIT transgenes were correlat-
ing (correlation coefficient 0.62, p < 0,05) (Fig-
ure 4). Generally, no such correlation between
nearby transgenes, though driven by the same
(CaMV 35S) promoter, has been observed (Jach
et al., 1995; Jongedijk et al., 1995).

The quasi-constitutive expression of CaMV
35S promoter in transgenic plants has made this
promoter the choice for many biotech applica-
tions. On the other hand, its high level of expres-

sion (especially when contains enhancing
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Figure 4. The relationship between expression levels of glu-
canase (GLUC) and chitinase (CHIT) transgenes. The natural
logarithms (In) of glucanase hybridisation signals in trans-
formed plants are plotted against the corresponding natural
logarithms (In) of chitinase hybridisation signals. All hybridi-
sation signal values were normalised with respect to the tubulin
(TUB) signals.
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sequences) is often associated with gene silencing
(Covey and Al-Kaff, 2000). In our population of
transgenic plants, no significant differences in
GLUC and CHIT expression levels depending on
the number of transgene copies integrated were
observed. It appears that the presence of two en-
hanced CaMV promoters in a single T-DNA did
not increase the incidence of gene silencing. The
coordinated transgene(s) expression in population
of 116/86(1L.12) was expected as a consequence of
MAR elements at the T-DNA borders (Mlynarova
et al., 2002) It has been shown that the MAR
elements can contribute to more stable expression
of transgenes in transgenic plants. In addition, the
close linkage between genes of interest on the same
binary vector could also support the correlating
expression of transgenes (Allen et al., 2000). Re-
sults of others show that when multiple genes of
interests are combined, but not embedded by
MARC(s), the expression levels are highly variable
and poorly correlating (Jach et al., 1995; Jongedijk
et al., 1995; Leech et al., 1998). So far, there are
limited data on coordinated expression of two
plant transgenes linked on a single MAR delimited
chromatin loop. Dean et al. (1988a, b) showed a
reasonable coordinated expression (quantified as
RNA) when transgenes were flanked with large
similar, but not identical, genomic regions of well
expressed petunia rbcS gene regions and rbcS
promoters. This may have been due to the pres-
ence of MAR elements in those regions of petunia
DNA. Similarly, in plants carrying chicken lyso-
zyme A elements, mRNA levels of both f-glucu-
ronidase and fireflyluciferase genes, driven by two
different promoters, showed high correlation
(Mlynarova et al., 2002). However, the presence of
MAR does not necessarily protect against the
influence of strong silencing loci (Vaucheret et al.,
1998). This may have occurred also in transfor-
mants T13 and T14.

Correlating expression between cucumber chi-
tinase and tobacco glucanase genes may support
the synergistic activity of transgene products in
transgenic plants. Consequently it can lead to
more effective limitation of fungal growth. To test
this, the crude protein extracts from leaves of
transformants were examined in hyphal extension
assays with the fungus Rhizoctonia solani. The 100
and 150 ug of protein extracts of individual
transgenic plants of line 116/86(IL12) and non-
transformed plants 116/86 were applied on sterile
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Figure 5. The effect of crude protein extracts from the leaves of potato on the growth of Rhizoctonia solani. Crude protein extracts
from transgenic plants (T10, T11, T14, T16) and nontransformed plants (C) were applied in amount of 100 ug (A) and 150 pug (B) on
sterile filter paper discs. Extraction buffer (EB) and BSA (100 and 150 ug) were used as negative controls.

filter paper discs. BSA and extraction buffer were
used as negative controls (Figure 5). The results
showed that there was no obvious difference in
antifungal activity of leaf extracts from transgenic
plants compared to extracts from untransformed
control plant. Similar results were observed with
fungi Fusarium sambucinum and Fusarium oxy-
sporum spp. lini (data not shown). This suggests
that the co-introduction of a tobacco glucanase
and cucumber chitinase genes did not significantly
contribute to antifungal properties of crude pro-
tein extracts from transformed potato plants.
There are several possible explanations for the
unaltered antifungal activity of crude extracts
from potato transformants. The products of
transgenes are not sufficiently toxic to fungus tes-
ted. Another fungi could be much more suscepti-
ble. Further, effective concentration of proteins
desired is much lower in crude extracts than would
be required. Ji and Kuc¢ (1996) showed, that
purified f-1,3 glucanase and chitinase isolated
from pathogen-induced cucumber plants inhibited
fungal growth more effectively than the compati-
ble amount of these enzymes present in crude
intercellular wash fluid. Since crude protein extract
is a mixture containing many compounds, it is
possible that some of such compound(s) can act as
a nutrient or factor benefiting the fungus and
negating the role of the two enzymes. Therefore
the positive effect of both transgene products to-
gether with another defence proteins might be
masked in inhibiting of fungal growth under our
test conditions. It should also be realised, that the
results of in vitro fungal tests with plant extracts
are not always relevant for the in planta situation
(Paxton et al., 1991).

In summary, transgenic potato plants carrying
Nicotiana plumbaginifolia class 1 glucanase and a
cucumber class III chitinase genes were obtained
with low variability and coordinated expression of
transgenes. The over-expression of these PR genes
did not result in changed sensitivity of transformed
potato plant extracts against fungi tested in in vitro
tests. However, greenhouse or field trials may
provide much more relevant conclusions on the
antifungal properties of transgenic plants with
respect to introduced PR genes.
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