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Expression in sugar beet of the introduced cercosporin toxin export (CFP)
gene from Cercospora kikuchii, the causative organism of purple seed stain
in soybean
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Abstract

The Cercospora kikuchii cercosporin export gene, CFP, introduced into Beta vulgaris L. by conjugation with
Rhizobium radiobacter, was stably maintained during vegetative propagation as verified by PCR using primers
specific for the CFP gene. Transcriptional expression of the CFP gene in leaves was determined by RT-PCR using
CFP-specific primers. CFP protein was detected using Western analysis with an affinity-purified polypeptide-
specifc antibody. Analysis of the relative susceptibility of CFP-transgenic and non-transgenic sugar beet plants
is planned but will probably take several years to complete.

Introduction

Plants have numerous mechanisms for defense against
pathogenic microorganisms including structural bar-
riers against infection, production of antimicrobial
metabolites and either constitutive or inducible ex-
pression of enzymatic proteins (PR proteins) with
antimicrobial function. Plants also possess ABC-type
multidrug resistance proteins with roles ranging from
development to defense and Major Facilitator Super-
family transporters, not so well characterized, but with
known functions such as nutrient transport (Lemoine
2000, Quirino et al. 2001). Thus far, however, neither
multidrug proteins nor major facilitators of plant ori-
gin have been shown to specify any degree of res-
istance to cercosporin or other singlet oxygen photo-
sensitizers. Fungi of the genus Cercospora are patho-
gens of a variety of economically important crops
such as sugar beet, tobacco and soybean (C. beticola,
C. nicotianae and C. kikuchii, respectively). The non-
host specific, phytotoxic polyketide, cercosporin is a

lipid-soluble perylenequinone that, upon photoactiva-
tion, catalyzes the production of highly reactive oxy-
gen species, principally singlet oxygen (Daub 1982).
Singlet oxygen-catalyzed peroxidation of membrane
lipids results in loss of membrane integrity, cyto-
plasmic leakage, and cell death (Daub & Ehrenshaft
2000). Cercospora hyphae enter the host plant pass-
ively through open stomata and grow intercellularly,
and toxin-mediated disruption of the cellular mem-
branes of host cells probably provides the pathogen
with nutrients for in situ growth and sporulation.
Cercosporin-deficient mutants of C. kikuchii did
not produce lesions on soybean, suggesting that cer-
cosporin is an essential virulence factor (Upchurch
et al. 1991). Plant cellular resistance to cercosporin
has been reported in Louisiana red rice which exhib-
its resistance to a high concentration of cercosporin in
illuminated seedling assays (Batchvarova et al. 1992).
Recent studies have focused on identifying genes
for resistance to cercosporin in Cercospora fungi
themselves (Daub & Ehrenshaft 2000). One such
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Fig. 1. Representation of the relevant features of the constructed vector plasmid pCFP.

resistance mechanism apparently involves the export
action of the Major Facilitator (MF)-like protein gene,
CFP, which was isolated from C. kikuchii (Callahan
et al. 1999). Targeted disruption of the CFP gene
resulted in mutants that lacked virulence on soybean
and were inhibited by cercosporin. Cercosporin ex-
port was substantially elevated in CFP multi-copy
strains of C. kikuchii that expressed elevated levels
of CFP protein (Upchurch er al. 2001); and trans-
genic expression of CFP, in the cercosporin sensitive
fungus Cochliobolus heterostrophus, resulted in sig-
nificantly increased resistance to the toxin (Upchurch
et al. 2002).

To assess the potential for bioengineering plant res-
istance to Cercospora infection we (R.G. Upchurch,
unpublished work) have expressed CFP in the plant
model Xanthi and transgenic tobacco had enhanced
resistance to frog-eye leaf spot as compared with
the parental line. This report presents molecular data
on the expression of CFP in transgenic sugar beet.
This research is aimed at enhancing resistance to
Cercospora leafspot disease.

Materials and methods

Construction of the transformation vector

The 13 kb pBIN19-based (Bevan 1984) binary plant
expression vector, pBI121, was modified by removal
of the promoterless 1.87 kb GUS cassette. Diges-
tion of the vector with BamHI and Kpnl and ligation
with 1.9 kb BamH1-Kpnl fragment containing the
entire cDNA sequence of CFP produced a recom-
binant plasmid, pBCFP, into which the CFP gene
had been placed into a unique, directional cloning
site behind the CaMV 35S promoter in proper ori-
entation (Figure 1). The GenBank accession number
for CFP is AF091042. pBCFP was introduced into
Rhizobium radiobacter (Young et al. 2001) EHA105
by electroporation (Weaver 1993).

Plant transformation, regeneration and growth

Leaf explants of Beta vulgaris L. genotype RELI
were inoculated with R. radiobacter strain EHA105
carrying pBCFP. Selection of kanamycin-resistant ex-
conjugants and the regeneraton of transgenic plants
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Fig. 2. RT-PCR analysis of total RNA with primer pair
CFPF1-CFPR1. Lanes A-D are Rel-1 plants transformed
with CFP showing a 1.7 kb band (thereafter PT7). Lane
E represents a non-transformed Rel-1 tissue. The primers
used were 5-GCGGCTGGCCTCTGGTATTTCTC-  and
5'-CGCGTCGTCCCATTAGTTTTCTTG-.

were as previously described by Kuykendall et al.
(2003). Plants regenerated from kanamycin-resistant
shoots (R,) were transferred to potting soil and grown
at room temperature (about 24 °C) under fluorescent
lights with a 14 h photoperiod.

Analysis of genomic plant DNA and RNA

DNA was isolated from sugar beet leaf tissue with
the DNeasy Plant Mini Kit and protocol supplied
by Qiagen (Santa Clarita, CA). Beta vulgaris gen-
omic DNA was analyzed for the presence of CFP
by PCR using a CFP coding sequence-specific primer
pair as previously described (Kuykendall et al. 2003).
The Qiagen RNeasy Plant Mini Kit and protocol
was used to extract total RNA from leaf tissue.
RT-PCR reactions were performed using the direc-
tions and materials supplied in the RT-PCR kit (Epi-
centre MasterAmp, Madison, WI). Thermal Cycler
program: (MJ Research, Inc. PTC 100 Thermo-
cyler). Using the following primers, CFPFI-5'-
GCGGCTGGCCTCTGGTATTTCTC-3" and CFPRI1-
5-CGCGTCGTCCCATTAGTTTTCTTG-3/, the first
step was synthesis of cDNA from the RNA and then
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amplification of the target cDNA as follows: 20 min
60°C, 50 cycles [(94 °C, 1 min) (62 °C, 1 min) (72°C,
3 min)], and stabilization at 72°C, 4 °C hold. The
1.9 kb CFP amplicon was visualized by staining
agarose electrophoresis gels with ethidium bromide
and examination under u.v. light at 310 nm.
Sequencing of the RT-PCR product was performed
with an automated DNA sequencer (ABI Prism model
377) at the Center for Agricultural Biotechnology,
University of Maryland, College Park, MD.

Preparation of total cellular proteins and Western
blot analysis

Total proteins were extracted from fresh leaf material
from mature, one year old plants using an extraction
buffer containing 1% SDS, 50 mM Tris/HCl, pH 8,
10 mM KCl, 2.5 mM DTT, and 1 mM EDTA. Liquid N»
was added to 0.1 g leaf sample which was then ground
in microtubes with a pestle and then 200 ul sample
buffer was added. Debris was removed by centrifuga-
tion. About 1/3 volume of 3 x sample buffer (30% v/v
glycerol, 9% v/v SDS, 15% v/v 2-mercaptoethanol,
0.188 M Tris/HCI, pH 6.8, Bromophenol Blue) was
added. Samples were frozen then boiled for 10 min
prior to loading on the gel. Twenty ul of sample
was separated by SDS-PAGE (12% separating gel).
The proteins were then transferred to an Immobilon-P
membrane (Millipore Corp., Bedford, MA) using the
LKB 2117-250 Nova blot Electrophoretic transfer ap-
paratus and protocols (LKB, Bromma, Sweden). The
electrodes and power supply were attached and protein
was transferred at 40 mA for 1 h. After protein trans-
fer, the blot was allowed to air dry. The blot was then
incubated for 1 h with the primary antibody diluted
(1:400) in blocking buffer containing 0.05% Tween
20 (blocking buffer consists of 1% BSA in phosphate-
buffered saline, pH 7.2). The antibody was prepared
by Quality Controlled Biochemicals Inc. (Hopkin-
ton, MA). The antibody used was an affinity-purified,
polyclonal antibody specific to a hydrophilic and pu-
tatively highly antigenic region of the amino terminus
(ACREIEDPEKGQSAEIVC-Amide) of CFP (Calla-
han et al. 1999). The blot was then washed in PBS
twice for 10 s. The blot was then incubated for 30 min
with goat, anti-rabbit IgG (whole molecule) (Promega,
St.Louis, MO) in blocking buffer containing 0.05%
Tween 20. The blot was washed in PBS two times
for 10 s after which Western blue-stabilized substrate
for alkaline phosphatase (Promega, St Louis, MO) was
added.
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Fig. 3. Western blot analysis for CFP protein detection in the total cellular proteins sugar beet using affinity-purified, peptide-specific rabbit
polyclonal antibody. Lanes 1-4 are CFP carrying plants showing the presence of a reactive polypeptide of approx. 65 kDa; while lane 5 is an

Rel-1 parent.

Results

Generation and analysis of sugar beet CFP™
transformants

Kanamycin-resistance clones were regenerated in
vitro following conjugal mating of wounded REL-1
leaf pieces with Rhizobium radiobacter carrying pB-
CFP. Transgenic plants were confirmed by PCR of leaf
DNA using CFP-specific primers (Kuykendall et al.
2003). Moreover, vegetatively propagated kanamycin-
resistant plants and seed-grown transgenic REL-1
plants stably maintained the ability to produce a DNA
product of the approximate size predicted for PCR
using the CFP-specifc primers. In this present study,
RT-PCR was performed using RNA isolated from
CFP-transgenic plants and primers suitable for amp-
lifying the entire CFP gene to produce the predicted
1.9 kb CFP fungal amplicon from C. kikuchii. Fig-
ure 2 shows that by RT-PCR of total RNA, the four
transgenic plants contained a transcript for CFP. DNA
sequence analysis of the RT-PCR amplicon confirmed
the CFP sequence. The presence of the intact CFP
gene as a product of RT-PCR of total cellular RNA
clearly indicates active transcriptional expression of
CFP in transgenic sugar beet plants.

CFP protein detection in cfp™ transgenic sugar beet

Western blot analysis (Figure 3) of total cellular pro-
tein, using an affinity-purified polypeptide-specific
antibody from rabbit serum, showed the presence of
a reactive polypeptide of approx. 65 kDa. This corres-
ponds to the size predicted for the CFP protein. This
protein was not observed in parental control plants. Al-
though there may not be an accumulation, the presence
of detectable CFP protein in the sugar beet transgenics

means that the gene was successfully expressed both
transcriptionally and translationally.

Discussion

Significant resistance to cercosporin is provided by
the fungal MF-like protein, CFP, in Cercospora fungi.
Disruption of the CFP gene in C. kikuchii results
in an approximate 50% reduction in fungal growth
on medium containing 10 uM cercosporin (Callahan
etal. 1999). CFP was hypothesized as conferring toxin
resistance by lowering cellular and/or membrane con-
centrations of the toxin via toxin export. Cercosporin
export and resistance were both substantially elevated
in engineered CFP multi-copy strains of C. kikuchii
(Upchurch et al. 2001). Membrane stabilization by
CFP is another possible explanation for these observed
phenomena but this hypothesis has not yet been tested.

We have hypothesized that the CFP gene, car-
ried in the pBCFP vector in Rhizobium radiobacter,
given successful transfer and regeneration of trans-
genic plants, may provide both cercosporin resistance
and pathogen resistance in crop plant pathosystems
where cercosporin is critically involved in pathogen
virulence. Although the testing of this hypothesis in
transgenic plants may take several years, we were
able to dicern the expression of the introduced CFP
in sugar beet using RT-PCR and Western blot ana-
lysis with and affinity purified peptide specific anti-
body. Transgenic expression of the CFP gene in the
cercosporin-sensitive fungus Cochliobolus heterostro-
phus resulted in significantly increased resistance to
cercosporin due to either toxin export (Upchurch et al.
2002) or membrane stabilization.



Introduction of candidate genes into crop plants
is a general approach for both phenotypic analysis
and for possibly obtaining transgenic plants with en-
hanced disease resistance against particular pathogens.
In this study, the expression of CFP was placed under
the control of a constitutive promoter (CaMV 35S)
rather than a pathogen-inducible or stress-inducible
promoter. The reasoning was that CFP would need to
be present and functioning within the plant cellular
membranes prior to Cercospora infection and toxin
elaboration in order to contribute to plant defense.
Although not specifically localized, CFP protein was
detected immunochemically (Figure 3) in Western
blot analysis of gel electrophoretically separated total
proteins of CFP transgenic sugar beet plants.
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