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ABSTRACT. Novel approaches to control diseases and pests in citrus involving the use of
transgenic plants with pathogenic-related (PR) genes and viral sequences are explored. Genetic
transformation of sour orange, Mexican lime and Volkamer lemon with oryzacystatin I gene, chiti-
nase/glucanase genes and viral sequences (untranslatable p27 and coat protein genes from Mexi-
can isolates of Citrus tristeza virus), has been achieved, using Agrobacterium tumefaciens strains
EHA 105 and LBA4404 and A. rhizogenes A4. Plasmids pCAMBIA 2301 and 1301 were used as
transformation vectors. Regenerated shoots and roots representing independent transgenic
events were assayed histochemically for GUS activity. The presence of transgenes was confirmed
by PCR assays. Apical portions of GUS-positive regenerated shoots were shoot-tip grafted in vitro
onto sour orange. Under greenhouse controlled conditions, shoots of 0.5-1.0 cm in length were
grafted onto virus-free, 1-yr-old Volkamer lemon rootstocks. Nontransformed scions were also
grafted as controls. Challenges with mild and severe CTV isolates will be done in plants contain-
ing oryzacystatin I gene and viral sequences. Plants expressing chitinase/glucanase genes will be
challenged with severe strains of Fusarium spp. Recovery of plants showing different degrees of
tolerance is expected and will be selected for further analysis.

Citrus trees are highly suscepti- virus resistance is reminiscent of co-
ble to the ravages of insects, pests suppression; the viral RNA becomes
and plant diseases. Three novel a target for degradation (16). ¢) The
approaches involving the use of cit- third approach includes the expres-
rus transgenic plants to control cit- sion of pathogenesis-related (PR)
rus diseases are described in this proteins, which are induced by
article: a) usage of cysteine protein- plants in response to pathogen infec-
ase inhibitors such as cystatins tion. For instance, B-1,3-glucanase
which are strong, natural inhibitors and chitinase proteins are part of a
of cysteine proteinase activity (4). mechanism of defence against fungi
Closteroviruses encode a polyprotein and viruses (8). Expressing them
that is processed by proteolysis into alone or in combination can increase
individual polypeptides (2, 7), three the resistance of the plant against
proteinases have been shown to be fungal pathogens (6). Glucanase and
involved in this processing mecha- chitinase can hydrolyze B-1,3-glu-
nism, one of them is thought to be of cans and chitin, respectively, which
cysteine type. One of the best char- are major components of the cell
acterized plant cystatins, identified walls of many pathogenic and poten-
from rice (Oriza sativa L.) seeds, is tially pathogenic fungi (3).
oryzacystatin I (4, 15). b) The second In this study, we report the
approach involves gene silencing genetic transformation of different
mechanism. It has been reported Citrus varieties with oryzacystatin I,
that transgenes could become post- chitinase/glucanase and untranslat-
transcriptionally inactivated; result- able Citrus tristeza virus (CTV) coat
ing in co-suppression of homologous protein and p27 genes through Agro-
endogenous genes. RNA-mediated bacterium-mediated gene transfer.
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MATERIALS AND METHODS

Seeds of sour orange, Mexican
lime and Volkamer lemon were cul-
tured as previously described (5, 9).
Disarmed Agrobacterium tumefa-
ciens strain EHA 105, LBA4404 and
A. rhizogenes A4 were used in trans-
formation protocols. Two plasmid
vectors were used:

a) pCAMBIA 2301, containing a
chimeric gene for neomycin phospho-
transferase II (NPTII) for selection
on medium containing kanamycin
and the scorable marker uidA (the
gene for [-glucoronidase, GUS)
which allows simple histochemical
visualization of transformation by
the presence of a blue color after
staining with the appropriate sub-
strate. This plasmid was cloned with:
1) A cassette containing oryzacysta-
tin I gene, CaMV 35S promoter and
the rubisco terminator (rbcs3’). This
plasmid  (pCAMBIA2301-ORYZA-
CYSTATIN I) was inserted into A.
tumefaciens EHA 105 (Fig. 1). 2) A
cassette containing oryzacystatin I
gene, a phloem limited promoter
(Rol-C) and rbes3’ terminator. This
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plasmid  (pCAMBIA2301-ORYZA-
CYSTATIN I-RolC) was inserted
into A. rhizogenes A4 (Fig. 2). 3) A
cassette containing chitinase and
glucanase genes, CaMV 35S pro-
moter and the rbes3’ terminator. This
plasmid (pCAMBIA2301-CHITI-
NASE/GLUCANASE) was inserted
into A. tumefaciens LBA4404 (Fig. 3).

b) pCAMBIA 1301, containing a
chimeric gene for hygromycin for
selection on medium containing
hygromycin B and the scorable
marker wuidA. This plasmid was
(pCAMBIA1301-FMV-p27_CP) used
to clone a cassette with the CTV
major coat protein (CP) and p27 genes
from a Mexican isolate from Veracruz,
both in antisense orientation. The
cassette for the viral genes contained
FMYV promoter and CaMV 35S termi-
nator. This plasmid was inserted into
A. tumefaciens EHA 105 (Fig. 4).

The transformation methodology
has been previously described (5, 9,
12, 13). Shoots and roots that regen-
erated on selection media were
assayed histochemically for GUS
activity (9). The extent of the section
that stained blue was recorded

pVS1 sta

Fig. 1. Genetic map of pCAMBIA 2301-ORYZACYSTATIN I. Plasmid used in transfor-
mation experiments containing genes that codify for oryzacystatin I, neomycin phos-

photransferase Il and uidA proteins.
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Fig. 2. Genetic map of pCAMBIA 2301-ORYZACYSTATIN I-RolC. Plasmid used in
transformation experiments containing genes that codify for oryzacystatin I with a
phloem limited promoter, neomycin phosphotransferase Il and uidA proteins.
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Fig. 3. Genetic map of pCAMBIA 2301-CHITINASE/GLUCANASE. Plasmid used in
transformation experiments containing genes that codify for chitinase, glucanase, neo-
mycin phosphotransferase II and uidA proteins.
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Fig. 4. Genetic map of pCAMBIA 1301-FMV-p27_CP. Plasmid used in transformation
experiments containing genes that codify hygromycin B and the scorable marker uidA
genes. This plasmid was cloned with a cassette with the CTV major coat protein (CP)

and p27 genes in antisense orientation.

either as sector (for partial staining)
or completely stained.

For PCR analysis, DNA was iso-
lated from leaves using a CTAB
extraction method (14). Approxi-
mately 5 ng of DNA were added to a
45 ul reaction using specific primers
for each gene: primers for amplifica-
tion of a 346 bp oryzacystatin I gene
fragment were 5-ATGTCGGAGC-
GACGGAG-3’ and 5-ACACATAGG-
ATCGAGATGG-3’, for amplification
of a 1.6 Kb FMV-p27_CP gene frag-

ment primers were 5-GTCATAT-
GAGCAGAGACGTGGC-3’ and 5'-
TGAAACTCCACCATCCCGATA-3.
Specific primers for amplification of
an 800 bp glucanase gene were used
(10, 11). Following each PCR, 20 ul
of each reaction were loaded onto a
0.8% agarose gel and visualized
with UV-ethidium bromide.

To recover transgenic plants, the
GUS positive shoots and roots
obtained were rooted or induced to
produce adventitious shoots, respec-
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tively. Apical portions of the trans-
genic shoots were tip grafted in vitro
onto 4 weeks old C. aurantium seed-
lings. Shoots of 0.5-1.0 ¢cm in length
were grafted onto virus-free, one-
year old C. volkameriana rootstocks
and kept under controlled green-
house conditions. Inhibition assays
of a cysteine type enzyme (papain)
will be performed in order to verify
the activity of the oryzacystatin I
protein. Western blot assays will be
performed to plantlets that ampli-
fied the oryzacystatin I and chiti-
nase/glucanase genes. Challenge
with CTV will be done in the plants
containing oryzacystatin I gene,
chitinase/glucanase genes and the
CTV  viral sequences. Plants
expressing the chitinase/glucanase
will be challenge with Fusarium spp.

RESULTS AND DISCUSSION

We have achieved transformation
of sour orange, Mexican lime and
Volkamer mediated by A. tumefa-
ciens and A. rhizogenes with the dif-
ferent sets of sequences.

Results of some experiments are
shown in Table 1 and Figs. 5-7.
Results (No. of shoots, time of
appearance and phenotypic charac-
teristics) are similar to those

reported by (5, 9) for A. tumefaciens
and (13) for A. rhizogenes.

The majority of the GUS + shoots
showed chimeric staining ranging
from a few blue dots to almost com-
pletely blue. Thirty-two plantlets (Fig.
5A) and 7 roots (Fig. 5B) amplified the
expected 346 bp fragment from oryza-
cystatin I. One plantlet amplified the
expected 800 bp fragment from chiti-
nase/glucanase (Fig. 6). One plantlet
amplified the expected 1600 bp frag-
ment from P27-CP (Fig. 7). Although
some of the initially regenerated
shoots derived from chimeric tissue
we found solid transformed portions
of them, this allowed us to generate
new plants that were completely
transgenic. Micrografting (12) was a
very efficient method for establishing
the transgenic plants (data not
shown). Transformation efficiencies
were similar to those reported else-
where (5, 9, 13). We expect that at
least some of the recovered plants will
be disease tolerant.

These PCR results partially dem-
onstrate that we have successfully
used A. tumefaciens and A. rhizo-
genes to obtain transgenic Citrus
plants with the four different sets of
sequences. To our knowledge pro-
duction of transgenic plants of
Volkamer lemon has not been previ-
ously reported.

TABLE 1
GUS POSITIVE SHOOTS OBTAINED WITH THE DIFFERENT TRANSFORMATION VECTORS

GUS positive shoots

Agrobacterium

Cultivar strain Vector Sector Complete

C. aurantium A. tumefaciens pCAMBIA2301- 12 0
LBA4404 CHITINASE/GLUCANASE

C. volkameriana A. tumefaciens pCAMBIA1301-FMV-p27_CP 15 0
EHA 105

C. volkameriana A. rhizogenes pCAMBIA2301- 0 7
A4 ORYZACYSTATIN I-RolC

C. aurantifolia A. tumefaciens pCAMBIA2301- 7 0
EHA 105 ORYZACYSTATIN I

C. volkameriana A. tumefaciens pCAMBIA2301- 10 5
EHA 105 ORYZACYSTATIN I

C. aurantium A. tumefaciens pCAMBIA2301- 14 1
EHA 105 ORYZACYSTATIN I
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Fig. 5. PCR analysis of DNA from transgenic plantlets transformed with the oryza-
cystatin I gene. (A) Lanes: M, 1IKb marker DNA; 1, negative control; 2-7 DNA from non-
transformed plantlets; 8-21, DNA from transgenic plantlets transformed with A. tume-
faciens; 22, positive control DNA and 23, empty lane. Arrow to the right indicates 346
bp Oryzacystatin I amplicon. (B) Lane: M 1Kb marker; 1, negative control; 2-5, DNA
from plantlets transformed with A. rhizogenes; 6, positive control DNA. Arrow to the
right indicates 346 bp Oryzacystatin I amplicon.

The introduction of infection-spe-
cific factors into citrus plants offers a
promising approach for the control of
a wide range of infections. Cysteine

4= 800 bp

Fig. 6. PCR analysis of DNA from
transgenic plantlets transformed with
the chitinase/glucanase genes. Lanes: 1,
negative control; 2-5 DNA from non-
transformed plantlets; 6, DNA from A.
tumefaciens transformed plantlet; 7,
DNA from positive control and M, 1Kb
marker. Arrow to the right indicates 800
bp chitinase/glucanase amplicon.

Fig. 7. PCR analysis of DNA from
transgenic plantlets transformed with
the CP and p27 genes from CTV. Lanes:
1, negative control; 2 and 3 non-trans-
formed plantlets DNA; 4, DNA from
transgenic plantlet; 5, DNA from posi-
tive control and 6, empty lane. Lane M is
1Kb marker DNA. The arrow to the right
indicates the 1.6 kb p27-CP amplicon.
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proteinase inhibitors represent an
attractive option for a safe defense
strategy against specific infection
because they don’t compromise the
usage of pathogen-derived resis-
tance. This is the first report of citrus
(sour orange, Mexican lime and
Volkamer lemon) transformed with
the genes that code for protection
against viral and fungal diseases.

Sixteenth IOCV Conference, 2005—Surveys, Certification and Other Topics

ACKNOWLEDGMENTS

This research was supported by
grants from the Mexican Consejo
Nacional de Ciencia y Tecnologia
(CONACYT) grant No. G35488-B, a
scholarship grant to Carlos F. Roman-
R. No. 126836 and by the Comité para
el Fomento e Investigacién Citricola
del Estado de Tamaulipas.

10.

11.

12.

13.

14.

15.

16.

LITERATURE CITED

. Christey, M. C.

2001. Use of Ri-mediated transformation for production of transgenic plants. In Vitro
Cell. Dev. Biol. Plant. 37: 687-700.

. Dougherty, W. G., and J. C. Carrington

1988. Expression and function of potivyral gene products. Annu. Rev. Phytopathology
26: 123-143.

. D’Ovidio, R., M. Simeone, S. Masci, and E. Porceddu

1997. Molecular characterization of a LMW-GS gene located on chromosome 1B and the
development of primers specific for the Glu-B3 complex locus in durum wheat. Theor.
Appl. Genet. 95: 1119-1126.

. Gutiérrez, C., A. Torres, L. Saucedo, and M. A. Gémez

1999. The use of cysteine proteinase inhibitors to engineer resistance against potyvi-
ruses in transgenic tobacco plants. Nature 17: 1223-1226.

. Gutiérrez, E. M. A., D. Luth, and G. A. Moore

1997. Factors affecting Agrobacterium-mediated transformation in citrus and produc-
tion of sour orange (Citrus aurantium L.) plants expressing the coat protein gene of cit-
rus tristeza virus. Plant Cell Rep. 16: 745-753.

. Jongedijk, E., H. Van Roekel, and S. A. Bres-Vloemans

1995. Synergetic activity of chitinases and 3-1,3-glucanases enhances fungal resistance
in transgenic tomato plants. Euphytica 85:173-180.

. Kasschau, K. D. and J. C. Carrington

1995. Requirement for HC-Pro processing during genome amplification of tobacco
potyvirus. Virology 209: 268-273.

. Lusso, M. and J. Kuc

1996. The effect of sense and antisense expression of the PR-N gene for -1,3-glucanase on
disease resistance of tobacco to fungi and viruses. Physiol. Molec. Plant Pathol. 49: 267-283.

. Moore, G. A, D. Luth, V. J. Febres, S. M. Garnsey, and C. L. Niblett

2000. Agrobacterium-Mediated transformation of grapefruit (Citrus paradisi Macf.)
with genes from citrus tristeza virus. Acta Hort. 535: 237-243.

Payne, G., E. Ward, T. Gaffney, P. Ahl, M. Moyer, A. Harper, F. Meins, and J. Ryals
1990. Evidence for a third structural class of B-1,3-glucanase in tobacco. Plant Mol. Biol.
15:797-808.

Payne, G., P. Ahl, M. Moyer, A. Harper, J. Beck, F. Meins, and J. Ryals
1990. Isolation of complementary DNA clones encoding pathogenesis-related proteins P
and Q, two acidic chitinases from tobacco. Proc. Natl. Acad. Sci. USA 18: 98-102.

Pefia, L. and L. Navarro.
1999. Transgenic citrus. In: Biotechnology in Agriculture and Forestry, 39-54. Y.P.S.
Bajaj, Springer, Berlin.

Pérez-M., B. E. and A. Ochoa
1998. Regeneration of transgenic plants of Mexican lime from Agrobacterium rhizo-
genes-transformed tissues. Plant Cell Rep. 17: 591-596.

Soost, R. K. and J. W. Cameron
1975. Citrus. In: Advances in Fruit Breeding, J. Janick and J. N. Moore (eds.), 507-540.
Purdue University, West Lafayette, Indiana.

Tuan, Y. H. and R. D. Phillips
1997. Optimized determination of cystine/cysteine and acid-stable amino acids from a
single hydrolysate of casein and sorghum-based diet and digesta samples. J. Agric. Food
Chem. 45: 3535-3540.

Wassenegger, M.
2002. Gene silencing-based disease resistance. Transgen. Res. 11: 639-653.



