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Abstract 
 
Melander, M. 2004. Transgenic resistance to pathogens and pests. Doctor’s dissertation 
ISSN 1401-6249, ISBN 91-576-6776-4 
 
Pathogens and pests constantly threaten plants and cause crop losses of significant 
economic importance for agricultural production worldwide. One way to reduce the damage 
caused by pathogens and pests is the development of new, resistant cultivars. However, 
conventional resistance breeding often suffers from limited access to suitable resistance 
sources. The development of gene technology has drastically increased the availability of 
genes conferring resistance, which can be derived from non-related plant species as well as 
non-plant sources. In this thesis three attempts to improve the resistance against a virus, 
some fungi and an insect by genetic engineering are described. 

In the first example an approach to develop potato with improved resistance against 
Potato mop-top virus was evaluated. A modified version of a gene involved in viral 
movement from Potato mop-top virus was transformed into potato. Transgenic plants 
shown to transcribe the inserted sequence were evaluated in a field trial, where increased 
resistance to natural infection by Potato mop-top virus could be demonstrated.  

The second example is the evaluation of doubled haploids of oilseed rape transformed 
with a chitinase and a β-1,3-glucanase gene from barley. Although the barley chitinase and 
β-1,3-glucanase did show some antifungal effects when evaluated in vitro, no significant 
effects could be demonstrated when the transgenic plants were challenged with four 
different oilseed rape fungi in greenhouse assays. The doubled haploids were also evaluated 
for stability of the transgenic inserts as well as their expression during five subsequent 
generations. 

The third example evaluates pea lectin as a possible resistance factor against pollen 
beetles in oilseed rape. In feeding assays with pollen beetle larvae several plant proteins 
with potential insecticidal activity were tested. In these assays pea lectin was shown to have 
significant detrimental effects both on growth and survival of the larvae. Therefore, 
transgenic oilseed rape plants were produced that expressed pea lectin in pollen. When 
pollen beetle larvae were fed anthers from these plants significant reduction in larval weight 
was observed as well as some effect on survival. 
 
Keywords: fungal resistance, insect resistance, molecular breeding, pathogen-derived 
resistance, PR proteins, transformation, virus resistance 
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Introduction 
 
Attacks by plant pathogens and pests always have been and still is a threat to 
agricultural production. Plant diseases have had historical implications, where one 
of the most well known examples is the potato famine in Ireland of 1845-1847 
caused by Phytophthora infestans, which spurred a huge wave of emigration to 
North America. In 1870 the coffee industry in Ceylon was completely destructed 
due to Hemileia vastatrix and a century later the same fungus hit many countries 
in South and Central America. More recent examples include gemini-virus 
infections wiping out vegetable crops in the Caribbean and Florida in the 1990s 
(James et al., 1990; Moffat, 2001). 
 

Agriculture worldwide suffers from production losses due to pathogens and 
pests. The crop losses in 1988-1990 of eight principal food and cash crops, which 
are grown on about 50% of the global cultivated land, was estimated to 29% of the 
attainable production, corresponding to 167 billion US$. It is estimated that 
without the application of various crop protection measures, crop losses due to 
pathogens and pests globally would have reached 40% of the attainable production 
(Oerke et al., 1999).  
 

Agrochemicals are commonly used to control many plant pests and diseases. In 
1990 about 19 billion US$ were spent globally on insecticides and fungicides 
(Oerke et al., 1999). Other alternatives, or complements, to protect plants include 
phytosanitary measures such as healthy seed, appropriate crop rotation and tillage 
methods.  
 

Another very important factor in controlling plant pathogens and pests is the use 
of resistant cultivars. Classical plant breeding is continuously aiming at improving 
plant resistance to diseases and pest attacks by introgression of resistance from the 
same or closely related species. However, in many instances there are no sources 
of resistance available or the resistance is tightly genetically linked with 
undesirable traits.  
 

The development of gene technology has drastically increased the availability of 
genes conferring resistance, since they can now be derived from non-related plant 
species as well as non-plant sources. Additionally, the problem with co-transfer of 
linked undesirable characters from the gene source as is often the case in 
traditional cross-breeding can be avoided. Gene technology in combination with 
the increasing knowledge of various plant defence mechanisms contributes with 
new possible strategies that might be used for improvement of resistance. 
 

The aim of this thesis was to evaluate the possibilities to introduce transgenic 
resistance against some pathogens and pests that affect potatoes and oilseed rape 
in Northern Europe and elsewhere. The targeted parasites were Potato mop-top 
virus in potatoes and four fungal pathogens as well as pollen beetles in oilseed 
rape.  



 8

Plant defence against pathogens and pests 
 
Plants are constantly exposed to potential pathogens and pests. However, most 
encounters result in resistance by the plant and only exceptionally the outcome is 
disease. Most pathogens and pests are very specialised and only affect a limited 
range of host plants, often only a single species. This specialisation is due to the 
need for certain host factors for host recognition and to the plant’s defence system. 
The first line of defence includes constitutive barriers such as wax layers, cell 
walls and chemical defence compounds. These barriers are present in the plant 
prior to any attack by pathogens or pests and confer a broad resistance to a wide 
variety of parasites (Takken & Joosten 2000).  
 

If the first line of defence is overcome a second line of induced responses may 
stop the invader. Further parasite attack on plants can cause either a compatible 
response with a successful infection of the plant or an incompatible response 
where the plant becomes resistant to the parasite. In compatible interactions, the 
parasite is often recognized too late and the outcome will be a diseased plant. In 
the case of an incompatible interaction, the plant rapidly recognizes the parasite 
and induces resistance mechanisms, which act very effectively against the invader 
(Métraux, 2001).  
 

Induced responses to viruses, fungi, bacteria and certain insects generally 
require a specific interaction between plant and pathogen, which is described by 
the ‘gene-for-gene’ hypothesis (Flor, 1971). For a plant to be resistant to a specific 
pathogen race the plant must carry a resistance (R) gene that corresponds to an 
avirulence (Avr) gene of the pathogen. The R-genes encode receptors for Avr-
specified ligands, and by a direct or indirect interaction between R-gene and Avr-
gene products the induced defence response is triggered (Takken & Joosten, 2000; 
Jones, 2001).  
 

The induced resistance response to pathogens can be divided into a local 
response at the site of infection and a systemic response in remotely located, yet 
unaffected plant parts. This induced systemic response is referred to as systemic 
acquired resistance (SAR) (Métraux et al., 2002).  
 

The local response includes modifications of the cell wall composition in 
surrounding cells as well as synthesis of antimicrobial compounds such as 
phytoalexins and pathogenesis-related (PR) proteins. Another feature of the 
primary, local response is the activation of a controlled process of cell death, 
which is called the hypersensitive reaction (HR). By HR the pathogen will be 
trapped in dead cells and is thus prevented from spreading from the original site of 
infection (Heil & Bostock, 2002). 
 

The initial local defence response is followed by a signal spreading throughout 
the plant that induces changes in gene expression in uninfected distant parts of the 
plant. This systemic response involves the onset of PR protein production and 
sometimes also phytoalexin synthesis (Heil & Bostock, 2002). The systemic signal 
can also alert the remote tissue to a faster defence response, e.g. faster induction of 
cell wall lignification, after challenge infection (Métraux et al., 2002). 
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Systemic acquired resistance is regarded to be active against the major pathogen 
groups, i.e. viruses, fungi and bacteria, and is conferring resistance not only to the 
pathogen initiating the response but also to other pathogens. This resistance is 
rather non-specific and long lasting (Heil & Bostock, 2002). SAR has been 
demonstrated in over 30 plant species belonging to both mono- and 
dicotyledonous plant families (Métraux et al., 2002). 
 

PR proteins induced by SAR can be divided into 17 different families (van Loon 
& van Strien, 1999; Christensen et al., 2002), where the function still is unknown 
for members of many families. Some families contain proteins with chitinase or β-
1,3-glucanase activity. These proteins hydrolyse chitin and β-1,3-glucan, 
respectively, which are important components of many fungal cell walls. 
Chitinases and β-1,3-glucanases have also been shown to possess antifungal 
activity in vitro (Mauch et al., 1988; Sela-Buurlage et al., 1993).  
 

Salicylic acid (SA) is a key component of the signal transduction pathway 
leading to SAR. The levels of SA increase both locally and systemically after an 
infection event and the SAR induction is preceded by an increase of SA in the 
phloem. Transgenic plants that overexpress a bacterial salicylate hydroxylase and 
thus cannot accumulate SA are blocked in SAR response. However, it is unlikely 
that SA is the primary signalling molecule. In addition to SA other molecules, 
such as the volatile methyl salicylate acting as a signal also between plants 
(Shulaev et al., 1997), seem to be involved in systemic signalling for SAR (Heil & 
Bostock, 2002). 
 

The SAR signalling pathway is not a linear chain of events but rather a complex 
network, where several pathways interact causing defence responses targeted at 
various pathogens (Métraux et al., 2002). One distinct branching point occurs 
downstream of SA with one branch with PR protein production involved in 
resistance to fungal and bacterial pathogens and another branch conferring 
resistance to viruses. The virus-specific branch includes, depending on virus, 
different mechanisms for virus resistance such as inhibition of replication, 
inhibition of cell-to-cell movement and inhibition of long-distance movement 
(Murphy et al., 2001). 
 

An additional defence process involved in virus resistance is an RNA 
degradation mechanism called post-transcriptional gene silencing (PTGS). This is 
a way for plants, as well as other organisms, to degrade aberrant, unwanted excess 
or foreign RNA, such as viruses, in a homology-dependent manner. The elicitor 
for this defence reaction is double-stranded RNA that is produced during virus 
replication. The double-stranded RNA is degraded into small interfering RNAs of 
~21 nucleotides by the enzyme Dicer-1. The small interfering RNAs then serve as 
a guide that in a complex with Dicer-1 and other cellular factors degrade RNA 
molecules with homology to the elicitor RNA. This degradation process spreads 
within the plant in a systemic fashion from the originally invaded cell (Waterhouse 
et al., 2001).  
 

While SA-dependent SAR is generally induced by and active against various 
pathogens, a wound response is active mainly against herbivores. This response is 
induced by insect feeding and wounding and results in a local defence reaction at 
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the wound site as well as systemic responses that are transmitted throughout the 
plant. The defence response can be divided into direct and indirect responses. The 
direct responses include the production of antinutritive and toxic compounds such 
as proteinase inhibitors, polyphenol oxidases, alkaloids, terpenoids and phenolics 
as well as the formation of physical barriers. The indirect responses are constituted 
by the production of volatile compounds that attract predators and parasitoids of 
the attacking insects and repel herbivorous insects (Kessler & Baldwin, 2002).  
 

Jasmonic acid (JA) is a central signalling molecule of induced plant responses to 
herbivores. Insect feeding or mechanical wounding is triggering the induced 
response where both oligosaccharides and oligogalacturonides released from 
damaged cell walls as well as systemin have been proposed as the primary elicitor. 
The second step of the cascade is the release of linolenic acid from membrane 
lipids, which is then enzymatically converted to JA. Genes encoding proteinase 
inhibitors and enzymes involved in production of volatile compounds or 
secondary compounds, such as nicotine and numerous phenolics, as well as other 
defence-related compounds are transcriptionally activated by JA (Heil & Bostock, 
2002).  
 

Although the SA pathway is generally associated with pathogen defence and the 
JA pathway with insect defence there are many exceptions to this rule. Defence 
mechanisms to certain pathogens, especially to necrotrophic and saprophytic fungi 
and bacteria are independent of SA. Instead, systemic defence responses to 
necrotrophs, termed induced systemic resistance (ISR), are induced by the JA 
pathway together with an ethylene-induced pathway. Defence responses to phloem 
feeding insects are induced by the JA/ethylene pathway as well as the SA 
pathway. Thus, the SA, JA and ethylene pathways may control different sets of 
plant parasites but may also overlap (Walling, 2000; Hammond-Kosack & Parker, 
2003; Rojo et al., 2003).  
 

The different signalling pathways are also influencing each other and there is 
evidence for both synergistic and antagonistic effects. Cross-resistance occurs 
when resistance that is induced by one set of enemies, e.g. pathogens, is active 
also against other groups, e.g. herbivores. Antagonistic effects have been 
demonstrated where plants expressing resistance against microbial pathogens 
become more susceptible to insect attacks and vice versa (Pieterse et al., 2001; 
Heil & Bostock, 2002).  
 

Plant reproductive organs, such as seeds and tubers, are rich sources of energy 
and amino acids that are needed for subsequent growth. These vital organs are 
very important to protect against parasites if the plant is to survive and reproduce. 
Plants have thus developed efficient constitutive defence mechanisms, such as 
morphological (e.g. thorns), physical (e.g. thick seed coats) and chemical 
protections. The chemical defence includes both toxic low molecular weight 
compounds (e.g. saponins and alkaloids) and toxic or antinutritive proteins. One 
group of toxic/antinutritive proteins is the lectins, which are often found in 
substantial amounts in storage organs as they simultaneously serve as storage 
proteins. Also proteinase inhibitors are included in this constitutive defence and is 
an example that the same kind of compounds may be involved in induced as well 
as constitutive defence (Peumans & Van Damme, 1996; Murdock & Shade, 2002).  
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Despite the plant defence array against pathogens and pests, including both 
constitutive and induced defences, plants are still not always able to combat the 
invader. Even though new plant defence responses have evolved, e.g. new R-
genes, there is also a constant evolution of the parasites so that defence 
mechanisms may be overcome. One advantage of gene technology is that new 
defence factors that the parasites have not encountered before and have thus not 
yet started to adapt to can be introduced into plants.   
 

Resistance by genetic engineering often takes advantage of components that are 
included in normal defence responses against pathogens and pests but also other 
approaches utilising non-plant sources have been applied. The first examples of 
transgenic resistance against pathogens and pests generally included the 
expression of single proteins by constitutive promoters. Since then more 
sophisticated resistance mechanisms have been utilized sometimes involving 
expression of more than one gene. Additionally, the discovery of new promoters, 
e.g. tissue specific or parasite induced, has contributed so that the transgenic 
resistance can be more specifically controlled. 

   
 

Transgenic resistance to viruses  
 
The strategies for conferring virus resistance in plants by genetic engineering can 
be divided into two groups. The first group includes various strategies in which a 
plant is transformed with a gene, or part of a gene, from the virus against which 
resistance is desired. This strategy is named pathogen-derived resistance (PDR) 
and can normally be explained by the virus-derived transgene interfering with 
essential steps in the life cycle of the infecting virus. The second group includes 
various strategies that do not include viral genes, such as host resistance genes and 
other genes involved in defence responses. 
 

PDR can be subdivided into different groups depending on which viral gene is 
involved. The most commonly used genes are coat protein genes, replicase genes 
and movement protein genes.  
 

Coat protein 
The first example of virus resistant transgenic plants was published by Powell-
Abel et al. (1986) describing tobacco plants transformed with the coat protein 
(CP) gene of Tobacco mosaic virus (TMV) displaying improved resistance against 
TMV. Seedlings of transgenic plants that expressed the coat protein demonstrated 
significant delay in symptom development when inoculated with TMV. The delay 
in symptom development was correlated with the expression level of the CP.  
 

Since this first demonstration that introduction of the coat protein gene of a virus 
can confer resistance to the corresponding virus, this approach has been 
extensively used for resistance against numerous viruses belonging to different 
groups in many crop plants as well as ornamentals (e.g. Pang et al., 2000; Lehman 
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et al., 2003; Liao et al., 2004; Yang et al., 2004). The approach of CP-mediated 
resistance (CPMR) has also been shown to be commercially applicable. In 1992 
Papaya ringspot virus (PRSV) was discovered in Puna, Hawaii and the Hawaiian 
papaya industry was soon severely damaged. Fortunately, experiments with 
CPMR against the virus had already been initiated, and in 1998 two varieties were 
available for commercial use and the papaya industry started to recover 
(Gonsalves, 2002). Other commercial examples include squash resistant to 
Cucumber mosaic virus (CMV), Zucchini yellow mosaic virus (ZYMV) and 
Watermelon mosaic virus 2 (WMV2) as well as potato resistant to Potato virus Y 
(PVY) (http://www.aphis.usda.gov/brs/not_reg.html; 21-Aug-2004).  
 

The resistance mechanism involved in CPMR seems to vary between different 
viruses. For some viruses the resistance is protein-mediated requiring the 
expression of the coat protein (Bendahmane et al., 1997; Lehman et al., 2003). For 
TMV it has been shown that the transgenically produced CP has a tendency to 
form aggregates. It is proposed that this CP prevents virus disassembly and thus 
viral infection by driving the virus assembly-disassembly reaction towards 
assembly (Bendahmane & Beachy, 1999). For other viruses resistance is mediated 
also by untranslatable forms of the CP-gene implicating an RNA-based 
mechanism. It has been shown that this mechanism is due to post-transcriptional 
gene silencing (Masmoudi et al., 2002; Liao et al., 2004).    
 

Replicase protein 
Another type of genes used for conferring PDR are genes encoding viral replicase 
proteins. By introducing either full-length, read-through portions, truncated or 
mutated versions of replicase genes resistance to at least 14 different viruses 
representing 10 different taxonomic groups have been accomplished (Palukaitis & 
Zaitlin, 1997). Replicase genes are structured differently in different virus genera, 
and this has an influence on choosing a suitable sequence for replicase-mediated 
PDR.  
 

Introduction of full-length replicase genes has been shown to be effective for 
conferring resistance to Potex-, Poty-, Luteo- Sobemo- and Poleroviruses (Braun 
& Hemenway, 1992; Audy et al., 1994; Koev et al., 1998; Pinto et al., 1999; 
Thomas et al., 2000). The efficiency of this strategy has also been confirmed in 
field trials and a commercial product combining resistance to the Polerovirus 
Potato leaf roll virus (PLRV) with resistance to Colorado potato beetle in 
transgenic Russet Burbank potatoes has been developed (Lawson et al., 2001). 
 

Viruses of the genera Tobamo- and Tobravirus encode a read-through portion of 
about 54 kDa in the C-terminal part of the replicase gene. Resistance by 
introduction of this read-through portion was first demonstrated for TMV in 
Nicotiana tabacum (Golemboski et al., 1990) and subsequently also for other 
Tobamo- and Tobraviruses (MacFarlane & Davies 1992; Tenllado et al., 1995; 
Melander, in preparation). 
 

Replicase genes with mutations in a conserved GDD motif, which is 
characteristic of replicase proteins, as well as other mutated or truncated forms of 



 13

replicase genes have also been shown to be able to confer virus resistance 
(Anderson et al., 1992; Brederode et al., 1995; Longstaff et al., 1993; Tsukasa et 
al., 2002).  
 

Also for DNA plant geminiviruses, PDR by transformation of plants with 
replication-related genes has been obtained (Hong & Stanley, 1996; Noris et al., 
1996). 
 

Resistance mediated by replicase genes often confers a high level of protection 
but is generally only effective against viruses closely related to the source of the 
transgene. This, combined with other observations such as a correlation between 
high levels of resistance with low levels of transgene mRNA implies that this kind 
of resistance is mediated by RNA rather than protein. Some studies have shown 
that gene silencing mechanisms related to post-transcriptional gene silencing are 
involved in the resistance mechanism (Marano & Baulcombe 1998; Jones et al., 
1998; van den Boogaart et al., 2001). However, in other cases, e.g. the use of 
modified replicase genes, protein-mediated mechanisms are also involved possibly 
combined with RNA-mediated mechanisms (Wintermantel & Zaitlin, 2000; 
Goregaoker et al., 2000).  
 

Movement protein 
Plant viruses encode movement proteins (MPs) that are required for viral cell-to-
cell transport. The MPs contain nucleic acid binding domains and localize to 
plasmodesmata where they facilitate the viral transfer to adjacent cells. By 
transgenic expression of dysfunctional MPs resistance to plant viruses can be 
achieved. This has been shown by expression of mutated versions of MP genes 
from the Tobamovirus TMV and the Luteovirus PLRV, while no effect was seen 
when expressing wild-type MPs. The resistance was shown to be efficient not only 
to the homologous virus and related viruses but also to viruses belonging to other 
virus groups (Lapidot et al., 1993; Cooper et al., 1995; Tacke et al., 1996).  
 

For viruses of the genera Pomo-, Potex-, Carla-, Hordei-, Beny- and Pecluvirus 
a movement protein complex is expressed by a set of three overlapping genes 
called the triple-gene-block (TGB). Expression of mutated versions of TGB genes 
can confer virus resistance as has been shown for White clover mosaic virus 
(WClMV) (Beck et al., 1994) and Potato virus X (PVX) (Seppänen et al., 1997) 
that both belong to the genus Potexvirus. In both cases the introduced resistance 
was very broad, affecting other potexviruses as well as other TGB-containing 
viruses such as Potato virus S and M that belong to the genus Carlavirus.  
 

Virus protection mediated by modified versions of proteins involved in viral 
movement normally results in a relatively broad resistance. This kind of resistance 
is generally protein-mediated requiring the expression of the dysfunctional 
protein. It is thought to be the result of competition between wild-type virus 
encoded MPs or TGB proteins and preformed, dysfunctional transgene encoded 
proteins that disrupt the viral transfer system through plasmodesmata (Lapidot et 
al., 1993; Tacke et al., 1996; Seppänen et al., 1997).  
 



Paper I 
Paper I of this thesis describes an attempt to introduce resistance against the 
Pomovirus Potato mop-top virus (PMTV), which causes severe quality problems 
in potato due to the formation of brown arcs or rings in the tuber flesh known as 
spraing. As modified TGB proteins have been shown to confer a very broad 
spectrum resistance this strategy was chosen and the study describes the 
production and analysis of transgenic potato plants containing a mutated version 
of the second TGB gene. The TGB2 gene was isolated from a Swedish isolate of 
PMTV by RT-PCR, and thereafter mutated by PCR-mutagenesis in a region 
highly conserved between TGB2 genes from different viruses. The mutated TGB2 
gene was cloned into the binary vector pBI121 after the Cauliflower mosaic virus 
(CaMV) 35S-promoter. The derived construct was used for transformation of 
potato (Solanum tuberosum, cv. Hulda) by Agrobacterium-mediated 
transformation using kanamycin-selection.  
 

Potato plants confirmed to be transgenic by PCR-analysis for presence of the 
nptII gene were further analysed for transcription of the introduced mutated TGB2 
gene by a ribonuclease protection assay. Ten lines, all confirmed to transcribe the 
mutated TGB2 gene, were selected for resistance evaluation. These lines were 
assayed in a field trial in Halland, Sweden, by natural infection with PMTV 
transmitted by the fungal vector Spongospora subterranea. The different lines 
were grown in a randomised pattern with five potato plants per line in each of four 
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blocks. Non-transgenic cv. Hulda and cv. Appell were used as a susceptible and a 
resistant control, respectively. After harvest, tubers from the field were analysed 
for virus content by ELISA.  
 

In seven of the analysed transgenic lines there was a significant reduction in 
ELISA values when compared to the non-transgenic Hulda control line according 
to Dunnett´s test (Figure 1). In the three lines that had the lowest ELISA readings 
this reduction was manifested both as a reduction in the proportion of infected 
tubers and as a reduction in virus levels in those tubers that were infected. In the 
line showing the highest level of resistance, the total ELISA value was reduced by 
79%. This is the first study showing TGB2 mediated resistance to be effective 
against infection transferred by a natural vector in the field. These results 
demonstrate that the introduction of a mutated TGB2 gene into potato can confer 
increased resistance to PMTV. 
 

Satellites and defective interfering nucleic acids 
Some strains of certain RNA viruses contain satellite RNAs, which are small RNA 
sequences that are fully dependent on the host virus for replication and 
transmission. The presence of satellite RNAs can either suppress or enhance 
symptoms induced by the host virus. Transgenic expression in plants of 
suppressing satellite RNA sequences may attenuate symptoms when plants are 
infected with the host virus as has been shown e.g. for CMV in tobacco, tomato 
and pepper (McGarvey et al., 1994; Baulcombe et al., 1986; Kim et al., 1997). 
 

For several viruses the occurrence of truncated genomic sequences of the virus 
have been detected in infected tissue. These, so called defective interfering nucleic 
acids, may interfere with replication of the full-length virus genome and attenuate 
symptoms. Plants engineered with defective interfering nucleic acids display 
reduced or delayed symptoms and reduced replication (Kollar et al., 1993; 
Frischmuth et al., 1997).   
 

Antisense RNA and RNA interference 
The expression in transgenic plants of antisense RNA complementary to viral 
sequences has been used as a way to suppress expression of certain genes from the 
invading virus and thus improving resistance. This RNA-silencing strategy has 
been tested with antisense expression of e.g. coat protein and replicase genes 
(Cuozzo et al., 1988; Powell et al., 1989; Kawchuk et al., 1991; Bendahmane & 
Gronenborn, 1997), but in some instances the resistance was only efficient at low 
inoculum concentrations.  
 

RNA interference (RNAi) has later been shown to be a more efficient way to 
suppress the expression of homologous genes than antisense RNA. Various 
constructs containing the Pro-gene of PVY in sense + antisense direction were 
transformed to tobacco resulting in a large proportion of plants immune to PVY 
(Waterhouse et al., 1998; Smith et al., 2000).  
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Resistance genes 
An alternative to use pathogen derived genes for introduction of resistance is to 
transform R-genes conferring virus resistance into heterologous plant species or 
varieties. The N gene of tobacco confers resistance to TMV by localizing the viral 
infection by an HR-response. When the N gene was transferred to tomato the 
resulting transgenic tomato plants showed typical HR-responses as well as blocked 
systemic movement of the virus when the plants were challenged with TMV 
(Whitham et al., 1996). In a similar way also other R-genes, such as the potato Rx 
gene conferring resistance to PVX and the tomato Sw5 gene conferring resistance 
to Tomato spotted wilt virus (TSWV), have been shown to be functional when 
transferred to tobacco (Bendahmane et al., 1999; Spassova et al., 2001). 
 

Ribosome-inactivating proteins and protease inhibitors 
Many plant species contain ribosome-inactivating proteins (RIPs), which have 
antiviral properties. A RIP from pokeweed (Phytolacca americana) was expressed 
in tobacco and potato, and was shown to confer broad-spectrum virus resistance 
both when inoculated mechanically and by aphids (Lodge et al., 1993). RIPs, 
however, may also be toxic to the transgenic host plant. Therefore, less toxic 
forms of RIPs have been used that still confers virus resistance but without 
affecting the host ribosomes (Wang et al., 1998; Zoubenko et al., 2000). Another 
approach is to fuse the RIP gene to a promoter that is active only upon infection 
by a specific virus (Hong et al., 1996). 
 

Viruses from some genera are dependent on cysteine proteinase activity for 
processing of virus-encoded polyproteins. By expression of cysteine proteinase 
inhibitors in transgenic plants virus replication and propagation can be blocked.  
In transgenic tobacco plants expressing oryzacystatin, a cysteine proteinase 
inhibitor from rice, there was a clear positive correlation between resistance to 
potyviruses and expression of oryzacystatin (Gutierrez-Campos et al., 1999). 
 

Plantibodies 
The expression in transgenic plants of antibodies, so called plantibodies, 
recognizing plant viruses is another approach for conferring virus resistance. 
Single chain variable regions of monoclonals raised against a virus have been 
expressed in transgenic plants, which upon challenge with the corresponding virus 
demonstrated delayed symptom development and reduced incidence of infection 
(Tavladoraki et al., 1993; Fecker et al., 1997). In another example transgenic 
plants encoding the single chain variable region of a broad-spectrum monoclonal 
antibody showed reduced number of local lesions when challenged with the 
corresponding virus but also with other viruses of the same genera (Xiao et al., 
2000). Simultaneous resistance to viruses of different genera was obtained when 
single chain antibodies against a conserved region of a plant viral RNA-dependent 
RNA-polymerase was transformed to plants (Boonrod et al., 2004). Also genes 
encoding full size monoclonal antibodies have been transformed into plants 
resulting in the expression of heavy and light chains, which were assembled into 
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functional antibodies conferring reduced symptom development upon challenge 
infection (Voss et al., 1995).  
 

Interferon system enzymes 
Interferons are mammalian proteins inducing various defence mechanisms that 
ultimately inhibit viral replication. One of these defence reactions is the 2-5A 
system, where 2’-5’ oligoadenylate synthetase (2-5 Aase) makes 2’-5’ 
oligoadenylates (2-5A) in response to double stranded viral RNA. The formed 2-
5A then activates ribonuclease L (RNAseL), which degrade RNAs. Transgenic 
potato plants constitutively expressing 2-5 Aase have been shown to be protected 
against PVX infection, also under field conditions (Truve et al., 1993). Expression 
of 2-5 Aase has also been combined with expression of RNAseL resulting in 
plants with improved resistance to several different viruses (Mitra et al., 1996; 
Ogawa et al., 1996). 
 

Another interferon-induced enzyme is the double stranded RNA-dependent 
protein kinase (PKR). The human PKR gene was fused to a wound-inducible 
promoter and introduced into tobacco. The transgenic tobacco showed 
significantly reduced viral symptoms or no viral symptoms at all when challenged 
with various RNA viruses (Pyung et al., 2002). 
 
 

Transgenic resistance to fungi and bacteria 
 
While there are many successful examples of transgenic resistance to viruses, 
transgenic resistance to fungi and bacteria has generally been more difficult to 
accomplish and so far there are no commercial applications. The first efforts 
included the expression of single proteins, such as PR proteins and other proteins 
and peptides with antimicrobial effects. More recently, thanks to the increasing 
knowledge about genes involved in plant defence pathways, the utilisation of more 
complex defence responses has become possible. 
 

PR proteins 
The hydrolytic PR proteins chitinase and β-1,3-glucanase have been extensively 
studied in transgenic plants. In 1991 (Broglie et al.) it was demonstrated that 
heterologous expression of a bean chitinase in oilseed rape and tobacco could 
reduce the susceptibility to Rhizoctonia solani. Since then chitinases of various 
classes from different plant species, as well as other sources, have been expressed 
in a large number of crops with effects against various fungal pathogens (e.g. 
Yamamoto et al., 2000; Oldach et al., 2001; Mora & Earle, 2001; Pappinen et al., 
2002). The effects demonstrated have mainly been a reduction of fungal 
development and reduced number and size of lesions. Partial resistance to fungal 
infection has also been demonstrated in field trials (Howie et al., 1994; Grison et 
al., 1996).  
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In some examples it has also been shown that β-1,3-glucanases have the 
potential to improve resistance against fungal as well as Oomycete infections 
(Yoshikawa et al., 1993; Lusso & Kuc, 1996). When chitinase and β-1,3-
glucanase enzymes are combined they can act synergistically with improved 
suppressive effects on fungal infection. Expression of a class I chitinase and β-1,3-
glucanase in tomato significantly enhanced resistance to Fusarium oxysporum f. 
sp. lycopersici while comparable expression levels of either gene alone did not 
(van den Elzen et al., 1993; Jongedijk et al., 1995). Similar results were obtained 
when a chitinase gene and a β-1,3-glucanase gene were combined in tobacco and 
challenged with Cercospora nicotianae (Zhu et al., 1994) and when barley class II 
chitinase and β-1,3-glucanase were simultaneously expressed in tobacco (Jach et 
al., 1995). 
 

Also expression of PR proteins from other classes, such as osmotin and 
thaumatin-like proteins (PR-5), in transgenic plants have been shown to have 
negative effects on fungal and Oomycete infections such as delayed development 
of disease symptoms (Liu et al., 1994; Datta et al., 1999; Fagoaga et al., 2001). 
PR proteins of class 1a are expressed at high levels in response to pathogen attack, 
but the biochemical function is still unknown. When PR-1a was constitutively 
expressed in tobacco the derived plants displayed enhanced resistance to 
oomycetes (Alexander et al., 1993). The cysteine-rich peptides defensins (PR-12), 
thionins (PR-13) and lipid transfer proteins (PR-14) are thought to be involved in 
induced defence responses (van Loon & van Strien, 1999) and are also often 
found in seeds. Various such cysteine-rich peptides from different plant species 
have been expressed in transgenic plants where they have been shown to confer 
enhanced resistance to infections caused by fungi and bacteria (Epple et al., 1997; 
Molina & Garcia-Olmedo, 1997; Gao et al., 2000; Iwai et al., 2002).    
 
Paper II 
As combinations of chitinases and β-1,3-glucanases have been shown to enhance 
resistance to various fungal diseases this approach was evaluated in paper II of this 
thesis. A class II chitinase and a β-1,3-glucanase from barley were studied with 
respect to the oilseed rape pathogens Leptosphaeria maculans, Verticillium 
longisporum, Alternaria brassicae, A. brassicicola and Sclerotinia sclerotiorum. 
These pathogens, together with Trichoderma sp. were evaluated in an in vitro 
assay where the β-1,3-glucanase caused growth retardment of A. brassicicola and 
V. longisporum and a combination of the chitinase and the β-1,3-glucanase 
severely affected the growth of Trichoderma sp. and slightly the growth of A. 
brassicae.  
 

A construct containing both the chitinase gene and the β-1,3-glucanase gene 
after enhanced 35S promoters (Figure 2) was transformed into oilseed rape, cv 
Westar. Doubled haploid lines of primary transformants expressing both 
transgenes were produced and studied for five generations. The studies included 
copy number determinations, expression analysis and greenhouse assays with the 
oilseed rape pathogens. When analysing the transgenic lines for possible effects on 
fungal resistance an increased resistance to L. maculans was found in some of the
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Figure 2. Organisation of T-DNA with chitinase and β-1,3-glucanase genes. LB = left 
border, pAg7 = polyA sequence from gene 7 on T-DNA of A. tumefaciens, NPTII = 
neomycinphophotransferase II gene, Pnos = nopaline synthase promoter from A. 
tumefaciens, P35S-4xEnh = 35S promoter from Cauliflower mosaic virus (CaMV) with 4 
enhancer elements, TLE = translational enhancer sequence (Ω sequence) from TMV, 
chitinase = gene encoding chitinase, pA35S = polyA sequence from CaMV, β-1,3-
glucanase = gene encoding β-1,3-glucanase, RB = right border.  
 
 
transgenic lines, however this improvement was not correlated with the expression 
level of the PR proteins and is more likely due to a natural variation within the 
cultivar Westar. No significant effects on the other fungal oilseed rape pathogens 
were found. 
 

The doubled haploid material was also used for studies on stability of the 
inserted sequences as well as stability of expression during the five generations 
evaluated. The number of inserted copies for both genes in the second doubled 
haploid generation was determined both with Southern blotting and real-time 
PCR, where there was full agreement between the two methods used. Seven out of 
ten doubled haploid lines contained two copies of each gene (which corresponds 
to one copy in the original transformant), while for the remaining three lines there 
was discrepancy between the number of chitinase and β-1,3-glucanase genes 
indicating the insertion of truncated T-DNAs. The copy numbers were also 
determined in generation five with real-time PCR. The results from this analysis 
were not always the same as the results obtained for the second generation. In one 
line only one copy each of the chitinase and the β-1,3-glucanase gene was found 
and in another line only one copy of the β-1,3-glucanase gene, whereas the 
analysis in generation two showed two copies in all cases. This indicates that at 
least part of the inserted sequences had been lost in one of the alleles.  
 

The expression of the chitinase as well as the β-1,3-glucanase was analysed by 
western blotting in all five doubled haploid generations. The expression of the β-
1,3-glucanase was normally higher than the chitinase expression except for one 
line that contained no β-1,3-glucanase gene. The β-1,3-glucanase expression was 
in general very stable over the five doubled haploid generations tested with the 
exception for one line where a rather strong β-1,3-glucanase expression in the 
three first generations was silenced in generation four and five (Figure 3a). For the 
chitinase the expression level was more variable between generations with bands 
disappearing and sometimes reappearing in later generations (Figure 3b).  
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Figure 3. Immunoassay by western blotting of a) β-1,3-glucanase and b) chitinase in all 
five generations of doubled haploid line 4588B (4588B:1-5) and corresponding original 
transformant (4588). 1 µg of protein extract from leaves were assayed for each plant. The 
first lane contains a positive control (0.1 µg) of purified β-1,3-glucanase (Hv-PR2c) and 
chitinase (Hv-PR3a), respectively, and the last two lanes contain negative controls of 
untransformed cv. Westar and Westar transformed with a GUS-construct (W.-GUS). Band 
sizes (kDa) for the molecular weight marker are indicated.  
 
 

Antimicrobial peptides and proteins 
In addition to PR proteins also other peptides and proteins with antimicrobial 
activities have been evaluated as transgenic resistance factors. Some plant-derived 
antimicrobial peptides, e.g. puroindolines from wheat and a novel peptide from 
Macadamia integrifolia nuts, have demonstrated antifungal effects in transgenic 
plants (Krishnamurthy et al., 2001; Kazan et al., 2002). Antimicrobial peptides of 
animal origin have also been assayed in transgenic plants. When the sarcotoxin 
gene from flesh fly was expressed in transgenic tobacco (Mitsuhara et al., 2000) 
enhanced resistance against both bacterial and fungal pathogens was obtained. 
Similarly, other antimicrobial peptides of animal origin, such as magainin and 
temporin from frog skin, have been shown to confer enhanced resistance against 
bacteria, fungi and oomycetes in plants (Li et al., 2001; Chakrabarti et al., 2003; 
Osusky et al., 2004). In addition to naturally occurring antimicrobial peptides also 
synthetic or hybrid peptides have been designed and expressed transgenically in 
plants conferring improved resistance to bacterial, fungal and Oomycete pathogens 
(Osusky et al., 2000; Cary et al., 2000). 
 

An example of proteins with antimicrobial activities are the ribosome 
inactivating proteins, that have been shown to confer resistance to fungal infection 
by inactivating foreign ribosomes (Logemann et al., 1992). However, also a non-
functional mutant of a RIP from pokeweed has been shown to confer improved 
fungal resistance by activating SA-independent constitutive overexpression of PR 
proteins (Zoubenko et al., 1997). Other examples of antimicrobial proteins are the 
antifungal proteins derived from a virus infecting Ustilago maydis (Clausen et al., 
2000) and from Aspergillus giganteus (Oldach et al., 2001; Coca et al., 2004) that 
have shown potential as transgenic resistance factors against fungal infection. Also 
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antimicrobial proteins of animal origin, such as human lysozyme, have been 
demonstrated to improve bacterial and fungal resistance when expressed in 
transgenic plants (Nakajima et al., 1997; Takaichi & Oeda, 2000).  
 

Phytoalexins 
Phytoalexins are normally synthesized via complex biochemical pathways and are 
thus more complicated to produce transgenically. However, expression of some 
enzymes involved in phytoalexin synthesis, such as resveratrol synthases and 
isoflavone O-methyltransferase, demonstrates the potential of phytoalexins in 
conferring enhanced resistance to fungal infections (Hain et al., 1993; Hipskind & 
Paiva, 2000; He & Dixon, 2000). 
 

Inactivation of pathogen produced compounds  
During plant infection fungal pathogens often produce plant cell wall degrading 
enzymes, such as polygalacturonase, as well as various toxins, such as oxalic acid 
and mycotoxins. A possible target for transgenic resistance against fungal 
pathogens is the inactivation of these enzymes and toxins. The expression of a 
polygalacturonase inhibitor protein in tomato was able to reduce disease 
development by Botrytis cinerea (Powell et al., 2000). Expression of oxalate 
oxidase as well as oxalate decarboxylase has been shown to confer enhanced 
resistance to fungal infections (Kesarwani et al., 2000; Donaldson et al., 2001). 
Resistance by transgenic detoxification has also been demonstrated against 
bacterial infection in sugarcane by introduction of an albicidin detoxifying gene 
(Zhang et al., 1999).  
 

Some fungal pathogens produce mannitol to suppress reactive oxygen-mediated 
plant defences. The expression in plants of heterologous mannitol dehydrogenase 
has been shown to enhance resistance to the mannitol-secreting fungus Alternaria 
alternata (Jennings et al., 2002).  
 

RNA interference 
Gene silencing by RNA interference has been applied as a method to confer 
improved tolerance against the crown gall causing bacterium Agrobacterium 
tumefaciens. Transformation of Arabidopsis and tomato by inverted repeats of the 
bacterial oncogenes resulted in plants that could still be infected by A. tumefaciens 
but where the formation of crown galls was fully prevented (Escobar et al., 2001). 
 

Resistance genes 
The transfer of R-genes between related species has been shown to be a possible 
way to introduce disease resistance against both bacterial, Oomycete and fungal 
pathogens. The Pto gene of tomato and Bs2 gene of pepper have been transferred 
to other Solanaceous species conferring resistance to the bacterial pathogens 
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Pseudomonas syringae and Xanthomonas campestris, respectively (Rommens et 
al., 1995; Tai et al., 1999).  
 

Race non-specific resistance to the Oomycete Phytophthora infestans has been 
obtained in both potato and tomato by transfer of a resistance gene derived from 
the wild potato species Solanum bulbocastanum (Song et al., 2003; van der 
Vossen et al., 2003). Similarly, resistance to the fungus causing apple scab was 
introduced into a susceptible apple cultivar by transformation with the HcrVf2 
gene from the wild species Malus floribunda 821 (Belfanti et al., 2004). 
Successful examples of transfer of R-genes have normally taken place between 
related species. However, for the RPW.8 genes of A. thaliana it has been shown 
that these are functional against powdery mildew also when transferred to tobacco 
(Xiao et al., 2003). 
 

A possibly more broad-spectrum approach to make use of R-genes and the SAR-
pathway has also been described. According to this approach transgenic plants are 
transformed with pathogen avr-genes under control of a heterologous infection-
inducible promoter. If the generated transgenic plant carries the corresponding R-
gene a defence response will be initiated upon infection. One example in this 
direction is the pathogen-inducible expression in tobacco of the elicitor cryptogein 
from Phytophthora cryptogea, a likely avirulence factor of Phytophthora spp. 
(Keller et al., 1999). Challenge infection induced both HR and defence gene 
activation enhancing resistance to Phytophthora parasitica var. nicotianae as well 
as several fungal pathogens. In another example the Cf9 gene from tomato 
conferring resistance to the fungus Cladosporium fulvum was expressed in oilseed 
rape plants also expressing the corresponding fungal Avr9 gene (Hennin et al., 
2001). These oilseed rape plants were shown to have enhanced resistance to the 
fungus Leptosphaeria maculans.  
  

Defence signalling components 
Different steps in plant defence pathways have been evaluated to get a better 
understanding of defence responses and potentially produce transgenic plants with 
improved defence systems. One step in the defence-signalling cascade that has 
been evaluated is the NPR1 gene from Arabidopsis, which regulates SA-
signalling. When NPR1 was overexpressed in Arabidopsis as well as rice, plants 
with stronger PR protein induction and enhanced bacterial and fungal resistance 
were generated (Cao et al., 1998; Chern et al., 2001). When bacterial SA-
generating enzymes were expressed in transgenic tobacco, SA accumulation was 
substantially increased and PR proteins were constitutively expressed conferring 
enhanced resistance to fungal, as well as viral, infections (Verberne et al., 2000). 
Also expression of a transcriptional regulatory protein gene, Tsi1 from tobacco, 
induced constitutive expression of PR proteins and conferred broad-spectrum 
resistance to both bacterial and Oomycete pathogens as well as viruses (Shin et al., 
2002). When the Prf gene involved in resistance to Pseudomonas syringae in 
tomato was overexpressed in tomato the transgenic plants displayed constitutively 
activated SAR with enhanced SA accumulation, constitutive PR protein synthesis 
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and broad-spectrum resistance to bacterial and viral pathogens (Oldroyd & 
Staskawicz, 1998). 
 

Another defence pathway step that has been modified is the expression of 
glucose oxidases that generates H2O2 production (Wu et al., 1995; Murray et al., 
1999). Plants transformed with glucose oxidase genes displayed enhanced 
tolerance to a broad spectrum of bacteria, fungi and oomycetes but also distorted 
plant growth. Careful regulation of the glucose oxidase expression by pathogen-
inducible promoters may overcome these negative effects (Kachroo et al., 2003).  
 

Plantibodies 
As for virus resistance, expression in plants of antibodies binding to pathogen or 
pathogen products have been proposed as a strategy for conferring resistance to 
fungi and bacteria. However, so far the examples are very limited. Single-chain 
variable-fragments of an antibody specific to the wall-less bacteria stolbur 
phytoplasma expressed in tobacco resulted in symptomless shoots when 
inoculated by grafting onto stolbur phytoplasma-infected rootstocks (Le Gall et 
al., 1998). Peschen et al. (2004) have expressed fusion proteins comprising 
chicken-derived single-chain antibody fragments against Fusarium graminearum 
linked to antifungal peptides in Arabidopsis thaliana. When the transgenic plants 
were challenged with Fusarium oxysporum a high level of protection was 
obtained, whereas expression of either antibody or antifungal peptides alone 
resulted in moderate levels of protection only.  
 
 

Transgenic resistance to insects and nematodes 
 
For transgenic resistance to insects the expression of Bacillus thuringiensis (Bt) 
toxins is the most well known approach, which is also used commercially on 
significant acreages. There are also many examples of the expression of other 
proteins with insecticidal activities, such as proteinase inhibitors and lectins.  
Some more complex approaches including expression of secondary metabolites 
and R-genes have also been initiated. 
 

Bacillus thuringiensis toxins 
Formulations based on the insect pathogenic bacterium B. thuringiensis have been 
used as a biopesticide for the last 50 years. The main insecticidal activity of B. 
thuringiensis is due to insecticidal crystalline inclusions formed during 
sporulation. These crystalline inclusions are composed of protoxin subunits, called 
δ-endotoxins or Cry proteins. The Cry proteins are classified into 24 major groups 
and are usually specific for a limited range of species within certain insect orders, 
mainly Lepidoptera, Coleoptera and Diptera (Hilder & Boulter, 1999). The 
protoxins are solubilized in the insect midgut, where they are cleaved by gut 
proteases to form the active toxin. The toxin binds to receptors of epithelial cells 
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in the midgut and then inserts into the cellular membrane. This leads to pore 
formation that lyses the cells and then causes death of the insect by starvation or 
septicaemia (Whalon & Wingerd, 2003). 
 

Cloned genes encoding Cry proteins of B. thuringiensis were expressed in 
tobacco and tomato in the late 1980s (Fischhoff et al., 1987; Vaeck et al., 1987). 
In the first reports published the expression levels of the introduced Cry genes 
were very low, probably due to that the bacterial codon usage was suboptimal for 
plant expression and the occurrence of polyadenylation signals within the coding 
region. Later, attempts to express Cry proteins have made use of partially or totally 
synthetic genes optimised for plants resulting in considerably increased expression 
levels (Mazier et al., 1997).  
 

Cry genes have been transferred to a large number of different crop species and 
have in field trials been shown to confer resistance to various pests, mainly of the 
orders Lepidoptera and Coleoptera (e.g. Perlak, 1993; Tu et al., 2000, 
Moellenbeck et al., 2001; Kumar & Kumar, 2004). In 1995 the first insect 
resistant transgenic crops; corn, cotton and potato; expressing Cry proteins were 
approved for market release in the US (http://www.aphis.usda.gov/ 
brs/not_reg.html; 21-Aug-2004) and in 2002 14 million ha were planted with Bt-
crops globally (James, 2002). One concern with the use of Bt-crops has been the 
possibility of insects developing resistance to Cry proteins. Apart from resistance 
management strategies by mixing non-Bt- and Bt-cultivars prolonged durability 
may be achieved by pyramiding different Cry genes (Cao et al., 2002; Zhao et al., 
2003; Estela et al., 2004) or the development of hybrid Cry proteins (Naimov et 
al., 2003). 
 

Other toxic proteins produced by microrganisms have also been proposed as 
alternatives or complements to Bt-toxins. One example is the Vip1 and Vip2 
proteins from Bacillus cereus as well as Vip3A from B. thuringiensis that have 
activities comparable to that of Bt-toxins (Estruch et al., 1997). Other examples 
are the insecticidal toxin complexes produced by Photorhabdus luminescens and 
Xenorhabdus nematophilus, which are bacteria associated with entomopathogenic 
nematodes (ffrench-Constant & Bowen, 1999). A synthetic plant-codon-optimized 
gene encoding the toxin A protein from P. luminescens has been transferred to A. 
thaliana resulting in high levels of insect resistance (Liu et al., 2003). 
 

Proteinase and α-amylase inhibitors 
Animals are dependent on proteinases for their amino acid metabolism. Thus 
production of proteinase inhibitors (PIs) may defend plants against herbivorous 
pests. Insects may contain proteinases of four different classes; serine, cysteine, 
aspartic and metallo proteinases. Different classes of proteinases predominate 
depending on insect species and gut pH. In lepidopterans, with alkaline gut pH, 
serine proteinases normally dominate while many coleopterans with neutral to 
mildly acidic pH use cysteine and aspartic proteinases. The antimetabolic effect of 
PIs is partially explained by inhibition of the corresponding proteinases and 
thereby a reduction in amino acid availability. Another important effect is an 
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induced hyperproduction of proteinases, which further reduces the availability of 
essential amino acids (Reeck et al., 1997; Schuler et al., 1998; Gatehouse & 
Gatehouse, 1999).  
 

The first demonstration that transgenic expression of PI genes can confer insect 
resistance was when a gene from cowpea (Vigna unguiculata) encoding a serine 
PI with inhibitory activity against trypsin (CpTI) was expressed in tobacco. The 
transgenic tobacco plants displayed enhanced protection against a range of 
lepidopteran storage and field pests, typically shown as reduced larval growth and 
less plant damage (Hilder et al., 1987; Hoffman et al., 1992; Gatehouse et al., 
1992). CpTI as well as other serine PI genes have been transformed into many 
different plant species conferring resistance not only to lepidopterans but also to 
e.g. coleopteran insects as well as nematodes (Atkinson 1993; Duan et al., 1996; 
Christeller et al., 2002; Alfonso-Rubi et al., 2003). Cysteine PIs, e.g. cystatins 
from rice and chicken egg-white, have also been demonstrated to confer enhanced 
pest resistance, mainly against coleopterans and nematodes (Leplé et al., 1995; 
Urwin et al., 1997; Urwin et al., 2001) but also against aphids (Rahbe et al., 
2003). Some insects may overcome the effects of certain PIs by switching to 
production of alternative, insensitive proteinases (Zhu-Salzman et al., 2003; 
Brunelle et al., 2004). A strategy for more effective inhibition of insect proteolysis 
could be expression of linked or hybrid inhibitors active against different 
proteinase classes (Urwin et al., 1998; Inanaga et al., 2001). 
 

In addition to proteinase inhibitors also α-amylase inhibitors may confer insect 
resistance. This has been shown by expression of an α-amylase inhibitor from 
common bean in peas resulting in resistance to various bruchid beetles (Shade et 
al., 1994; Schroeder et al., 1995).  
 

Lectins 
Lectins are sugar-binding proteins that can be found in various plant tissues but 
often in high amounts in seeds and other storage organs. Different lectins have 
specificities for different mono- or oligosaccharides. It has been shown that some 
lectins are toxic to certain insects and it is also well known that some lectins have 
toxic or antinutritive effects on mammals. The exact toxicity mechanism against 
insects is not fully understood but there is evidence for lectins binding specifically 
both to epithelial cells and to the peritrophic membrane in the midgut. In addition 
to this, a reduced intake of food due to feeding deterrence and a restriction in 
uptake of nutrients due to partial blockage of pores of the peritrophic membrane 
have been proposed (Gatehouse & Gatehouse, 1999; Murdock & Shade, 2002).  
 

Enhanced insect resistance by transgenic expression of lectins was first shown 
when tobacco plants expressing pea (Pisum sativum) lectin displayed improved 
performance against tobacco budworm (Heliothis virescens; Boulter et al., 1990). 
Lectins from other plant species, such as concanavalin A (con A; from jackbean, 
Canavalia ensiformis) and snowdrop (Galanthus nivalis) lectin, have also been 
demonstrated to confer improved resistance to lepidopteran insect pests when 
expressed transgenically (Fitches et al., 1997; Gatehouse et al., 1999). The 
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snowdrop lectin, as well as other monocot mannose-binding lectins, has also been 
shown to be effective against sap-sucking insects of the order Hemiptera as shown 
for various aphids (Hilder et al., 1995; Yao et al., 2003; Chang et al., 2003) and 
planthoppers (Rao et al., 1998; Tinjuangjun et al., 2000; Wu et al., 2002). 
 

Lectins, as well as proteinase inhibitors, are not as effective as Bt-toxins for 
insect control. However, combinations of different insecticidal factors with 
different modes of action could lead to appropriate levels of insect control and 
possibly also reduce the risk of insects developing resistance (Boulter et al, 1990; 
Maqbool et al., 2001). 
 
Paper III  
In paper III of this thesis the possibility of using plant derived resistance factors 
from edible plants for resistance to pollen beetles (Meligethes spp.) in oilseed rape 
was investigated. Feeding assays with pollen beetle larvae were set up where the 
larvae were fed anthers that had been soaked with solutions of various plant 
proteins that might have a negative effect on larval development and survival.  
 

First, proteins with potential insecticidal activity was purified from potato 
tubers, which is a rich source of different groups of such proteins even though 
potato is a food crop. The proteins purified were a cysteine proteinase inhibitor, a 
pool of serine proteinase inhibitors, a pool of aspartic proteinase inhibitors, the 
esterase patatin and potato lectin. Additionally, a metallo proteinase inhibitor 
purified from potato was purchased from Sigma, thus all four groups of PIs were 
represented. When fed to pollen beetle larvae all tested proteins except the serine 
PIs had a significant growth-reducing effect when oilseed rape anthers were 
soaked in 100 g/l protein solutions (for cysteine PI only 50 g/l was used due to 
shortage of protein). With respect to influence on larval survival only potato 
lectin, at concentrations of 100 and 50 g/l but not at 10 g/l, displayed a significant 
effect.  
 

As potato lectin was shown to be the most potent of the potato proteins tested, 
additional plant lectins with affinity for different sugars were purchased. These 
additional lectins were wheat germ agglutinin (WGA), concanavalin A and peanut 
(Arachis hypogaea) lectin. When fed to pollen beetle larvae all these lectins had a 
significant negative impact on both weight and survival at 100 g/l solutions, where 
con A was the most potent one followed by WGA (Figure 4). Con A and WGA 
were also tested at 10 g/l solutions where significantly reduced larval survival was 
still seen. Con A was further evaluated in an assay where the larvae could choose 
between con A treated and control anthers, but larvae did not discriminate between 
the treatments. When adult female pollen beetles were assayed for oviposition, 
feeding and survival on con A treated anthers and buds, significantly fewer eggs 
were laid in significantly fewer buds. The number of buds fed upon was also 
significantly lowered, but no effect on beetle weight or survival could be detected. 
The conclusion from paper III was that con A would be an interesting candidate to 
express in transgenic oilseed rape and study as a potential resistance factor against 
pollen beetles. 
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Figure 4. Survival rates of pollen beetle larvae during a period of 7 days when fed anthers 
soaked in 100 g/l solutions of the plant lectins - - con A, -▲- WGA, -∆- potato and - - 
peanut or solvent treated controls -Ο-. The initial number of larvae per treatment was 41. 
 
 
Paper IV 
In paper IV transgenic oilseed rape plants expressing pea lectin were produced and 
evaluated. Pea lectin is structurally related to con A and bind mannose and glucose 
in essentially the same way. Due to a more complex posttranslational processing 
of con A in jackbean, which may not be effective in other plant species, and due to 
the fact that pea lectin is essentially non-toxic while con A is apparently toxic to 
mammals (Grant, 1989) pea lectin was regarded as a better alternative for use in 
genetically engineered plants. Feeding assays with anthers soaked in protein 
solutions showed that pea lectin had as strong influence on the survival rate of 
pollen beetle larvae as con A. When the larvae were fed oilseed rape anthers 
soaked in a 10 g/l solution of pea lectin there was a reduction in survival of 84% 
compared to larvae on control treatment and the weight of surviving larvae was 
reduced by 79%. When a 100 g/l solution of pea lectin was used all larvae were 
dead after four days of testing. 
 

The pea lectin gene was isolated by PCR and fused to the pollen-specific 
promoter Sta44-4 from oilseed rape (Hong et al., 1997) in a derivative of the 
binary vector pGPTV-Kan (Becker et al., 1992), which also contains the nptII 
gene as a plant selection marker. Spring oilseed rape, cultivar Westar, was 
transformed with this construct by use of Agrobacterium-mediated transformation. 
 

The generated transgenic material was assayed for effects on pollen beetle 
larvae both in the T0- and T2-generations. In 11 out of 20 tested plants of the T0-
generation there was a significant reduction in larval weight, which ranged up to 
46% compared to the control (Figure 5). A small but significant reduction in larval 
survival rate was also observed. In the T2-generation significant weight reductions, 
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with a maximum of 32%, were obtained in 10 out of 33 comparisons between 
transgenic plants and their controls. Pea lectin concentrations in anthers of 
transgenic T2-plants were estimated by western blotting. The pea lectin 
concentrations ranged up to 1.5% of total soluble protein. There was a negative 
correlation between lectin concentration and larval growth, which further supports 
the conclusion that pea lectin was indeed responsible for the negative effects seen 
on pollen beetle larvae. Plants from test groups with significant differences in 
larval weights had a significantly higher mean pea lectin concentration, 0.64% 
compared to 0.15% for plants from test groups without effect on larval weight. 
These results supports the conclusion that pea lectin is a promising resistance 
factor for use in Brassica oilseeds against pollen beetles. This is also the first time 
that transgenic plants expressing a plant lectin have been shown to confer 
improved resistance to a coleopteran insect.  
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Figure 5. Weight of pollen beetle larvae fed anthers from plants transformed with pea lectin 
gene (generation T0) relative to weight of larvae fed anthers from non-transformed plants. 
The initial number of larvae per test plant was 23-36. * = significantly different from 
control as determined by Scheffé’s test at α=0.05. 
 
 

Enzymes 
Enzymes with different modes of action have also been proposed as alternative 
crop protection agents. Chitin is an important structural component of insects and 
transgenically expressed chitinase have shown some effect against insects (Ding et 
al., 1998). Other examples of enzymes that potentially could be of interest for 
protection against insects include anionic peroxidase (Dowd et al., 1998), 
cholesterol oxidase from Streptomyces (Corbin et al., 2001) and the esterase
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patatin from potato (Strickland et al., 1995). Also the biotin-binding proteins 
avidin and streptavidin have been demonstrated to have deleterious effects on 
insects by causing biotin deficiency (Kramer et al., 2000; Burgess et al., 2002; 
Markwick et al., 2003). 
 

Secondary metabolites  
Also non-protein, secondary metabolites, such as alkaloids, glucosinolates and 
terpenoids, that may take part in plant defence mechanisms against insects have 
been proposed as transgenic resistance factors. These compounds are normally 
produced via complex metabolic pathways and thus the transgenic production of 
such compounds is difficult. Several attempts in this direction, involving single 
enzymatic steps, have been made showing the potential of this strategy (Thomas et 
al., 1995; Mikkelsen et al., 2002; MacGregor et al., 2003; Wang et al., 2004). 
Additionally, an entire pathway involving three enzymatic steps for production of 
a cyanogenic glucoside has been transferred from Sorghum bicolor to A. thaliana 
conferring improved insect resistance (Tattersall et al., 2001). 
 

Resistance genes 
Also for insects and nematodes, transgenic expression of R-genes is a possible 
way to improve resistance. R-genes targeted against nematodes from beet, tomato 
and potato have been shown to confer nematode resistance when expressed 
transgenically in susceptible varieties (Cai et al., 1997; Milligan et al., 1998; Paal 
et al., 2004). The nematode resistance gene from tomato was demonstrated to have 
dual actions as the transgenic plants also displayed resistance to aphids (Rossi et 
al., 1998; Vos et al., 1998). 
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Conclusions and perspectives 
 
This thesis describes examples of three different approaches to obtain transgenic 
resistance to pathogens and pests. Paper I evaluates an attempt to generate 
potatoes with resistance to Potato mop-top virus by introduction of a mutated 
triple gene block gene involved in viral movement. The field trial evaluation of the 
ten produced transgenic lines clearly demonstrated the potential of this approach 
to obtain PMTV resistant potatoes. To be practically applicable, however, a much 
larger number of transgenic lines ought to be produced and evaluated in repeated 
field trials to identify lines with a maximal reduction in virus incidence as well as 
symptoms when challenged with PMTV in the field. Furthermore, lines to be 
selected should not display any other alterations in agronomic performance or 
product quality and the transgenic inserts should be as few as possible and not 
contain any unintended transgenic sequences. In order to refine the expression of 
the introduced sequence alternative promoters, such as tuber specific promoters, 
could be considered. Resistance mediated by movement proteins is generally 
considered to be protein-mediated and normally efficient against a broader range 
of isolates than RNA-mediated resistance (Beck et al., 1994; Seppänen et al., 
1997). Thus, the introduced sequence would be efficient enough on its own, but a 
combination with another approach, such as coat protein or replicase mediated 
resistance, could further strengthen broadness and durability of resistance. Another 
interesting feature would be to combine resistance to PMTV with resistance to 
Tobacco rattle virus (TRV), which also causes spraing symptoms in potatoes. 
 

In paper II oilseed rape plants expressing PR proteins, a chitinase and a β-1,3-
glucanase, were produced and evaluated for fungal resistance. Even though the 
chitinase and β-1,3-glucanase showed antifungal effects when assayed in vitro, no 
obvious antifungal effects were seen when the transgenic plants were analysed, 
despite good expression levels of the transgenes. The bioassays used for 
evaluating the fungal resistance and the transgenic material produced were not 
designed to detect very small antifungal effects, however minor antifungal effects 
would not be of interest for field application anyhow. Generally, transgenic 
resistance to fungal diseases has not been as successful as resistance to viruses and 
insects explaining the lack of commercial applications of transgenic plants with 
antifungal properties. Probably, more complex defence systems than expression of 
single proteins will have to be applied for successful fungal resistance. One such 
approach would be the use of transgenically expressed R-genes. This application 
has so far been limited by the availability, normally within related species, of 
suitable R-genes, and the fact that many R-genes have a narrow target spectrum. 
However, the increasing number of different R-genes being cloned in combination 
with genome information will facilitate the identification and exploitation of the 
natural diversity at R loci and the isolation of novel resistance gene analogs, 
including ones with a broader target spectrum. Additionally, with the increased 
knowledge about structure and function of R-genes it might become possible to 
design new variants with altered specificities. Other alternatives for durable 
resistance would be expression of various defence signalling components or the 
combined expression of R- and avr-genes. However, such approaches will have to 



 31

be very carefully controlled to restrict the effects to the site of infection by the use 
of pathogen-inducible promoters that are tightly regulated. 
 

Another important aspect that is analysed in paper II is the stability of genetic 
integration of transgenes and the stability of expression of the transgenes in 
subsequent doubled haploid generations. The results demonstrate that such 
stability is not always obtained and that it is very important to carefully analyse 
over several generations the stability of an inserted trait in new transgenic lines if 
these are to be considered for commercial use. 
 

Paper III and IV describe the screening for potential insecticidal proteins and 
subsequent evaluation of pea lectin in oilseed rape for conferring resistance to 
pollen beetles. When pollen beetle larvae were fed anthers from the transgenic 
oilseed rape plants there was a clear reduction in larval weight, but only a minor 
effect on larval survival. Further evaluation of the interaction between pollen 
beetles and the transgenic oilseed rape would be needed in order to properly 
examine this approach, including comparisons of damage rates on transgenic and 
non-transgenic lines. The subsequent effects on the pollen beetles after larval 
feeding also needs to be addressed, such as survival rates during following stages 
as pupae and adults and possible later effects on oviposition. If pea lectin would 
prove to be useful for obtaining pollen beetle resistant oilseed rape a careful 
analysis of effects on other insects would be needed. Although the expression 
pattern in this case was fine-tuned by a pollen-specific promoter for expression 
only in the target tissue for pollen beetles, pollinators, such as honeybees and 
bumblebees, are still exposed to the pea lectin. This aspect has to be carefully 
examined since detrimental effects on pollinators would certainly not be 
acceptable. In order to further improve resistance to pollen beetles and increase 
durability, a combination of pea lectin with another resistance factor would be 
favourable. If so, the lectin should be combined with a resistance factor with a 
different mode of action, such as proteinase inhibitors. Bt toxins with their high 
insecticidal activity would also be suitable to combine with, but so far no Bt toxin 
with effects on pollen beetles has been identified (Åhman, personal 
communication). 
 

The general conclusion of the studies in this thesis is that depending on the 
target organism for the intended transgenic resistance the likelihood to be 
successful varies. This outcome reflects quite well the general situation for 
transgenic resistance where the number of proven successful strategies to choose 
from is highest for virus resistance and lowest for fungal resistance. In addition to 
requirements on protection level and durability of resistance also such aspects as 
possible environmental influences as well as toxic and allergenic effects have to be 
evaluated and excluded in order for a product with transgenic resistance to be 
commercially applicable. 



 32

Acknowledgements 
 
First of all, I would like to thank my supervisor, Tomas Bryngelsson, for 
convincing me that also this very broad subject could be collected into a thesis. 
You have also been confronted with and proposed improvements to several 
versions of manuscripts for publications as well as thesis at different 
developmental stages. We have also shared some efforts on antifungal strategies.  
 

I also like to thank my co-supervisor, Inger Åhman, for reading and giving 
constructive criticism on the written material. Additionally, we shared the work to 
find possible ways to combat pollen beetles. 
 

Jari Valkonen, my second co-supervisor, gave a lot of valuable comments on the 
virus-paper. 
 
I also like to express my thanks to: 
 
Former colleagues at the Nilsson-Ehle laboratory of Svalöf Weibull as well as 
present colleagues at Plant Science Sweden: 
 

Iréne Kamnert, who shared the efforts to demonstrate the importance of transgenic 
resistance and your involvement in all of the resistance projects.  
 

Per Hofvander and Mariette Andersson for a stimulating battle to finish our theses.  
 

Kristofer Vamling for being a good discussion partner on the resistance projects.  
 

Ann-Charlotte Strömdahl, Anders Ringquist, Eva Thomasson, Anita Wijk, Kerstin 
Lindgren and Ann-Britt Andersson who contributed with important efforts in the 
lab.  
 

All other former and present colleagues at SW and PSS for creating a friendly and 
stimulating atmosphere.   
 
Co-authors of the various papers; Erland Liljeroth, Ingrid Happstadius, Michael 
Lee and Maria Sandgren for your contributions and sharing of knowledge. 
 

Britt Greén for running a lot of western blots. 
 

Jan-Eric Englund who gave me some valuable insights into statistics. 
 
Last but not least I express my gratitude to my parents who once introduced me 
into the fascinating world of plants.  
 

Special thanks also to my family; Mats, Johanna and Petter; for your patience 
during evenings and weekends when I have been surrounded by piles of papers 
with a computer on my lap. From now on my spare time will be yours.  
 
 



 33

References 
 
Alexander D, Goodman RM, Gut-Rella M, Glascock C, Weymann K, Friedrich L, Maddox 

D, Ahl-Goy P, Luntz T, Ward E & Ryals J. 1993. Increased tolerance to two oomycete 
pathogens in transgenic tobacco expressing pathogenesis-related protein 1a. Proceedings 
of the National Academy of Sciences of the United States of America 90: 7327-7331.   

Alfonso-Rubi J, Ortego F, Castanera P, Carbonero P & Diaz I. 2003. Transgenic expression 
of trypsin inhibitor CMe from barley in indica and japonica rice confers resistance to the 
rice weevil Sitophilus oryzae. Transgenic Research 12: 23-31.   

Anderson JM, Palukaitis P & Zaitlin M. 1992..A defective replicase gene induces resistance 
to cucumber mosaic virus in transgenic tobacco plants. Proceedings of the National 
Academy of Sciences of the United States of America 89: 8759-8763. 

Atkinson H. 1993. Opportunities for improved control of plant parasitic nematodes via 
plant biotechnology. In: Beadle DJ, Copping DHL, Dixon GK & Holloman DW (eds), 
Opportunities for molecular biology in crop production. BCPC, Farnham, UK. pp. 257-
266. 

Audy P, Palukaitis P, Slack S & Zaitlin M. 1994. Replicase-mediated resistance to potato 
virus Y in transgenic potato plants. Molecular Plant-Microbe Interactions 7: 15-22. 

Baulcombe DC, Saunders GR, Bevan MW, Mayo MA & Harrison BD. 1986. Expression of 
biologically active viral satellite RNA from the nuclear genome of transformed plants. 
Nature 321: 446-449. 

Beck DL, Van Dollewerd CJ, Lough TJ, Balmori E, Voot DM, Andersen MT, O’Brien IEW 
& Forster RLS. 1994. Disruption of virus movement confers broad-spectrum resistance 
against systemic infection by plant viruses with a triple gene block. Proceedings of the 
National Academy of Sciences of the United States of America 91: 10310-10314. 

Becker D, Kemper E, Schell J & Masterson R. 1992. New plant binary vectors with 
selectable markers located proximal to the left T-DNA border. Plant Molecular Biology 
20: 1195-1197. 

Belfanti E, Silfverberg-Dilworth E, Tartarini S, Patocchi A, Barbierei M, Zhu J, Vinatzer 
BA, Gianfranceschi L, Gessler C & Sansavini S. 2004. The HcrVf2 gene from a wild 
apple confers scab resistance to a transgenic cultivated variety. Proceedings of the 
National Academy of Sciences of the United States of America 101: 886-890. 

Bendahmane A, Kanyuka K & Baulcombe DC. 1999. The Rx gene from potato controls 
separate virus resistance and cell death responses. The Plant Cell 11: 781-792. 

Bendahmane M & Beachy RN. 1999. Control of tobamovirus infections via pathogen-
derived resistance. Advances in Virus Research 53: 369-386. 

Bendahmane M & Gronenborn B. 1997. Engineering resistance against tomato yellow leaf 
curl virus (TYLCV) using antisense RNA. Plant Molecular Biology 33: 341-357.  

Bendahmane M, Fitchen JF, Zhang G & Beachy RN. 1997. Studies of coat protein-
mediated resistance to tobacco mosaic tobamovirus: correlation between assembly of 
mutant coat proteins and resistance. Journal of Virology 71: 7942-7950. 

Boonrod K, Galetzka D, Nagy PD, Conrad U & Krczal G. 2004. Single-chain antibodies 
against a plant viral RNA-dependent RNA polymerase confer virus resistance. Nature 
Biotechnology 22: 856-862. 

Boulter D, Edwards GA, Gatehouse AMR, Gatehouse JA & Hilder VA. 1990. Additive 
protective effects of different plant-derived insect resistance genes in transgenic tobacco 
plants. Crop Protection 9: 351-354. 

Braun CJ & Hemenway CL. 1992. Expression of amino-terminal portions of full-length 
viral replicase genes in transgenic plants confer resistance to potato virus X infection. 
The Plant Cell 4: 735-744. 

Brederode FT, Taschner PEM, Posthumus E & Bol JF. 1995. Replicase-mediated resistance 
to alfalfa mosaic virus. Virology 207: 467-474.  

Broglie K, Chet I, Holliday M, Cressman R, Biddle P, Knowlton S, Mauvais CJ & Broglie 
R. 1991. Transgenic plants with enhanced resistance to the fungal pathogen Rhizoctonia 
solani. Science 254: 1194-1197. 



 34

Brunelle F, Cloutier C & Michaud D. 2004. Colorado potato beetles compensate for tomato 
cathepsin D inhibitor expressed in transgenic potato. Archives of Insect Biochemistry and 
Physiology 55: 103-113.   

Burgess EP, Malone LA, Christeller JT, Lester MT, Murray C, Philip BA, Phung MM & 
Tregidga EL. 2002. Avidin expressed in transgenic tobacco leaves confers resistance to 
two noctuid pests, Helicoverpa armigera and Spodoptera litura. Transgenic Research 11: 
185-198.   

Cai D, Kleine M, Kifle S, Harloff HJ, Sandal NN, Marcker KA, Klein-Lankhorst RM, 
Salentijn EM, Lange W, Stiekema WJ, Wyss U, Grundler FM & Jung C. 1997. Positioanl 
cloning of a gene for nematode resistance in sugarbeet. Science 275: 832-834. 

Cao H, Li X & Dong X. 1998. Generation of broad-spectrum disease resistance by 
overexpression of an essential regulatory gene in systemic acquired resistance. 
Proceedings of the National Academy of Sciences of the United States of America 95: 
6531-6536. 

Cao J, Zhao JZ, Tang D, Shelton M & Earle D. 2002. Broccoli plants with pyramided 
cry1Ac and cry1C Bt genes control diamondback moths resistant to Cry1A and Cry1C 
proteins. Theoretical and Applied Genetics 105: 258-264. 

Cary JW, Rajasekaran K, Jaynes JM & Cleveland TE. 2000. Transgenic expression of a 
gene encoding a synthetic antimicrobial peptide results in inhibition of fungal growth in 
vitro and in planta. Plant Science 154: 171-181. 

Chakrabarti A, Ganapathi TR, Mukherjee PK & Bapat VA. 2003. MSI-99, a magainin 
analogue, imparts enhanced disease resistance in transgenic tobacco and banana. Planta 
216: 587-596.  

Chang T, Chen L, Chen S, Cai H, Liu X, Xiao G & Zhu Z. 2003. Transformation of 
tobacco with genes encoding Helianthus tuberosus agglutinin (HTA) confers resistance 
to peach-potato aphid (Myzus persicae). Transgenic Research 12: 607-614.   

Chern MS, Fitzgerald HA, Yadav RC, Canlas PE, Dong X & Ronald PC. 2001. Evidence 
for a disease-resistance pathway in rice similar to the NPR1-mediated signaling pathway 
in Arabidopsis. The Plant Journal 27: 101-113. 

Christeller JT, Burgess EP, Mett V, Gatehouse HS, Markwick NP, Murray C, Malone LA, 
Wright MA, Philip BA, Watt D, Gatehouse LN, Lovei GL, Shannon AL, Phung MM, 
Watson LM & Laing WA. 2002. The expression of a mammalian proteinase inhibitor, 
bovine spleen trypsin inhibitor in tobacco and its effects on Helicoverpa armigera larvae. 
Transgenic Research 11: 161-173.   

Christensen AB, Cho BH, Naesby M, Gregersen PL, Brandt J, Madriz-Ordeñana, Collinge 
DB & Thordal-Christensen H. 2002. The molecular characterization of two barley 
proteins establishes the novel PR-17 family of pathogenesis-related proteins. Molecular 
Plant Pathology 3: 135-144. 

Clausen M, Krauter R, Schachermayr G, Potrykus I & Sautter C. 2000. Antifungal activity 
of a virally encoded gene in transgenic wheat. Nature Biotechnology 18: 446-449. 

Coca M, Bortolotti C, Rufat M, Penas G, Eritja R, Tharreau D, Del Pozo AM, Messeguer J 
& San Segundo B. 2004. Transgenic rice plants expressing the antifungal AFP protein 
from Aspergillus giganteus show enhanced resistance to the rice blast fungus 
Magnaporthe grisea. Plant Molecular Biology 54: 245-259.   

Cooper B, Lapidot M, Heick JA, Dodds JA & Beachy RN. 1995. A defective movement 
protein of TMV in transgenic plants confers resistance to multiple viruses whereas the 
functional analog increases susceptibility. Virology 206: 307-313. 

Corbin DR, Grebenok RJ, Ohnmeiss TE, Greenplate JT & Purcell JP. 2001. Expression and 
chloroplast targeting of cholesterol oxidase in transgenic tobacco plants. Plant 
Physiology 126: 1116-1128. 

Cuozzo M, O´Connell KM, Kaniewski WK, Fang RK, Chua NH & Tumer NE. 1988. Viral 
protection in transgenic tobacco plants expressing the cucumber mosaic virus coat protein 
or its antisense RNA. Bio/Technology 6: 549-557.  

Datta K, Velazhahan R, Oliva N, Ona I, Mew T, Khush GS, Muthukrishnan S & Datta SK. 
1999. Over-expression of the cloned rice thaumatin-like protein (PR-5) gene in 
transgenic rice plants enhances environmental friendly resistance to Rhizoctonia solani 
causing sheath blight disease. Theoretical and Applied Genetics 98: 1138-1145. 



 35

Ding X, Gopalakrishnan B, Johnson LB, White FF, Wang X, Morgan TD, Kramer KJ & 
Muthukrishnan S. 1998. Insect resistance of transgenic tobacco expressing an insect 
chitinase gene. Transgenic Research 7: 77-84.   

Donaldson PA, Anderson T, Lane BG, Davidson AL & Simmonds DH. 2001. Soybean 
plants expressing an active oligomeric oxalate oxidase from the wheat gf-2.8 (germin) 
gene are resistant to the oxalate-secreting pathogen Sclerotinia sclerotiorum. 
Physiological and Molecular Plant Pathology 59: 297-307. 

Dowd PF, Lagrimini LM & Nelsen TC. 1998. Relative resistance of transgenic tomato 
tissues expressing high levels of tobacco anionic peroxidase to different insect species. 
Natural Toxins 6: 241-249.   

Duan X, Li X, Xue Q, Abo-el-Saad M, Xu D & Wu R. 1996. Transgenic rice plants 
harboring an introduced potato proteinase inhibitor II gene are insect resistant. Nature 
Biotechnology  14: 494-498.   

Epple P, Apel K & Bohlmann H. 1997. Overexpression of an endogenous thionin enhances 
resistance of Arabidopsis against Fusarium oxysporum. The Plant Cell 9: 509-520. 

Escobar MA, Civerolo EL, Summerfelt KR & Dandekar AM. 2001. RNAi-mediated 
oncogene silencing confers resistance to crown gall tumorigenesis. Proceedings of the 
National Academy of Sciences of the United States of America 98: 13437-13442. 

Estela A, Escriche B & Ferre J. 2004. Interaction of Bacillus thuringiensis toxins with 
larval midgut binding sites of Helicoverpa armigera (Lepidoptera: Noctuidae). Applied 
and  Environmental Microbiology 70: 1378-1384. 

Estruch JJ, Carozzi NB, Desai N, Duck NB, Warren GW & Koziel MG. 1997. Transgenic 
plants: an emerging approach to pest control. Nature Biotechnology 15: 137-141.         

Fagoaga C, Rodrigo I, Conejero V, Hinajeros C, Tuset JJ, Arnau J, Pina JA, Navarro L & 
Pena L. 2001. Increased tolerance to Phytophtota citrophora in transgenic orange plants 
constitutively expressing a tomato pathogenesis related protein PR-5. Molecular 
Breeding 7: 175-185. 

Fecker LF, Koenig R & Obermeier C. 1997. Nicotiana benthamiana plants expressing beet 
necrotic yellow vein virus (BNYVV) coat protein-specific scFv are partially protected 
against the establishment of the virus in early stages of infection and its pathogenic 
effects in the late stages of infection. Archives of Virology 142: 1857-1863.  

ffrench-Constant R & Bowen D. 1999. Photorhabdus toxins: novel biological insecticides. 
Current Opinion in Microbiology 2: 284-288. 

Fischhoff DA, Bowdish KS, Perlak FJ, Marrone PG, McCormick SM, Niedermeyer JG, 
Dean DA, Kusano-Kretzmer K, Mayer EJ, Rochester DE, Rogers SG & Fraley RT. 1987. 
Insect tolerant transgenic tomato plants. Bio/Technology 5: 807-812. 

Fitches E, Gatehouse AMR & Gatehouse JA. 1997. Effects of snowdrop lectin (GNA) 
delivered via artificial diet and transgenic plants on the development of tomato moth 
(Lacanobia oleracea) larvae in laboratory and glasshouse trials. Journal of Insect 
Physiology 43: 727-739.  

Flor HH. 1971. Current status of the gene-for-gene concept. Annual Review of 
Phytopathology 9: 275-296. 

Frischmuth T, Engel M & Jeske H. 1997. Beet curly top virus DI RNA-mediated resistance 
is linked to its size. Molecular Breeding 3: 213-217. 

Gao AG, Hakimi SM, Mittanck CA, Wu Y, Woerner BM, Stark DM, Shah DM, Liang J & 
Rommens CM. 2000. Fungal pathogen protection in potato by expression of a plant 
defensin peptide. Nature Biotechnology 18: 1307-1310. 

Gatehouse AMR, Boulter D & Hilder VA. 1992. Potential of plant-derived genes in the 
genetic manipulation of crops for insect resistance. In: Gatehouse AMR, Hilder VA & 
Boulter D (eds), Biotechnology in Agriculture No 7: Plant Genetic Manipulation for 
Crop Protection. CAB International, Wallingford, UK. pp. 155-181. 

Gatehouse AMR, Davison GM, Stewart JN, Gatehouse LN, Kumar A, Geoghegan IE, Birch 
ANE & Gatehouse JA. 1999. Concanavalin A inhibits development of tomato moth 
(Lacanobia oleracea) and peach-potato aphid (Myzus persicae) when expressed in 
transgenic potato plants. Molecular Breeding 5: 153-165. 



 36

Gatehouse JA & Gatehouse AMR. 1999. Genetic engineering of plants for insect resistance. 
In: Rechcigl JE & Rechcigl NA (eds), Biological and biotechnological control of insect 
pests. CRC Press, Boca Raton, FL, USA. pp. 211-241. 

Golemboski DB, Lomonossoff GP & Zaitlin M. 1990. Plants transformed with a tobacco 
mosaic virus non-structural gene sequence are resistant to the virus. Proceedings of the 
National Academy of Sciences of the United States of America 87: 6311-6315. 

Gonsalves D. 2002. Transgenic papaya: A case study on the theoretical and practical 
application of virus resistance. In: Vasil IK (ed), Plant Biotechnlogy 2002 and Beyond. 
Kluwer Academic Publishers, Dordrecht, NL. pp. 115-118. 

Goregaoker SP, Eckhardt LG & Culver JN. 2000. Tobacco mosaic virus replicase-mediated 
cross-protection: contributions of RNA and protein-derived mechanisms. Virology 273: 
267-275. 

Grant G. 1989. Anti-nutritional effects of dietary lectins. Aspects of Applied Biology 19: 51-
74. 

Grison R, Grezes-Besset B, Schneider M, Lucante N, Olsen L, Legnay J-J & Toppan A. 
1996. Field tolerance to fungal pathogens of Brassica napus constitutively expressing a 
chimeric chitinase gene. Nature Biotechnology 14: 643-646. 

Gutierrez-Campos R, Torres-Acosta JA, Saucedo-Arias LJ & Gomez-Lim MA.  1999. The 
use of cysteine proteinase inhibitors to engineer resistance against potyviruses in 
transgenic tobacco plants. Nature Biotechnology 17: 1223-1226 

Hain R, Reif HJ, Krause E, Langebartels R, Kindl H, Vornam B, Wiese W, Schmelzer E, 
Schreier PH, Stocker RH & Stenzel K. 1993. Disease resistance results from foreign 
phytoalexin expression in a novel plant. Nature 361: 153-156. 

Hammond-Kosack KE & Parker JE. 2003. Deciphering plant-pathogen communication: 
fresh perspectives for molecular resistance breeding. Current Opinion in Biotechnology 
14: 177-193. 

He XZ & Dixon RA. 2000. Genetic manipulation of isoflavone 7-O-methyltransferase 
enhances biosynthesis of 4'-O-methylated isoflavonoid phytoalexins and disease 
resistance in alfalfa. The Plant Cell 12: 1689-1702. 

Heil M & Bostock RM. 2002. Induced systemic resistance (ISR) against pathogens in the 
context of induced plant defences. Annals of Botany 89: 503-512. 

Hennin C, Hofte M & Diederichsen E. 2001. Functional expression of Cf9 and Avr9 genes 
in Brassica napus induces enhanced resistance to Leptosphaeria maculans. Molecular 
Plant-Microbe Interactions 14: 1075-1085.   

Hilder VA & Boulter D. 1999. Genetic engineering of crop plants for insect resistance – a 
critical review. Crop Protection 18: 177-191. 

Hilder VA, Gatehouse AMR, Sheerman SE, Barker RF & Boulter D. 1987. A novel 
mechanism of insect resistance engineered into tobacco. Nature 330: 160-163. 

Hilder VA, Powell KS, Gatehouse AMR, Gatehouse JA, Gatehouse LN, Shi Y, Hamilton 
WDO, Merryweather A, Newell CA, Timans JC, Peumans WJ, Van Damme E & Boulter 
D. 1995. Expression of snowdrop lectin in transgenic tobacco plants results in added 
protection against aphids. Transgenic Research 4 : 18-25. 

Hipskind JD & Paiva NL. 2000. Constitutive accumulation of a resveratrol-glucoside in 
transgenic alfalfa increases resistance to Phoma medicaginis. Molecular Plant-Microbe 
Interactions 13: 551-562. 

Hoffman MP, Zalom FG, Wilson LT, Smilanick JM, Malyj LD, Kiser J, Hilder VA & 
Barnes WM. 1992. Field evaluation of transgenic tobacco containing genes encoding 
Bacillus thuringiensis delta-endotoxin or cowpea trypsin inhibitor: efficacy against 
Helicoverpa zea (Lepidoptera: Noctuidae). Journal of Economic Entomology 85: 2516-
2522.  

Hong HP, Gerster JL, Datla RSS, Albani D, Scoles G, Keller W & Robert LS. 1997. The 
promoter of a Brassica napus polygalacturonase gene directs pollen expression of ß- 
glucuronidase in transgenic Brassica plants. Plant Cell Reports 16: 373-378. 

Hong Y & Stanley J. 1996. Virus resistance in Nicotiana benthamiana conferred by African 
cassava mosaic virus replication-associated protein (AC1) transgene. Molecular Plant-
Microbe Interactions 9: 219-225.  



 37

Hong Y, Saunders K, Hartley MR & Stanley J. 1996. Resistance to geminivirus infection 
by virus-induced expression of dianthin in transgenic plants. Virology 220: 119-127.  

Howie W, Joe L, Newbigin E, Suslow T & Dunsmuir P. 1994. Transgenic tobacco plants 
which express the chiA gene from Serratia marcescens have enhanced tolerance to 
Rhizoctonia solani. Transgenic Research 3: 90-98. 

Inanaga H, Kobayasi D, Kouzuma Y, Aoki-Yasunaga C, Iiyama K & Kimura M. 2001. 
Protein engineering of novel proteinase inhibitors and their effects on the growth of 
Spodoptera exigua larvae. Bioscience, Biotechnology, and Biochemistry 65: 2259-2264. 

Iwai T, Kaku H, Honkura R, Nakamura S, Ochiai H, Sasaki T & Ohashi Y. 2002. Enhanced 
resistance to seed-transmitted bacterial diseases in transgenic rice plants overproducing 
an oat cell-wall-bound thionin. Molecular Plant-Microbe Interactions 15: 515-521. 

Jach G, Görnhardt B, Mundy J, Logemann J, Pinsdorf E, Leah R, Schell J & Maas C. 1995. 
Enhanced quantitative resistance against fungal disease by combinatorial expression of 
different barley antifungal proteins in transgenic tobacco. The Plant Journal 8: 97-109. 

James C, 2002. Preview: Global status of commercialized transgenic crops: 2002. ISAAA 
Briefs No. 27. ISAAA, Ithaca, NY, USA. 24 pp. 

James WC, Teng PS & Nutter FW. 1990. Estimated losses of crops from plant pathogens. 
In: Pimentel D (ed), CRC handbook of pest management in agriculture, 2nd ed, Vol 1. 
CRC Press, Boca Raton, FL, USA. pp. 15-51. 

Jennings DB, Daub ME, Pharr DM & Williamson JD. 2002. Constitutive expression of a 
celery mannitol dehydrogenase in tobacco enhances resistance to the mannitol-secreting 
fungal pathogen Alternaria alternata. The Plant Journal 32: 41-49.   

Jones JDG. 2001. Putting knowledge of plant disease resistance genes to work. Current 
opinion in Plant Biology 4: 281-287.  

Jones RW, Johansen IE, Bean SJ, Bach I & Maule AJ. 1998. Specificity of resistance to pea 
seed-borne mosaic potyvirus in transgenic peas expressing the viral replicase (Nib) gene. 
Journal of General Virology 79: 3129-3137. 

Jongedijk E, Tigelaar H, van Roekel JSC, Bres-Vloemans SA, Dekker I, van den Elzen 
PJM, Cornelissen BJC & Melchers LS. 1995. Synergistic activity of chitinase and β-1,3-
glucanase enhances fungal resistance in transgenic tomato plants. Euphytica 85: 173-180. 

Kachroo A, He Z, Patkar R, Zhu Q, Zhong J, Li D, Ronald P, Lamb C & Chattoo BB. 2003. 
Induction of H2O2 in transgenic rice leads to cell death and enhanced resistance to both 
bacterial and fungal pathogens. Transgenic Research 12: 577-586.   

Kawchuk LM, Martin RR & McPherson J. 1991. Resistance in transgenic potato expressing 
the potato leafroll virus coat protein gene. Molecular Plant-Microbe Interactions 3: 301-
307.  

Kazan K, Rusu A, Marcus JP, Goulter KC & Manners JM. 2002. Enhanced quantitative 
resistance to Leptosphaeria maculans conferred by expression of a novel antimicrobial 
peptide in canola (Brassica napus L.). Molecular Breeding 10: 63-70. 

Keller H, Pamboukdjian N, Ponchet M, Poupet A, Delon R, Verrier JL, Roby D & Ricci P. 
1999. Pathogen-induced elicitin production in transgenic tobacco generates a 
hypersensitive response and nonspecific disease resistance. The Plant Cell 11: 223-235. 

Kesarwani M, Azam M, Natarajan K, Mehta A & Datta A. 2000. Oxalate decarboxylase 
from Collybia velutipes. Molecular cloning and its overexpression to confer resistance to 
fungal infection in transgenic tobacco and tomato. Journal of Biological Chemistry 275: 
7230-7238. 

Kessler A & Baldwin IT. 2002. Plant responses to insect herbivory: The emerging 
molecular analysis. Annual Review of Plant Biology 53: 299-328. 

Kim SJ, Lee SJ, Kim BD & Paek KH. 1997. Satellite-RNA-mediated resistance to 
cucumber mosaic virus in transgenic plants of hot pepper (Capsicum annuum cv. Golden 
Tower). Plant Cell Reports 16: 825-830. 

Koev G, Mohan BR, Dinesh-Kumar SP, Torbert KA, Somers DA & Miller WA. 1998. 
Extreme reduction of disease in oats transformed with the 5’ half of the barley yellow 
dwarf virus-PAV genome. Phytopathology 88: 1013-1019. 

Kollar A, Dalmay T & Burgyan J. 1993. Defective interfering RNA-mediated resistance 
against cymbidium ringspot tombusvirus in transgenic plants. Virology 193: 313-318. 



 38

Kramer KJ, Morgan TD, Throne JE, Dowell FE, Bailey M, John A & Howard JA. 2000. 
Transgenic avidin maize is resistant to storage insect pests. Nature Biotechnology 18: 
670-674. 

Krishnamurthy K, Balconi C, Sherwood JE & Giroux MJ. 2001. Wheat puroindolines 
enhance fungal disease resistance in transgenic rice. Molecular Plant-Microbe 
Interactions 1255-1260.  

Kumar H & Kumar V. 2004. Tomato expressing Cry1A(b) insecticidal protein from 
Bacillus thuringiensis protected against tomato fruit borer, Helicoverpa armigera 
(Hubner) (Lepidoptera: Noctuidae) damage in the laboratory, greenhouse and field. Crop 
Protection 23: 135-139.  

Lapidot M, Gafny R, Ding B, Wolf S, Lucas WJ & Beachy RN. 1993. A dysfunctional 
movement protein of tobacco mosaic virus that partially modifies the plasmodesmata and 
limits virus spread in transgenic plants. The Plant Journal 4: 959-970. 

Lawson EC, Weiss JD, Thomas PE & Kaniewski WK. 2001. NewLeaf Plus® Russet 
Burbank potatoes: replicase-mediated resistance to potato leafroll virus. Molecular 
Breeding 7: 1-12. 

Le Gall F, Bove JM & Garnier M. 1998. Engineering of a single-chain variable-fragment 
(scFv) antibody specific for the stolbur phytoplasma (Mollicute) and its expression in 
Escherichia coli and tobacco plants. Applied and Environmental Microbiology 64: 4566-
4572. 

Lehmann P, Jenner CE, Kozubek E, Greenland AJ & Walsh JA. 2003. Coat protein-
mediated resistance to Turnip mosaic virus in oilseed rape (Brassica napus). Molecular 
Breeding 11: 83-94.  

Leplé JC, Bonadé-Bottino M, Augustin S, Pilate G, Dumanois Lê Tân V, Delplanque A, 
Cornu D & Jouanin L. 1995. Toxicity to Chrysomela tremulae (Coleoptera: 
Chrysomelidae) of transgenic poplars expressing a cysteine proteinase inhibitor. 
Molecular Breeding 1: 319-328. 

Li QS, Lawrence CB, Xing HY, Babbitt RA, Bass WT, Maiti IB & Everett NP. 2001. 
Enhanced disease resistance conferred by expression of an antimicrobial magainin analog 
in transgenic tobacco. Planta 212: 635-639.  

Liao LJ, Pan IC, Chan YL, Hsu YH, Chen WH & Chan MT. 2004. Transgene silencing in 
Phalaenopsis expressing the coat protein of Cymbidium mosaic virus is a manifestation 
of RNA-mediated resistance. Molecular Breeding 13: 229-242.  

Liu D, Burton S, Glancy T, Li ZS, Hampton R, Meade T & Merlo DJ. 2003. Insect 
resistance conferred by 283-kDa Photorhabdus luminescens protein TcdA in Arabidopsis 
thaliana. Nature Biotechnology 21: 1222-1228. 

Liu D, Raghothama KG, Hasegawa PM & Bressan RA. 1994. Osmotin overexpression in 
potato delays development of disease symptoms. Proceedings of the National Academy 
of Sciences of the United States of America 91: 1888-1892. 

Lodge JK, Kaniewski WK & Tumer NE. 1993. Broad-spectrum virus resistance in 
transgenic plants expressing pokeweed antiviral protein. Proceedings of the National 
Academy of Sciences of the United States of America 90: 7089-7093.  

Logemann J, Jach G, Tommerup H, Mundy J & Schell J. 1992. Expression of a barley 
ribosome-inactivating protein leads to increased fungal protection in transgenic tobacco 
plants. Bio/Technology 10: 305-308. 

Longstaff M, Brigneti G, Boccard F, Chapman S & Baulcombe D. 1993. Extreme 
resistance to potato virus X infection in plants expressing a modified component of the 
putative viral replicase. EMBO Journal 12: 379-386. 

Lusso M & Kuc J. 1996. The effect of sense and antisense expression of the PR-N gene for 
β-1,3-glucanase on disease resistance of tobacco to fungi and viruses. Physiological and 
Molecular Plant Pathology 49: 267-283. 

MacFarlane SA & Davies JW. 1992. Plants transformed with a region of the 201-kilodalton 
replicase gene from pea early browning virus RNA1 are resistant to virus infection. 
Proceedings of the National Academy of Sciences of the United States of America 89: 
5829-5833. 



 39

MacGregor KB, Shelp BJ, Peiris S & Bown AW. 2003. Overexpression of glutamate 
decarboxylase in transgenic tobacco plants deters feeding by phytophagous insect larvae. 
Journal of Chemical Ecology  29: 2177-2182.   

Maqbool SB, Riazuddin S, Loc NT, Gatehouse AMR, Gatehouse JA & Christou P. 2001. 
Expression of multiple insecticidal genes confers broad resistance against a range of 
different rice pests. Molecular Breeding 7: 85-93. 

Marano MR & Baulcombe D. 1998. Pathogen-derived resistance targeted against the 
negative-strand RNA of tobacco mosaic virus: RNA strand-specific gene silencing? The 
Plant Journal 13: 537-546. 

Markwick NP, Docherty LC, Phung MM, Lester MT, Murray C, Yao JL, Mitra DS, Cohen 
D, Beuning LL, Kutty-Amma S & Christeller JT. 2003. Transgenic tobacco and apple 
plants expressing biotin-binding proteins are resistant to two cosmopolitan insect pests, 
potato tuber moth and lightbrown apple moth, respectively. Transgenic Research 12: 
671-681. 

Masmoudi K, Yacoubi I, Hassairi A, Elarbi LN & Ellouz R. 2002. Tobacco plants 
transformed with an untranslatable form of the coat protein gene of the Potato virus Y are 
resistant to viral infection. European Journal of Plant Pathology 108: 285-292.  

Mauch F, Mauch-Mani B & Boller T. 1988. Antifungal hydrolases in pea tissue II. 
Inhibition of fungal growth by combinations of chitinase and β-1,3-glucanase. Plant 
Physiology 88: 936-942. 

Mazier M, Pannetier C, Tourneur J, Jouanin L & Giband M. 1997. The expression of 
Bacillus thuringiensis toxin genes in plant cells. Biotechnology Annual Review 3: 313-
347.  

McGarvey PB, Montasser MS & Kaper JM. 1994. Transgenic tomato plants expressing 
satellite RNA are tolerant to some strains of cucumber mosaic virus. Journal of the 
American Society for Horticultural Science 119: 642-647. 

Melander M. Potato transformed with a 57-kDa readthrough portion of the Tobacco rattle 
virus replicase gene displays reduced tuber symptoms when challenged by viruliferous 
nematodes. (In preparation). 

Métraux J-P, Nawrath C & Genoud T. 2002. Systemic acquired resistance. Euphytica 124: 
237-243. 

Métraux J-P. 2001. Systemic acquired resistance and salicylic acid: current state of 
knowledge. European Journal of Plant Pathology 107: 13-18. 

Mikkelsen MD, Petersen BL, Olsen CE & Halkier BA. 2002. Biosynthesis and metabolic 
engineering of glucosinolates. Amino Acids 22: 279-295. 

Milligan SB, Bodeau J, Yaghoobi J, Kaloshian I, Zabel P & Williamson VM. 1998. The 
root knot nematode resistance gene Mi from tomato is a member of the leucine zipper, 
nucleotide binding, leucine-rich repeat family of plant genes. The Plant Cell 10: 1307-
1319. 

Mitra A, Higgins DW, Langenberg WG, Nie H, SenGupta DN & Silverman R. 1996. A 
mammalian 2-5A system function as an antiviral pathway in transgenic plants. 
Proceedings of the National Academy of Sciences of the United States of America 93: 
6780-6785.  

Mitsuhara I, Matsufuru H, Ohshima M, Kaku H, Nakajima Y, Murai N, Natori S & Ohashi 
Y. 2000. Induced expression of sarcotoxin IA enhanced host resistance against both 
bacterial and fungal pathogens in transgenic tobacco. Molecular Plant-Microbe 
Interactions 13: 860-868. 

Moellenbeck DJ, Peters ML, Bing JW, Rouse JR, Higgins LS, Sims L, Nevshemal T, 
Marshall L, Ellis RT, Bystrak PG, Lang BA, Stewart JL, Kouba K, Sondag V, Gustafson 
V, Nour K, Xu D, Swenson J, Zhang J, Czapla T, Schwab G, Jayne S, Stockhoff BA, 
Narva K, Schnepf HE, Stelman SJ, Poutre C, Koziel M & Duck N. 2001. Insecticidal 
proteins from Bacillus thuringiensis protect corn from corn rootworms. Nature 
Biotechnology 19: 624-625. 

Moffat AS. 2001. Finding new ways to fight plant diseases. Science 292: 2270-2273. 
Molina A & Garcia-Olmedo F. 1997. Enhanced tolerance to bacterial pathogens caused by 

the transgenic expression of barley lipid transfer protein LTP2. The Plant Journal 12: 
669-675. 



 40

Mora AA & Earle ED. 2001. Resistance to Alternaria brassicicola in transgenic broccoli 
expressing a Trichoderma harzianum endochitinase gene. Molecular Breeding 8: 1-9. 

Murdock LL & Shade RE. 2002. Lectins and protease inhibitors as plant defenses against 
insects. Journal of Agricultural and Food Chemistry 50: 6605-6611. 

Murphy AM, Gilliland A, Wong CE, West J, Singh DP & Carr JP. 2001. Signal 
transduction in resistance to plant viruses. European Journal of Plant Pathology 107: 
121-128. 

Murray F, Llewellyn D, McFadden H, Last D, Dennis ES & Peacock WJ. 1999. Expression 
of the Talaromyces flavus glucose oxidase gene in cotton and tobacco reduces fungal 
infection, but is also phytotoxic. Molecular Breeding 5: 219-232.  

Naimov S, Dukiandjiev S & de Maagd RA. 2003. A hybrid Bacillus thuringiensis delta-
endotoxin gives resistance against a coleopteran and a lepidopteran pest in transgenic 
potato. Plant Biotechnology Journal 1: 51-57. 

Nakajima H, Muranaka T, Ishige F, Akutsu K & Oeda K. 1997. Fungal and bacterial 
disease resistance in transgenic plants expressing human lysozyme. Plant Cell Reports 
16: 674-679. 

Noris E, Accotto GP, Tavazza R, Brunetti A, Crespi S & Tavazza M. 1996. Resistance to 
tomato yellow leaf curl geminivirus in Nicotiana benthamiana plants transformed with a 
truncated viral C1 gene. Virology 224: 130-138. 

Oerke EC, Dehne HW, Schönbeck F & Weber A. 1999. Crop production and crop 
protection: estimated losses in major food and cash crops. Elsevier Science, Amsterdam, 
NL. 770 pp. 

Ogawa T, Hori T & Ishida I. 1996. Virus-induced cell death in plants expressing the 
mammalian 2’,5’ oligoadenylate system. Nature Biotechnology 14: 1566-1569.  

Oldach KH, Becker D & Lörz H. 2001. Heterologous expression of genes mediating 
enhanced fungal resistance in transgenic wheat. Molecular Plant-Microbe Interactions 
14: 832-838. 

Oldroyd GED & Staskawicz BJ. 1998. Genetically engineered broad-spectrum disease 
resistance in tomato. Proceedings of the National Academy of Sciences of the United 
States of America 95: 10300-10305. 

Osusky M, Osuska L, Hancock RE, Kay WW & Misra S. 2004. Transgenic potatoes 
expressing a novel cationic peptide are resistant to late blight and pink rot. Transgenic 
Research 13:181-190. 

Osusky M, Zhou G, Osuska L, Hancock RE, Kay WW & Misra S. 2000.  Transgenic plants 
expressing cationic peptide chimeras exhibit broad-spectrum resistance to 
phytopathogens. Nature Biotechnology 18: 1162-1166. 

Paal J, Henselewski H, Muth J, Meksem K, Menendez CM, Salamini F, Ballvora A & 
Gebhardt C. 2004. Molecular cloning of the potato Gro1-4 gene conferring resistance to 
pathotype Ro1 of the root cyst nematode Globodera rostochiensis, based on a candidate 
gene approach. The Plant Journal 38: 285-297.   

Palukaitis P & Zaitlin M. 1997. Replicase-mediated resistance to plant virus disease. 
Advances in Virus research 48: 349-377. 

Pang SZ, Jan FJ, Tricoli DM, Russell PF, Carney KJ, Hu JS, Fuchs M, Quemada HD & 
Gonsalves D. 2000. Resistance to squash mosaic comovirus in transgenic squash plants 
expressing its coat protein genes. Molecular Breeding  6: 87-93.  

Pappinen A, Degefu Y, Syrjälä L, Keinonen K & von Weissenberg K. 2002. Transgenic 
silver birch (Betula pendula) expressing sugarbeet chitinase 4 shows enhanced resistance 
to Pyrenopeziza betulicola. Plant Cell Reports 20: 1046-1051. 

Perlak FJ, Stone TB, Muskopf YM, Petersen LJ, Parker GB, McPherson SA, Wyman J, 
Love S, Reed G, Biever D & Fischhoff DA. 1993. Genetically improved potatoes: 
protection from damage by Colorado potato beetles. Plant Molecular Biology 22: 313-
321. 

Peschen D, Li HP, Fischer R, Kreuzaler F & Liao YC. 2004. Fusion proteins comprising a 
Fusarium-specific antibody linked to antifungal peptides protect plants against a fungal 
pathogen. Nature Biotechnology 22: 732-738. 



 41

Petitions of nonregulated status granted or pending by APHIS. Animal and Plant Health 
Inspection Services, United States Department of Agriculture. 
http://www.aphis.usda.gov/brs/not_reg.html; pp. 1-4 (accessed 21-Aug-2004). 

Peumans WJ & Van Damme EJM. 1996. Prevalence, biological activity and genetic 
manipulation of lectins in food. Trends in Food Science & Technology 7: 132-138. 

Pieterse CMJ, Ton J & Van Loon LC. 2001. Cross-talk between plant defence signaling 
pathways: boost or burden? AgBiotechNet 3: 1-8. 

Pinto YM, Kok RA & Baulcombe DC. 1999. Resistance to rice yellow mottle virus 
(RYMV) in cultivated African rice varieties containing RYMV transgenes. Nature 
Biotechnology 17: 702-707. 

Powell ALT, van Kan J, ten Have A, Visser J, Greve LC, Bennett AB & Labavitch JM. 
2000. Transgenic expression of pear PGIP in tomato limits fungal colonization. 
Molecular Plant-Microbe Interactions 13: 942-950.  

Powell PA, Stark DM, Sanders PR & Beachy RN. 1989. Protection against tobacco mosaic 
virus in transgenic plants that express tobacco mosaic virus antisense RNA. Proceedings 
of the National Academy of Sciences of the United States of America 86: 6949-6952.  

Powell-Abel P, Nelson RS, De B, Hoffman N, Rogers SG, Fraley RT & Beachy RN. 1986. 
Delay of disease development in transgenic plants that express the tobacco mosaic virus 
coat protein gene. Science 232: 738-743. 

Pyung OL, Lee U, Ryu JS, Choi JK, Hovanessian A, Kim CS, Cho BH & Nam HG. 2002. 
Multiple virus resistance in transgenic plants conferred by the human dsRNA-dependent 
protein kinase. Molecular Breeding 10: 11-18. 

Rahbe Y, Deraison C, Bonade-Bottino M, Girard C, Nardon C & Jouanin L. 2003. Effects 
of the cysteine protease inhibitor oryzacystatin (OC-I) on different aphids and reduced 
performance of Myzus persicae on OC-I expressing transgenic oilseed rape. Plant 
Science 164: 441-450. 

Rao KV, Rathore KS, Hodges TK, Fu X, Stoger E, Sudhakar D, Williams S, Christou P, 
Bharathi M, Bown DP, Powell KS, Spence J, Gatehouse AM & Gatehouse JA. 1998. 
Expression of snowdrop lectin (GNA) in transgenic rice plants confers resistance to rice 
brown planthopper. The Plant Journal 15: 469-477.   

Reeck GR, Kramer KJ, Baker JE, Kanost MR, Fabrick JA & Behnke CA. 1997. Proteinase 
inhibitors and resistance of transgenic plants to insects. In: Carozzi N & Koziel M (eds), 
Advances in insect control: The role of transgenic plants. Taylor and Francis, London, 
UK. pp. 157-183.  

Rojo E, Solano R & Sánchez-Serrano JJ. 2003. Interactions between signaling compounds 
involved in plant defense. Journal of Plant Growth Regulation 22: 82-98. 

Rommens CM, Salmeron JM, Oldroyd GE & Staskawicz BJ. 1995. Intergeneric transfer 
and functional expression of the tomato disease resistance gene Pto. The Plant Cell 7: 
1537-1544. 

Rossi M, Goggin FL, Milligan SB, Kaloshian I, Ullman DE & Williamson VM. 1998. The 
nematode resistance gene Mi of tomato confers resistance against the potato aphid. 
Proceedings of the National Academy of Sciences of the United States of America 95: 
9750-9754. 

Schroeder HE, Gollasch S, Moore A, Tabe LM, Craig S, Hardie DC, Chrispeels MJ, 
Spencer D & Higgins T. 1995. Bean α-amylase inhibitor confers resistance to the pea 
weevil (Bruchus pisorum) in transgenic peas (Pisum sativum L.). Plant Physiology 107: 
1233-1239. 

Schuler TH, Poppy GM, Kerry BR & Denholm I. 1998. Insect-resistant transgenic plants. 
Trends in Biotechnology 16: 168-175. 

Sela-Buurlage MB, Ponstein AS, Bres-Vloemans SA, Melchers LS, van den Elzen PJM & 
Cornelissen BJC. 1993. Only specific tobacco (Nicotiana tabacum) chitinase and β-1,3-
glucanase exhibit antifungal activity. Plant Physiology 101: 857-863. 

Seppänen P, Puska R, Honkanen J, Tyulkina LG, Fedorkin O, Morozov Syu & Atabekov 
JG. 1997. Movement protein derived resistance to triple gene block-containing plant 
viruses. Journal of General Virology 78: 1241-1246. 



 42

Shade RE, Schroeder HE, Pueyo JJ, Tabe LM, Murdock LL, Higgins TJV & Chrispeels 
MJ. 1994. Transgenic pea seeds expressing the α-amylase inhibitor of the common bean 
are resistant to bruchid beetles. Bio/Technology 12: 793-796. 

Shin R, Park JM, An JM & Paek KH. 2002. Ectopic expression of Tsi1 in transgenic hot 
pepper plants enhances host resistance to viral, bacterial, and oomycete pathogens. 
Molecular Plant-Microbe Interactions 15:983-989.   

Shulaev VP, Silverman P & Raskin I. 1997. Airborne signaling by methyl salicylate in 
plant pathogen resistance. Nature 385: 718-721. 

Smith NA, Singh SP, Wang MB, Stoutjesdijk PA, Green AG & Waterhouse PM. 2000. 
Total silencing by intron-spliced hairpin RNAs. Nature 407: 319-320. 

Song J, Bradeen JM, Naess SK, Raasch JA, Wielgus SM, Haberlach GT, Liu J, Kuang H, 
Austin-Phillips S, Buell CR, Helgeson JP & Jiang J. 2003. Gene RB cloned from 
Solanum bulbocastanum confers broad spectrum resistance to potato late blight. 
Proceedings of the National Academy of Sciences of the United States of America 100: 
9128-9133. 

Spassova, MI, Prins TW, Folkertsma RT, Klein-Lankhorst RM, Hille J, Goldbach RW & 
Prins M. 2001. The tomato Sw-5 gene is a member of the coiled coil, nucleotide binding, 
leucine-rich repeat class of plant resistance genes and confers resistance to TSWV in 
tobacco. Molecular Breeding 7: 151-161. 

Strickland JA, Orr GL & Walsh TA. 1995. Inhibition of Diabrotica larval growth by 
patatin, the lipid acyl hydrolase from potato tubers. Plant Physiology 109: 667-674.      

Tacke E, Salamini F & Rohde W. 1996. Genetic engineering of potato for broad-spectrum 
protection against virus infection. Nature Biotechnology 14: 1597-1601. 

Tai TH, Dahlbeck D, Clark ET, Gajiwala P, Pasion R, Whalen MC, Stall RE & Staskawicz 
BJ. 1999. Expression of the Bs2 pepper gene confers resistance to bacterial spot disease 
in tomato. Proceedings of the National Academy of Sciences of the United States of 
America 96: 14153-14158. 

Takaichi M & Oeda K. 2000. Transgenic carrots with enhanced resistance against two 
major pathogens, Erysiphe heraclei and Alternaria dauci. Plant Science 153: 135-144. 

Takken FLW & Joosten MHAJ. 2000. Plant resistance genes: their structure, function and 
evolution. European Journal of Plant Pathology 106: 699-713. 

Tattersall DB, Bak S, Jones PR, Olsen PR, Nielsen JK, Hansen ML, Høj PB & Lindberg 
Møller B. Resistance to an herbivore through engineered cyanogenic glucoside synthesis. 
Science 293: 1826-1828. 

Tavladoraki P, Benvenuto E, Trinca S, De Martinis D, Cattaneo A & Galeffi P. 1993. 
Transgenic plants expressing a functional single-chain Fv antibody are specifically 
protected from virus attack. Nature 366: 469-472.  

Tennlado F, García-Luque I, Serra MT & Díaz-Ruíz JR. 1995. Nicotiana benthamiana 
plants transformed with the 54-kDa region of the pepper mild mottle Tobamovirus 
replicase gene exhibit two types of resistance response against viral infection. Virology 
211: 170-183. 

Thomas JC, Adams DG, Nessler CL, Brown JK & Bohnert HJ. 1995. Tryptophan 
decarboxylase, tryptamine, and reproduction of the whitefly. Plant Physiology 109: 717-
720. 

Thomas PE, Lawson EC, Zalewski JC, Reed GL & Kaniewski WK. 2000. Extreme field 
resistance to Potato leaf roll virus in Russet Burbank mediated by the viral replicase 
gene. Virus Research 71: 49-62. 

Tinjuangjun P, Loc NT, Gatehouse AMR, Gatehouse JA & Christou P. 2000. Enhanced 
insect resistance in Thai rice varieties generated by particle bombardment. Molecular 
Breeding 6: 391-399.  

Truve E, Aaspollu A, Houkanen J, Puska R, Mehto M, Hassl A, Teeri TH, Kelve M, 
Seppänen P & Saarma M. 1993. Transgenic potato plants expressing 2’-5’ oligoadenylate 
synthetase are protected from potato virus X infection under field conditions. 
Bio/Technology 11: 1048-1052.  

Tsukasa N, Fumiyoshi F, Fumihiro T, Kaoru H & Masashi H. 2002. Development of 
breeding materials of transgenic tomato plants with a truncated replicase gene of 
cucumber mosaic virus for resistance to the virus. Breeding Science 52: 219-223. 



 43

Tu J, Zhang G, Datta K, Xu C, He Y, Zhang Q, Khush GS & Datta SK. 2000. Field 
performance of transgenic elite commercial hybrid rice expressing Bacillus thuringiensis 
δ-endotoxin. Nature Bio/Technology 18: 1101-1104. 

Urwin PE, Lilley CJ, McPherson MJ & Atkinson HJ. 1997. Resistance to both cyst and 
root-knot nematodes conferred by transgenic Arabidopsis expressing a modified plant 
cystatin. The Plant Journal 12: 455-461.   

Urwin PE, McPherson MJ & Atkinson HJ. 1998. Enhanced transgenic plant resistance to 
nematodes by dual proteinase inhibitor constructs. Planta 204: 472-479.   

Urwin PE, Troth KM, Zubko EI & Atkinson HJ. 2001. Effective transgenic resistance to 
Globodera pallida in potato field trials. Molecular Breeding 8: 95-101. 

Vaeck M, Reynaerts A, Höfte H, Jansens S, De Beuckeleer, Dean C, Zabeau M, Van 
Montagu M & Leemans J. 1987. Transgenic plants protected from insect attack. Nature 
328: 33-37. 

van den Boogaart T, Wen F, Davies JW & Lomonossoff GP. 2001. Replicase-derived 
resistance against Pea early browning virus in Nicotiana benthamiana is an unstable 
resistance based upon posttranscriptional gene silencing. Molecular Plant-Microbe 
Interactions 14: 196-203. 

van den Elzen PJM, Jongedijk E, Melchers LS & Cornelissen BJC. 1993. Virus and fungal 
resistance: from laboratory to field. Philosophical Transactions of the Royal Society 342: 
271-278. 

van der Vossen E, Sikkema A, te Lintel Hekkert B, Gros J, Stevens P, Muskens M, Wouters 
D, Pereira A, Stiekema W & Allefs S. 2003. An ancient R gene from the wild potato 
species Solanum bulbocastanum confers broad-spectrum resistance to Phytophthora 
infestans in cultivated potato and tomato. The Plant Journal 36: 867-882.  

van Loon LC & van Strien EA. 1999. The families of pathogenesis-related proteins, their 
activities, and comparative analysis of PR-1 type proteins. Physiological and Molecular 
Plant Pathology 55: 85-97. 

Verberne MC, Verpoorte R, Bol JF, Mercado-Blanco J & Linthorst HJ. 2000. 
Overproduction of salicylic acid in plants by bacterial transgenes enhances pathogen 
resistance. Nature Biotechnology 18: 779-783. 

Vos P, Simons G, Jesse T, Wijbrandi J, Heinen L, Hogers R, Frijters A, Groenendijk J, 
Diergaarde P, Reijans M, Fierens-Onstek J, de Both M, Peleman J, Liharska T, Hontelez 
J & Zabeau M. 1998. The tomato Mi-1 gene confers resistance to both root-knot 
nematodes and potato aphids. Nature Biotechnology 16: 1365-1369. 

Voss A, Niersbach M, Hain R, Hirsch HJ, Liao YC, Kreuzaler F & Fischer R. 1995. 
Reduced virus infectivity in N. tabacum secreting a TMV-specific full-size antibody. 
Molecular Breeding 1: 39-50.  

Walling LL. 2000. The myriad plant responses to herbivores. Journal of Plant Growth 
Regulation 19: 195-216. 

Wang E, Hall JT & Wagner GJ. 2004. Transgenic Nicotiana tabacum L. with enhanced 
trichome exudates cembratrienols has reduced aphid infestation in the field. Molecular 
Breeding 13: 49-57. 

Wang P, Zoubenko O & Tumer NE. 1998. Reduced toxicity and broad spectrum resistance 
to viral and fungal infection in transgenic plants expressing pokeweed antiviral protein II. 
Plant Molecular Biology 38: 957-964. 

Waterhouse PM, Graham MW & Wang MB. 1998. Virus resistance and gene silencing in 
plants can be induced by simultaneous expression of sense and antisense RNA. 
Proceedings of the National Academy of Sciences of the United States of America 95: 
13959-13964. 

Waterhouse PM, Wang M-B & Lough T. 2001. Gene silencing as an adaptive defence 
against viruses. Nature 411: 834-842. 

Whalon ME & Wingerd BA. 2003. Bt: mode of action and use. Archives of Insect 
Biochemistry and Physiology 54: 200-211. 

Whitham S, McCormick S & Baker B. 1996. The N gene of tobacco confers resistance to 
tobacco mosaic virus in transgenic tomato. Proceedings of the National Academy of 
Sciences of the United States of America 93: 8776-8781. 



 44

Wintermantel WM & Zaitlin M. 2000. Transgene translatability increases effectiveness of 
replicase-mediated resistance to Cucumber mosaic virus. Journal of General Virology 81: 
587-595. 

Wu A, Sun X, Pang Y & Tang K. 2002. Homozygous transgenic rice lines expressing GNA 
with enhanced resistance to the rice sap-sucking pest Laodelphax striatellus. Plant 
Breeding 121:  93-95. 

Wu G, Shortt BJ, Lawrence EB, Levine EB, Fitzsimmons KC, Shah DM. 1995. Disease 
resistance conferred by expression of a gene encoding H2O2-generating glucose oxidase 
in transgenic potato plants. The Plant Cell 7: 1357-1368. 

Xiao S, Charoenwattana P, Holcombe L & Turner JG. 2003. The Arabidopsis genes 
RPW8.1 and RPW8.2 confer induced resistance to powdery mildew diseases in tobacco. 
Molecular Plant-Microbe Interactions 16: 289-294. 

Xiao XW, Chu PWG, Frenkel MJ, Tabe LM, Shukla DD, Hanna PJ, Higgins TJV, Müller 
WJ & Ward CW. 2000. Antibody-mediated improved resistance to ClYVV and PVY 
infections in transgenic tobacco plants expressing a single-chain variable region 
antibody. Molecular Breeding 6: 421-431. 

Yamamoto T, Iketani H, Ieki H, Nishizawa Y, Notsuka K, Hibi T, Hayashi T & Matsuta N. 
2000. Transgenic grapevine plants expressing a rice chitinase with enhanced resistance to 
fungal pathogens. Plant Cell Reports 19: 639-646. 

Yang H, Ozias-Akins P, Culbreath AK, Gorbet DW, Weeks JR, Mandal B & Pappu HR. 
2004. Field evaluation of Tomato spotted wilt virus resistance in transgenic peanut 
(Arachis hypogaea). Plant Disease 88: 259-264. 

Yao J, Pang Y, Qi H, Wan B, Zhao X, Kong W, Sun X & Tang K. 2003. Transgenic 
tobacco expressing Pinellia ternata agglutinin confers enhanced resistance to aphids. 
Transgenic Research 12: 715-722.   

Yoshikawa M, Tsuda M & Takeuchi Y. 1993. Resistance to fungal diseases in transgenic 
tobacco plants expressing the phytoalexin elicitor-releasing factor, ß-1,3-endoglucanase, 
from soybean. Naturwissenschaften 80: 417-420. 

Zhang L, Xu J & Birch RG. 1999. Engineered detoxification confers resistance against a 
pathogenic bacterium. Nature Biotechnology 17: 1021-1024. 

Zhao JZ, Cao J, Li Y, Collins HL, Roush RT, Earle ED & Shelton AM. 2003. Transgenic 
plants expressing two Bacillus thuringiensis toxins delay insect resistance evolution. 
Nature Biotechnology 21: 1493-1497.  

Zhu Q, Maher EA, Masoud S, Dixon RA & Lamb CJ. 1994. Enhanced protection against 
fungal attack by constitutive co-expression of chitinase and glucanase genes in transgenic 
tobacco. Bio/Technology 12: 807-812. 

Zhu-Salzman K, Koiwa H, Salzman RA, Shade RE & Ahn JE. 2003. Cowpea bruchid 
Callosobruchus maculatus uses a three-component strategy to overcome a plant 
defensive cysteine protease inhibitor. Insect Molecular Biology 12: 135-145. 

Zoubenko O, Hudak K & Tumer NE. 2000. A non-toxic pokeweed antiviral protein mutant 
inhibits pathogen infection via a novel salicylic acid-independent pathway. Plant 
Molecular Biology 44: 219-229. 

Zoubenko O, Uckun F, Hur Y, Chet I & Tumer N. 1997. Plant resistance to fungal infection 
induced by nontoxic pokeweed antiviral protein mutants. Nature Biotechnology 15: 992-
996.

 
 


