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1. Introduction 
 

Resistance breeding, which includes the field of genetics and plant pathology, is trying to make it 

possible by building specific resistance genes into a given plant species that the cultivation of 

vegetables for fresh consumptoin be free from plant-protecting agents. This workteam which has 

been dealing with pepper resistance breeding for three decades used to do the selection on the basis 

of fast tissue destruction, namely the hypersensitive response (HR), like everybody during the 

hystory of resistance breding. Experiences of about two decades made the research group change 

their strategy. One of the main steps of the change was the reconsideration of the HR, a so-called 

resistance response. Parallel with this they laid the resistance breeding on new bases by using the 

general defense system (Szarka and Csilléry, 1995), a plant feature recognized by them.  

The genetic investigation and pathological characterization of the general defense system of pepper 

proved the existance of a basically new disease resistance system which blocks pathogens by 

preserving and strengthening the attacked cells and tissues. This was an unknown strategy til now. 

The general defense system protects healthy cells by an aspecific reaction which manifests itself in 

tissue compaction which is based on cell enlargement and cell division (Figure 1).  

 

 
 

Figure 1 Cross-sections of leaves of a pepper line containing the gds gene. (a) not infected control 

leaf (b) Xanthomonas campestris pv. vesicatoria infected leaf showing cell elnargement and cell 

division (photo: Barbara Nagy)  



In this workteam my task was to reveal the biochemical background of processes regulated by the 

gds gene encoding the general defense system of pepper. As a control I used the Bs-2 specific 

resistance gene providing resistance against the Xanthomonas campestris pv. vesicatoria bacterium 

which infects pepper.  

 

- To characterize the gds gene, which ensures resistance against compatible and incompatible 

pathogens of pepper as well, it was indispensable to review and systematize the far-reaching 

literature in order to unambiguously place the gds gene in the present systematization on genetic, 

symptomatic and biochemical bases and to declare that we face such a form of resistance that can 

not be identified with the phenomena known so far.  

 

- I tried to survey the energetic backgound of the tissue reactions of the gds and Bs-2 gene by 

quantitative changes of glucose.  

 

- One of the main biochemical feature of the hypersensitive reaction, which manifests itself in fast 

tissue destruction and which is characteristic of the specific resistance genes, is the oxidative burst. 

In the course of the oxidative burst hydrogen peroxide accumulates in great quantities. I 

investigated the changes and presumed roles of H2O2 concentration produced in infected tissues of 

plants carrying the gds gene.  

 

- Salicylic acid is a general signal molecule in different host-pathogen relations which contributes to 

the development of resistance. High concentrations of SA, which affects the decrease of lesion 

number and lesion size, may result in symptomless resistance. Knowing this phenomenon, I found it 

neccessarry to determine the SA concentration in infected tissues of plants containing the gds gene 

which react without tissue destruction.  

 

- In contrast with resistance responses accompanied by oxidative burst and tissue destruction the 

general defense reaction results in preservation of attacked tissues. It was an interesting question 

that what is the role of the peroxidase enzyme, which scavenges the damaging reactive oxygen 

species (ROS), in the general defense reaction.  

 

- Transmethylation, which is a form of biochemical regulation based on the removal and addition of 

methyl groups, contributes to protection against stress effects. We studied that how does the 

transmethylation happen in the course of the general defense reaction, encoded by the gds gene, and 



of the specific defense reaction, encoded by the Bs-2 gene, and what is the role of formaldehyde 

produced during transmethylation.  

 

- By clearing up the genetic bases of the interaction between the gds and Bs-2 gene and by studying 

biochemical processes behind their interaction, which is manifested in symptoms as well, my aim 

was to determine the role of the two types of reaction in the plant disease resistance. I investigated 

the patho-physiological bases of the fact that the two types of reaction regulated by the gds and Bs-2 

gene come into action according to an evolutionaryly determined sequence.  

 

 

2. Materials and methods 
 

Plant material  

To the detailed genetic and physiological experiments we used genetically equalized doubled 

haploid (DH) pepper lines which were the following: the DH-99-71 which is susceptilbe to the X. c. 

pv. vesicatoria bacterium, the DH-99-269 carrying the gds gene and the DH-99-487 carrying the 

Bs-2 resistance gene.  

 

Bacteria used for inoculation 

For inoculations we used a X. c. pv. vesicatoria isolate of medium agressivity originating from a 

Hungarian field collection. We prepared the inoculum of 108 cells/ml concentration from the 48 

hour culture of the bacterium.  

 

Tool and method of inoculation  

The eighth or ninth almost full-grown leaves of plants in strong, vegetative stage were inoculated. 

We applied two kinds of infection. In the first case bacterium suspension enough to cause about 1.5 

cm diameter infiltrated patches was pressed into the leaf blade. By this method we can show 

transport processes within a leaf from the not infected tissue parts towards the infected patches. In 

the other case we infiltrated the whole leaf blade with the bacterium suspension. Through this we 

excluded the possibility of transport within the given leaf.  

The inoculum was pressed into the intercellular spaces by a syringe on the abaxial leaf surface 

through the stomas. We used an injection syringe without a needle and it was equipped with a piece 

of pierced rubber on its end to achieve suitable sealing and avoid injury of the leaf. 

In order to compare the operation of the gds and Bs-2 gene in uninjured and injured plant cells we 

put such a mechanical pressure on the leaf in a small point that it caused just infiltration of the 



tissues. Following this we performed the infection on such a way that the injured, infiltrated tissue 

point was/got in the middle of the infected tissue part of 2 cm in diameter.  

 

Systematization of symptoms for genetic analyses  

7-8 days after the inoculation with the X. c. pv. vesicatoria bacterium, the inoculated tissue parts of 

leaves of susceptible plants became water-soaked. 3-4 days after the inoculation the plant response 

encoded by the dominant Bs-2 specific resistance gene manifested itself in slight purple colouration 

of infected tissues sometimes accompanied by tissue destruction. The phenotype referring to the gds 

gene, which regulates the general defense reaction characterzied by high reaction speed, develped 

only on the 8th-10th day. The explanation for this seeming contradiction is that owing to the low 

stimulus threshold the general defense reaction blocked the destruction of the bacterium so fast that 

it became visible only after several days of growth of the leaves in the form of tissue thickening and 

a slight chlorosis.  

 

Sampling  

Considering the rapidity of plant defense reactions, we collected samples immediately after 

inoculation and during the following 24 hours.  

For biochemical studies leaf discs of 1.5 cm diameter were cut with a punch from the infiltrated 

tissue part and within the same leaf from such parts that lie towards the base of a leaf which were 

not touched by the inoculum. In the case of the whole leaf inoculation we homogenized the entire 

leaf as a sample.  

 

Methods of biochemical and physiological experiments 

We used chromatographic methods for studying carbohydrate compounds (Sárdi et al. 1996), 

different methylated compounds and formaldehyde (Gersbeck et al. 1989) and salicylic acid (after 

Raskin et al. 1989). We determined peroxidase enzyme activity (Shannon et al. 1966) and hydrogen 

peroxide concentrations (Toldi et al. 2008) by spectrophotometric methods.  

 



3. Results and Discusion 
 

The gds gene, which encodes a so far unknown defense process and encodes the general defense 

system in pepper, being effective in non-host and host-pathogen interactions as well and ensuring a 

broad spectrum resistance fulfills the role of the plant immune system. Beside symptoms we also 

tried to characterize the general defense system by fundamental biochemical processes and to reveal 

its role in disease resistance in accordance with the Bs-2 specific resistance gene.  

 

3.1. The economical operation of the general defense system 

 

One of the most suitable compounds to show physiological changes as a consequence of an 

infection is glucose which constitutes the energetical basis of plants. We studied changes of the 

quantity of glucose in the infected and the neighbouring, not infected tissue parts as well.  

The changes in the glucose content of the inoculated tissues of plants giving susceptible, specific 

and general defense reaction respectively, were different both in time and quantity and we could 

compare them well with the symptoms and characteristic tissue alterations of the given host plants.  

In the susceptible host-pathogen relationship, where the pathogen has an advantage over the plant, 

the disease is developing slowly which is accompanied by intense glucose comsumption. This leads 

to the exhaustion of reserves of the plant and occasionally to the destruction of the plant.  

The quantity of glucose in the inoculated tissues of pepper plants with the Bs-2 gene suddenly 

decreased following the infection but after one hour the glucose content was restored. This may be 

explained by the glucose transport coming from the neighbouring tissues. On the basis of these the 

specific defense reaction is one-off and energy-saving and it is able to ensure effective local 

responses.  

In contrast with the specific defense reaction the general defense system ensured by the gds gene is 

operating continuously thus its glucose consumption is greater. This was also proved by the 

continuous glucose transport coming from the neighbouring not infected tissues. However, the 

greater glucose consumption, neccessarry to the reinforcement of the cell walls and the process of 

cell enlargement, is well compensated by the fact that the attacked tissues will not die. 

As we studied artificially infected leaf parts of identical size we can survey just the energy demand 

of uniform infected tissue parts but not the absolute quantites of carbohydrates. In this case the 

carbohydrate consumption of the general defense reaction is greater than that of the specific defense 

reaction but in the case of a natural infection the reaction of the gds gene affects only 10-15 cells 

around the point of infection. Thus this is far more economical than the hypersensitive reaction 

which is accompanied by a lesion of several mm in diameter.  



3.2. Relationship between the general defense system and the hydrogen peroxide  

 

Changes of the hydrogen peroxide (H2O2) concentrations during the responses of susceptible plants 

and the plants with the Bs-2 or the gds gene shows well the basic differences between the different 

reactions.  

As we expected we did not observe remarkable changes in the quantity of H2O2 in susceptible 

plants during the 10-hour-long experiment.  

In plants carrying the Bs-2 gene the H2O2 concentration reached the maximum value in the 30th 

minute which was a four-fold increase compared to the control value. Following this, the H2O2 

content continuously decreased and reached the initial value in 8 hours. So, according to the present 

knowledge we could follow the H2O2 accumulation characteristic of hypersensitive specific 

resistance genes.  

Contrary to this the quantity of H2O2 did not show any changes after the infection in the plants 

containing the gds gene compared to the control plants in the given time frame of the experiment. 

Thus during the defense ensured by the gds gene, the oxidative burst mediated by the H2O2 did not 

occur.  

In different plant-microbe and host-pathogen rekations H2O2 takes part in strengthening or 

destroying the plant cell depending on its quantity in the given case. These different roles of H2O2 

can be followed well along the evolutionary process of plant disease resistance. By pathological 

experiments (Szarka et al. 2002) it was already proven that the general defense reaction, the 

susceptible stage and the specific defense reaction constitute an evolutionary succession.  

In the case of the gds gene great quantities of H2O2 are not produced during the effective defense. 

But in susceptible host-pathogen relation, as a consequence of destruction of the pathogen which 

overcomes the general defense reation of the plant, a slow H2O2 production begins. To ward off the 

specific stress caused by the pathogen a specific defense reaction developed in the host plant in the 

course of the evolution. This reaction which is evolutionaryly the youngest, starts operating only in 

the case of presence of H2O2 as a signal molecule which refers to destruction in the susceptible 

phase. Thus the specific defense reaction becomes the failure-correcting unit of the general defense 

system and so the two reactions, built on each other, constitutes the integral whole of the disease 

resistance.  

 

3.3. Role of SA in the general defense system  

 

Salicylic acid (SA) is a general signal molecule in several plant-pathogen relations which induces 

defense responses. We know the correlation between the SA concentration in plants and the level of 



disease resistance. The external SA treatment increases the resistance of plants which is manifested 

in smaller necrotic lesions. Knowing all these we have set ourselves to study the relation between 

the gds gene, encoding a reaction without tissue destruction, and the biologically active free SA.  

While in the pepper line carrying the Bs-2 gene we have observed a significant decrease (0.61-0.001 

µg/FW) in the level of SA compared to the control plants (1.19 µg/g FW) the quantity of SA was 

below the sensitivity of HPLC in the plants carrying the gds gene during the whole peroid of the 

experience and we could not detect SA either in the non-infected control or in the water-infiltrated 

control leaves. On the basis of the SA experiments we can conclude that the SA, as a signal 

molecule, is not involved in the regulation of defense in the case of the gds gene.  

It is known that SA-deficient transgenic plants that carry the NahG gene, encoding the salicylate 

hydroxylase enzyme, become more susceptible to pathogens. Compared to this, the phenomenon 

that the gds gene operates perfectly in case of quite a low SA level or in the absence of SA is a 

novelty.  

It is also known that the Rx gene (Köhm et al. 1993) in potato and the dnd1 gene (Yu et al. 1998) in 

Arabidopsis ensure symptomless, broad-spectrum resistance beside high concentrations of SA. It is 

noteworthy that in contrast with this, the gds gene ensures broad-spectrum, symptomless resistance 

beside a fairly low free SA level or in the absence of it.  

 

3.4. Characterization of the general defense system on the basis of peroxidase enzyme activity 

 

We did not observe changes in the quantity H2O2 during the general defense reaction which is 

encoded by the gds gene and is accompanied by preserving cells and tissues. In our experiments we 

wanted to know that what role the peroxidase enzyme (POD), having an antioxidant effect, can 

have in this reaction accompanied by preserving cells.  

To compare the time-dependent changes of enzyme activiy characteristic of the given pepper lines 

we inoculated the leaf blade only in a small patch. Depending on the reaction type the POD activity 

reaches the maximum value in different points of time: in the first hour and in the third hour in the 

case of the gds gene and the Bs-2 gene, respectly. In the susceptible pepper line the enzyme activity 

decreased after the inoculation and in the 6th hour it reached only the control value. This order 

corresponds to the order of efficiency of the reactions which can be determined on the basis of 

symptoms as well.  

To assess the antioxydant capacity of the three different plant types, we applied an unnaturally high 

dose of the inoculum. As an effect of this infiltration which extended to the whole leaf blade the 

POD activity increased six-fold in the 24th hour in the plants containing the gds gene, while it 



increased only two- or three-fold in the plants carrying the Bs-2 gene and in susceptible plants 

compared to the control values.  

In the starting point of the increase of POD activity but especially in the rate of the increase, whose 

collective effect may have a fundamental strategic importance in the effective defense, we could 

observe great differences concerning the studied types of reaction. In the plants carrying the gds 

gene and having an outstanding antioxydant capacity the POD, scavenging reactive oxygen species, 

contributes considerably to the protection of infected tissues against the necrosis.  

 

3.5. The effect of stress on methylated compounds and on the generation of formldehyde in 

the general defense system  

 

Transmethylation, which is removal and addition of methyl groups, makes possible a fast and 

reversible regulation which has a low energy-demand. We investigated the process of 

demethylation as an effect of stress caused by infection in the three pepper lines representing the 

three types of reaction, namely the quantitative changes of methylated compounds and 

formaldehyde connected with each other.  

During our experiments we set out from the fact that as a consequence of demethylation of different 

methylated compounds methyl groups are liberated in the case of a stress which are immediately 

formed into formaldehyde molecules. On this, the measurable quantity of methylated compounds 

starts to decrease and the concentration of free formaldehyde is increasing parallel with this.  

We could separate well the three reaction types on the basis of different dinamism in correlative 

quantitative changes of choline, one of the methylated compounds detected in pepper leaves, and 

formaldehyde.  

In the pepper lines being susceptible or carrying the Bs-2 gene there was no strong correlation 

between changes in the quantities of choline and formaldehyde. In plants containing the gds gene 

and characterized by low stimulus threshold and high reaction speed as a consequence of the 

demethylation, starting at the moment of inoculation, the quantity of choline and formaldehyde 

changed in the opposite direction in strong correlation. Due to the fast demethylation of choline, the 

quantity of formaldehyde started to increase immediately and reached the maximum value in one 

hour. On this the main step of the defense is completed. Following this the quantity of 

formaldehyde was continuously decreasing and the quantity of choline started to increase slowly.  

During quantitative changes of choline the minimum value observed already in the first hour and 

the maximum value of antimicrobial formaldehyde at the same time suggest that the fast conversion 

may have an important role when plants have to be protected against stresses.  



3.6. Genetics of interaction of the gds and Bs-2 gene  

 

After we became acquainted with the specific Bs-2 and the gds gene separately, we started to 

investigate the interaction of the two genes in order to utilize them in the pepper resistance breeding 

(Csilléry et al. 2007). We studied the inheritance of the gds and Bs-2 gene on the same DH lines 

that we used for the biochemical experiments.  

The F1 hybrids (Bs-2/Bs-2+ gds/gds+), prepared by crossing DH lines carrying the recessive gds 

gene (Bs-2+/Bs-2+ gds/gds) and the dominant Bs-2 gene (Bs-2/Bs-2 gds+/gds+) respectively, 

strikingly did not show the phenotype that we expected according to the dominance of the Bs-2 

gene. Instead of the dark purple colour, referring to the Bs-2 gene, the infected tissues showed only 

a slight purple colouration. At the same time, the tissues remained green and in some cases became 

thick. This shows that in the F1 progeny the phenotype of the recessive gene appeared beside that of 

the dominant gene in spite of the fact that the gds gene was in heterozygous constellation. We 

continued the investigation of the interaction of the two genes in the F2 generation and the symptom 

of the double-homozygous individuals (Bs-2/Bs-2 gds/gds) of the F2 generation gave us the answer 

for the symptom of the F1 progeny.  

 

On the basis of the genetic analyses it was concluded that the Bs-2 gene, being either in 

homozygous or in heterozygous constellation, causes only a slight purple colouration if the 

recessive gds gene is present even in heterozygous constellation. Because the ability of the gds gene 

to preserve tissues is effective even in heterozygous constellation. If the recessive gds gene is in 

homozygous constellation, it almost completely covers the phenotype of the dominant Bs-2 gene 

and the purple colour refers to it only along the leaf veins.  

In the course of our experiments we concluded that the two genes are inherited independently, there 

is no genetic linkage between them. But there is a linkage in respect of their functions. In this case 

the stress caused by the pathogen creates the relationship between the gds and the Bs-2 gene. In the 

case of a natural infection the two reactions can not operate at the same time for the same stress 

because the two genes need different level of stimulus threshold for their operation. Under natural 

circumstances first the general defense reaction starts to operate because it has a low stimulus 

threshold and high reaction speed. This also explains the preserving of tissues. The specific defense 

reaction starts only in the case of the inefficiency of the general defense reaction.  



3.7. The biochemical background of symptoms encoded by the gds and the Bs-2 gene  

 

We used double-homozygous plants for biochemical experiments to prove the different role of the 

gds gene, encoding the general defense system, and the Bs-2 gene, responsible for the specific 

defense reaction, to examine the order of operation of the two genes and their interaction which 

manifests itself in the symptoms as well. By preparing double-homozygous plants we consciously 

created the integral whole of disease resistance. From the symptoms and main biochemical features 

of the parental lines we concluded the biochemical background of symptoms observed in the F1 and 

F2 progeny.  

As a consequence of infection in the individuals of the F1 progeny, despite the dominance of the 

Bs-2 gene, H2O2 was not produced in such quantity that could have led to tissue necrosis. The tissue 

thickening based on cell enlargement refers to the recessive gds gene being in heterozygous 

constellation while the purplish colouration refers to the dominant Bs-2 gene being in heterozygous 

constellation as well. From the morphological changes of the infected tissues a strong antioxydant 

effect can be concluded but as an effect of the high dose infection such quantity of H2O2 was still 

produced that was sufficient for the activation of the Bs-2 gene.  

In the double-homozygous plants the reaction regulated by the gds gene, which ensures the 

operation of the general defense system in homozygous constellation perfectly, is so fast that such 

quantity of H2O2 was not produced that would have been enough for the operation of the Bs-2 gene 

even in spite of the strong stress caused by the infection. The purplish colouration referring to the 

operation of the Bs-2 gene develops only on tissue parts injured by the inoculation.  

Studying the effect of injuries of plant cells on the operation of the gds and Bs-2 gene we got known 

with new relations concerning the roles of the two genes in disease resistance. The gds gene 

protects healthy cells against infections thus the general defense reaction is preventive. In healthy 

cells the Bs-2 gene is completely inactive beside the gds gene. Injured cells are not able to give the 

general defense reaction. The specific defense reaction, determined by the Bs-2 gene, is the reaction 

of cells attacked and diseased by pathogens.  

On the basis of the above the general defense reaction is able to fulfill the role of the plant immune 

system while specific defense reactions serve for correcting deficiencies of the general defense 

reaction in the system of plant disease resistance. The general defense sytem and the specific 

defense reactions constitute the integral whole of the plant disease resistance together. By restoring 

a high level general defense reaction in plants we can create a genetic background that ensures such 

an effective operation for the specific resistance genes that it is accompanied by tissue destruction 

to a minimal degree or no tissue destruction at all. By a resistance breeding strategy, based on this 

recognition, cultivars with effective and durable disease resistance can be produced.  



4. Summary of the new scientific results 
 

I examined the special genetical and pathophysiological features of the gds gene, encoding the 

general defense system, identified in pepper and considered a new scientific discovery, on the basis 

of biochemical processes. As we still know little about the general defense system of pepper, as 

well as about the general defense system of plants, I performed the presentation of this so far 

unknown form of resistance, ensured by the gds gene, in comparison with the Bs-2 gene which is 

responsible for specific defense against the X. c. pv. vesicatoria bacterium.  

 

 

1.  

The time-dependent and the quantitative changes of the glucose content as a consequence of 

infection were also different in plants containing either the gds or the Bs-2 gene and these were in 

accordance with tissue alterations belonging to the given plant type.  

The energy demand of uniform infected tissue parts in the case of the general defense reaction is 

greater than that of the specific defense reaction. But in the case of natural infections the reaction of 

the gds gene is restricted to only 10-15 cells and takes place just in a few hours so it is much more 

economical than the specific reaction which develops in 5-6 days and is accompanied by lesions of 

4-5 mm in diameter.  

 

2.  

On the basis of our experiments it can be concluded that the plants containig the gds gene do not 

need the oxidative burst, mediated by hydrogen peroxid, to the defense in contrast with such plants 

that carry a specific resistance gene and react with fast tissue destruction.  

 

3.  

In the case of the general defense system, encoded by the gds gene, salicylic acid (SA) as a signal 

molecule does not take part in the regulation of defense. The gds gene ensures broad-spectrum 

resistance without cell destruction beside quite a low free SA level or in the absence of it.  

 

4.  

It is very likely that the outstanding antioxidant capacity of the plants carrying the gds gene is of 

basic strategic significance during the general defense reaction which is accompanied by preserving 

tissues.  

 



5.  

During the general defense reaction regulated by the gds gene the quantity of choline, considered a 

formaldehyde-generator, and formaldehyde changes fast in strong correlation with each other in the 

opposite direction.  

The antimicrobial formaldehyde, produced by fast demethylation following the infection, may have 

a significant effect in protecting plants from stresses.  

 

6.  

During the genetical experiences it was proven that the gds and Bs-2 gene are inherited 

independently but there is a strong functional linkage between them which is established by the 

stress caused by the pathogen. Investigation of biochemical processes elicited by the stress 

confirmed the pathological observation that the general defense reaction, characterized by a low 

stimulus threshold and high reaction speed, starts earlier and the specific defense reaction starts 

only in the case of its inefficiency.  

 

7.  

Despite the dominance of the Bs-2 gene, in the F1 progeny of the Bs-2/Bs-2 gds+/gds+  x  Bs-2+/Bs-

2+ gds/gds combination the appearance of preserving tissues, the phenotype characteristic of the 

recessive gds gene, refers to the success of an antioxidant effect. On the other hand, in the case of 

the high dose infection a certain quantity of hydrogen peroxid (H2O2) is still produced which is 

sufficient to activate the Bs-2 gene.  

In the double-homozygous (Bs-2/Bs-2 gds/gds) individuals from the F2 progeny the gds gene being 

in homozygous constellation ensures the operation of the general defense system perfectly thus such 

strong antioxidant processes begin that these can efficiently prevent the destruction triggered by the 

pathogen. Tissue alterations referring to the operation of the Bs-2 gene can be observed only at sites 

of possible injuries caused by the artificial infection where H2O2 was produced because of 

disturbance of the general defense reaction. At these sites H2O2 activates the operation of the Bs-2 

gene as a signal molecule.  

Studying the effect of injuries of plant cells on the operation of the gds and Bs-2 gene it can be 

concluded that the gds gene protects healthy cells against infections thus the general defense 

reaction is preventive. In healthy cells the Bs-2 gene is completely inactive beside the gds gene. 

Injured cells are not able to give the general defense reaction. The specific defense reaction, 

determined by the Bs-2 gene, is the reaction of cells attacked and diseased by pathogens.  
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