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Annotation 

 

Presented Ph.D. thesis summarizes my research regarding the utility of a vital marker gene 

coding for green fluorescent protein (GFP) for the research of transgenic plants. The aim of 

my work was to establish approaches for the use of GFP for the development and production 

of transgenic plants with novel qualitative traits, perspectively with promoted resistance 

against fungi and insect. The study of possible use of the GFP as an efficient tool for 

assessment and selection of transgenic plants, with the aim to qualitatively evaluate and select 

elite genotypes, was the main topic of my work and novel findings are presented here. 

Moreover, beside this main topic, the performance of constitutive Ca MV 35S promoter 

within transgenic plants was also investigated and the original data are also presented within 

this thesis. Finally preliminary results regarding the possible use of GFP as a selection tool for 

the flax transformation are included. Presented results contribute to the further development 

of the approaches utilizing the GFP as a vital marker for the transformation, selection and 

assessment of transgenic plants. Further, data regarding the performance of CaMV 35S 

promoter represent another part into the mosaic of a common knowledge regarding the 

behavior of constitutive promoters. 
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1. Introduction and rationale of the thesis topic 

 

1. 1.  Agriculture and plant breeding on the turn of new millennium 

 

Current agriculture and plant breeding on the turn of new millennium faces of a new 

challenges, mainly represented by the need to feed at lest 6 billions of human population 

worldwide, which still increases. It is estimated that in the year 2025 population of the planet 

will reach 8.5 billions. Unfortunately, the human population mostly increases in the poorest 

regions of the world. Together with never ending growth of industry and economy in strong 

western economies, and nowadays also within many so called “tigers”, agriculture has to 

support further increasing human population, but in parallel from still decreasing area of 

agricultural land. According to the data presented by the World Bank, average area of 

cultivated land per human capita in year 1961 was 0.44 ha. In the year 2002 it was 0.26 ha 

and it is estimated that it will drop to only 0.16 ha per capita in the year 2050 (reviewed by 

Carliny, Grossi-de-Sá, 2002). Therefore is it expected that agriculture will be able produce 

more food and also feed, from less area and in parallel in at least the same quality. These 

challenges expect close integration and cooperation of many scientific disciplines across the 

biology field (reviewed by Babu et al., 2003).  

Although the plant breeding, as an essential prerequisite of successful plant 

production, recorded in the past decades many successes, it is not possible to meet the above-

mentioned requests by conventional approaches only. Conventional methods of plant 

breeding, represented by controlled crossing of selected individuals and species, followed by 

the stringent selection of desirable progeny/ progenies, approached nowadays their limits. 

One of such limits is for the most cases a need of sexual transfer of genetic material, the 

DNA, reducing the amount of possible desirable traits. Nevertheless these methods still play 

very important and indispensable role in the production of new varieties and cultivars of 

crops. Novel methods of recombinant DNA, followed by the transgenesis of plants and also 

animals, represent a new approach to modification of various desirable plant traits and opens 

new ways in the crop breeding. They allow for the transfer of desirable traits across various 

species and moreover classes, which would be never transferred via sexual transfer. This 

represents a fascinating tool for the production of qualitatively new organisms or organism 

with features, which could not ever occur after sexual transfer of DNA. Nevertheless, the 

most desirable, and we can say also the most important trait, the promotion of crop 

production/ yield is still impossible to reach. The genetic determination of such, very 
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important trait, is given by many genes of minor influence, which are very complicated to 

identify and which, moreover, contribute in the different way and intensity to the resulting 

phenotypic expression of a particular trait, namely production/ yield. Therefore we can 

expect only a small progress in this area. Nevertheless there are still many other ways to 

increase the yield in the indirect manner. The genetic determination gives the particular 

genotype the border of particular trait expression, which could be in the ideal situation 

reached. In the agricultural practice, this can not be ever reached due to many factors, but this 

gap, between the plant genetic potential and the real performance on the field gives the plant 

breeders and molecular biologist a space for genetic manipulations, with the aim to 

approximate such potential (Lawrence and Koundal, 2002). Among many other, factors like 

high salinity of soil, drought or on the other side flood, freeze, influence of various plant 

pests, fungi and viruses are the main factors, which contribute to the particular crop final 

yield decrease. Therefore, since most of these traits are of qualitative nature, given by one or 

only a few genes of strong influence, this is an open field for current molecular breeding of 

plants. Many organisms across various taxons exhibit desired traits, applicable also for the 

purposes of modern agriculture. It is only a question of time, when such traits will be 

identified on the molecular level and their regulation will be known and new transgenic 

plants enriched by such traits will follow soon. 

 

1. 2. Transgenic plants as a part of modern agriculture 

 

Molecular biology and genetics are fast growing disciplines of current science and 

those experiences a big boom nowadays. Area of genetics modifications of plants is not lag 

behind and transgenic plants are now part of regular agricultural practice in many advanced, 

as well as developing countries all over the world. First transgenic plants of tobacco were 

obtained in the year 1984. Until today transgenic plants of at least 100 plant species were 

obtained and many others will follow soon (Hraška et al., 2006a). Scope of plant species, 

which were tested for their susceptibility for genetic modification include various crops of 

strategic importance, as well as ornamental and medicinal plants. Almost all of them were 

successfully transformed. Still developed and improved techniques of plant transformations 

allow for genetic modification of new plants species too. First transgenic crops for 

commercial agriculture practice (GMOs) were released in 1996 and from this date the area of 

cultivated transgenic crops still increases. In the year 2000 it reached 44.2 mil ha and in the 

year 2004 66.7 mil ha worldwide (reviewed by Babu et al., 2003). In 2006 for the first time in 
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a history their cultivation land exceeded 100 mil. ha (Rakouský and Hraška, 2007). The 

biggest part of these crops represent transgenic soybean (Glycine max), cotton (Gossypium 

spp.), maize (Zea mays) and canola (Brasssica napus), followed by sunflower (Helianthus 

annuus), potato (Solanum tuberosum), cassava (Manihot esculenta) and papaya (Carica 

papaya) (ISAA, 2005). Despite such increase of the cultivation area and scientific successes 

in the development of new transgenic plants enriched by various new traits, transgenic plants 

also encountered many obstacles. Surprisingly, transgenic analogues of the most important 

crops, i.e. wheat and rice are still scarcely grown. Monocotyledons are generally less 

sensitive to the genetic transformation, but since these include the most important crops for 

living of human population, they represent a big challenge to current science. Another 

obstacle, maybe more challenging than the scientific background of GMOs is a public 

concerns, e.g. slowing down wider acceptance of GMOs by consumers, especially in the 

European countries. GMOs are mostly presented by media as a strange scientific experiment, 

which can negatively influence human health and ecological equilibrium in the landscape. In 

addition, many ecological organizations and lobbyist lead various negative campaigns against 

GMO. Moreover, official opinions and comments of scientific community are not usually 

presented so frequently so in fact they cannot reach wider public society. But it is not only 

the public concern and discussion about the GMOs, which leads to the fact that Europe is 

behind the surrounding world in agricultural biotechnologies. The agriculture in the Europe, 

and namely in the EU countries, is build up on the different bases than the leading agriculture 

of overseas countries. While the agriculture in these countries is seen as a industry, with the 

aim to produce the biggest production/ benefit with minimal incomes, of course in the 

parallel keeping of all safety issues, agriculture in the European countries is seen also from 

the cultural and ecological aspects, keeping many traditional and national rules. All above-

mentioned facts finally lead to the restrictions of cultivation of GMOs in the European 

countries and market release of their products, or even products, which in anyway came into 

contact with such GMOs. Moreover, the agricultural policy implemented within member 

states of recently established EU in 1962, based on a huge support of the agriculture, lead to 

the overproduction of many commodities and consequent current market and export obstacles, 

therefore the benefit of current GMOs (easier and thus cheaper production) is not attractive 

enough for European farmers. This is a very important fact, since the first generation of 

GMOs was developed with the aim to make benefits rather for the producers, farmers, than 

for final consumers in the shop or supermarket. Therefore there was nothing too much 

attractive and no benefits were seen by consumers buying GMOs. Even so, the European 

 3



attitude to GMOs has started to be changed since 2004. Development of the next generation 

of GMOs should be aimed precisely to the needs of consumers, giving the final consumer not 

only (maybe) cheaper food, but also more healthy, because e.g., of its favorable spectrum of 

amino acids and fats and growing without application of pesticides. 

 

1. 3. Genetic transformation of plants and development of GMOs 

 

Successful genetic transformation and obtaining of transgenic plants represents a very 

complicated process, including many particular processes and requires knowledge or insight 

into many biological disciplines like e.g., plant physiology and genetics, molecular biology, 

microbiology and in vitro techniques. Thus the development or transgenic plants needs to 

fulfill some basic conditions:  

• Existence of a suitable target genome  

• Precise characterization of gene of interest and its product on a molecular level 

• Reliable and efficient system for in vitro cultivation and regeneration of 

desired organism (acceptor genome), i. e. plant 

• The possibility to modify desirable gene by techniques of molecular biology 

with the aim to increase its efficiency and regulate its expression 

• System for identification and selection of transformed cells or tissues 

• Characterization of putatively transformed and transformed plants and 

tracking of the expression on newly inserted gene by molecular methods 

Once all these conditions are fulfilled, development and production of transgenic 

plants, carrying and expressing various desirable genes, is relatively easy and “routine” 

(Sharma et al., 2000). 

Since the first successful genetic transformation of plant, reported in the year 1977 by 

Chilton et al., who utilized the natural capability of a common soil bacteria Agrobacteruim 

tumefaciens to insert part of its DNA into the genome of higher plants, many other strategies 

were developed for the genetic transformation of plants till today. Nevertheless, generally 

two of them are widely used nowadays. The first one, utilizing A. tumefaciens as a vector for 

delivery of desired DNA into the plant genome, also nick named “co-cultivation” and the 

second one, sometimes also so called “biolistic™” or particle bombardment, is utilizing 

direct insertion of DNA, coated on metal particles and shot into the plant tissue using various 

air devices (Klein et al., 1987).  
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1. 3. 1. Agrobacterium tumefaciens mediated transfer is relatively easy way for 

delivery of foreign genes into plant genome 

 

Soil bacteria A. tumefaciens are capable of inducing plant tumours throughout the integration 

of a specific part (T-DNA) of its plasmid (Ti-tumour inducing) DNA into the plant genome. 

Transfer of T-DNA in host genome is a very complex process comprising many biological 

events and based on cooperation of proteins coded by Ti and chromosomal genes of bacteria 

(Tinland 1986, Zupan and Zambryski, 1997), affected by various environmental conditions, 

e.g., temperature (Fullner and Nester, 1986, Dillen et al., 1997). Such genetic modification of 

plants is relatively easy and cheaper compared to direct transformation mentioned below 

since it does not require the use of expensive instruments and supplements such as an air-

flow gun and metal particles to be coated by plasmid DNA.  

 

 1. 3. 2. Particle bombardment is an effective alternative for Agrobacterium- mediated 

transfer 

 

Although Agrobacterium-mediated transformation is a very efficient way to deliver the 

endogenous DNA into genomes of many species, there are still some species that are difficult 

to transform using this approach. The host-range of Agrobacterium and the low-regeneration 

properties of some species, particularly monocots, excludes the general use of this method. 

An efficient alternative to the method represents the delivery of DNA coated on metal 

particles via particle bombardment. This was first successfuly applied in transformation of 

onions and published more than 15 years ago (Klein et al., 1987). Since that time, particle 

bombardment has become a very efficient tool for transformation of plants where the 

Agrobacterium- mediated method is less efficient (Finner et al., 1999). 

 

Beside these two main methods, also various other approaches for genetic 

transformation of plants were reported, like e.g. microinjections of DNA into tissues or cell 

nuclei, but these were not successful and effective enough to be widely used for the purposes 

of transformation experiments (Ondřej and Drobník, 2002). A. tumefaciens delivery and 

particle bombardment are nowadays the main methods, which are mostly employed for the 

plant transformations are being developed and improved. Not all plant species, or better to 

say particular varieties or genotypes, exhibit the same response to the genetic transformations 
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using either of these methods. Monocotyledons are generally less susceptible to the A. 

tumefaciens infection than dicotyledons (Birch 1997). This is because naturally A. 

tumefaciens parasite on the roots of dicots. Therefore the monocots are usually transformed 

by the particle bombardment method, although successful transformations with A. 

tumefaciens were also reported (Repellin et al., 2001). It is not a big surprise that these two so 

different methods differ also in the transformation efficiency. The A. tumefaciens delivery, as 

a let us say natural method, results in more favorable insertions of delivered DNA, 

characterized by insertions of one or very low number of inserted DNA, with a low number 

of subsequent re-arrangements of genetical material. On the other hand, A. tumefaciens is 

capable to transform only some plant species because of some physiological or evolutional 

barriers and thus many species are recalcitrant to A. tumefaciens treatment. This in not an 

obstacle in the case of particle bombardment method, which is not limited by such 

evolutional barriers and generally all plant species could be transformed using this approach 

(Christou 1995, Christou 1997). Nevertheless, the weak points are very low efficiency and 

insertions of higher number of inserted DNA copies, many times resulting in various re-

arrangements in target genome (Snape, 1998). On the other hand low efficiency can be easily 

circumvented by bombardment of higher amount of target tissue, since once established, such 

method is relatively easy to use and repeat. 

 

1. 4. Efficient selection of transformed cells/ tissues is a bottleneck of transformation 

procedure 

 

Methods of genetic transformation of plants are subjected for continuous development 

and improvement with the aim to increase the range of plant species capable for genetic 

modifications and increase of their efficiency. Co-cultivation methods are being improved 

throughout the genetic engineering of new, more virulent bacterial strains, various 

pretreatment of transformed plant tissues like e.g., sonication, variable length of co-

cultivation periods and improvement of subsequent in vitro regeneration/ cultivation and a 

very important step, the selection of transformed cells or tissues. Regardless which 

transformation approach is used for particular experiment, only a few cells are transformed 

by foreign DNA and from this very little number of cells, only few survive this change and 

are viable and capable of division. Absolute majority of plants cells are not transformed. 

Thus, there is a big challenge, how ensure preferential growth and division of transformed 

cell and ideally eliminate the untransformed ones. This is possible only by proper selection. 
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This can be performed either by negative influence of untransformed cells or by promotion or 

preferential nutrition/ growth of transformed cell. Irrespective of which approach is chosen, it 

requires the insertion beside the gene of interest, coding for desirable trait, also some other 

gene coding for some trait, which can be efficiently employed for either type of selection. 

The most common is insertion of a gene, coding for enzyme for metabolization of some toxic 

compound, thus transformed cell are viable on the nutrition medium containing such a toxin, 

whereas untransformed cell do not posses such enzyme and thus will die or at least their 

growth and development is suppressed. Such toxin is usually some antibiotic, mostly 

kanamycin, which is easy to use for the purposes of in vitro techniques. Although these 

systems are labor-efficient and applicable to a vide range of plant species/ genotypes, they 

can decrease the number of recovered cells (Stewart, 2001). Furthermore there is a 

considerable public concern that new transgenes will spread into the environment resulting in 

wild or feral species containing antibiotic resistance traits, which might disrupt equilibrium 

of current ecosystems (Custers, 2001), leading to strong public pressure with the aim to 

exclude these selection systems from the production of transgenic plants. However 

alternative procedures that are applicable to a wide range of plant species, are not available 

yet. Nevertheless, recently, the GMO Panel of the European Food Safety Authority (EFSA) 

issued its opinion regarding the safety and potential dangers of plant selectable antibiotic 

resistance markers, which resulted in their classification into low-, medium- and high 

potential risk categories (EFSA, 2004). Based on this classification, antibiotic resistance 

markers, mostly used in plant biotechnology are mentioned in the first category, i.e. with a 

low potential risk. In addition, use of toxic compound to eliminate non- transformed cells and 

tissues from further growth and development, leads to a rapid death and subsequent decay. 

Such dyeing cells or decaying tissues usually release various toxins, inhibitors and 

undesirable apoptosis signaling compounds, which can result in possible detrimental effects 

on the growth and development of regenerating transformed cells (Ebinuma et al., 2001).  

 Nowadays, novel selection approaches are being developed. These are usually based 

on the insertion of DNA coding for an enzyme, which allows for metabolisation or 

modification of some sugar compounds, included into the cultivation medium. These are in a 

normal way metabolized to some toxic compounds, but with a new added enzyme are 

metabolized into non-toxic nutrients. Such approach to the selection of transformed cell has 

been reported, mostly utilizing culture growth on otherwise metabolised mannose sugar 

(Joersbo et al., 1998, Joersbo 2001). Although many reports about using this method have 

been published, it has still not become applied to a wider range of plant genotypes for a 
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routine use in plant transformation. The main limiting factor is the need to determine the 

optimum level of sugar for each particular genotype in order to determine toxic level of such 

sugar and subsequently develop a selection system. Other limitations appear to be associated 

with a taxon/ genotype because, although some transformations of dicots have been reported, 

mainly transgenic monocots such a maize, wheat, rice and barley have been recovered using 

this approach (Wright et al., 2001).  

Other approaches to the selection of transformed cells and tissues could be simply 

based on the visual identification and mechanical removal of desired cells. Such are 

transferred onto a new medium and subsequently cultivated (Ghorbel et al., 1999, Hraška et 

al., 2006a). Finally, although a wide range of various selections systems have been developed, 

and are successfully employed in current research and commercial practice, it is evident that 

the development or use of some general, widely applicable approach is desirable and still 

subject of intensive research. 

 

1. 5. Development of transformation protocol is a complex issue and the use of visual 

markers could be a big benefit 

 

It is evident that successful insertion of a new DNA into the plant genome is a very 

long and complicated process requiring development and subsequent establishment of 

reliable and reproducible transformation protocol. Such a protocol should lead to the 

development of most efficient strategy for insertion of genes onto the plant cells (Chilton et 

al, 1977, Klein et al., 1987), selection and regeneration of putative transgenic cells (Mikki 

and McHugh, 2004) and subsequent recovery of transgenic plants. For this purposes, 

generally model or marker genes, which allow for critical appraisal of each particular step 

within the whole transformation procedure represent a very efficient tool. Therefore, 

parameters or conditions like e. g., A. tumefaciens concentration, length of co-cultivation 

period, set up of particle bombardment device and subsequent selection and regeneration 

could be measured and assessed based on the phenotypic performance of such marker 

(Baranski et al., 2006). Such critical assessment leads to the establishment of the 

transformations strategies of new plants species or to the improvement of already existing 

procedures. This results in the more effective, reliable, reproducible and many times also 

cheaper procedures for development and production of GMOs, by simultaneous reduction of 

the material, which need to be handled and screened (Hraška et al, 2006a).  
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Many such markers or marker genes were identified and utilized in the plant research 

till today. Nevertheless, only two or three of them are widely used in the plant molecular 

biology or genetic transformation. Genes coding for β-glucuronidase (GUS) (Jefferson et al., 

1987), luciferase (LUC) (Ow et al., 1986) and green fluorescent protein (GFP) (Prasher et al., 

1992) have become popular tools for monitoring of gene expression in transgenic plants, 

allowing the study of plant physiology, genetics, molecular and cell biology, plant pathology 

and many other branches of biology (Hraška et al., 2006a). These markers possess different 

features and limitations of use, making one particular marker more suitable for some 

particular purposes than the other one. Nevertheless, within the above mentioned threesome, 

GFP possess a few unique features, giving the possibility to use this marker not only for the 

basic research or genetic transformation of plants, but also as marker for quantification or 

quick estimation of recombinant protein content within transgenic plant (Milwood et al., 

2003, Hraška et al., 2005, Hraška et al., 2007) and ecological studies of transgene spread 

throughout the environment (Halfhill at al., 2003). This unique feature is that GFP does not 

require any substrate or co-factors for its performance, i.e. green fluorescence (Heim et al., 

1994, Misteli and Spector, 1997) and thus allowing for real-time monitoring of its expression 

in the living organisms, directly in the laboratory, or even in the glasshouse or on the field. 

This is a strong benefit, compared to very often used GUS marker system, which, otherwise 

allows for an easy quantification, is based on the destructive assay. So, when summarized, 

GFP allows for the use as an efficient tool for critical assessment of transformation 

procedures, study of physiology and genetics, and estimation of recombinant protein content 

in transgenic plants. All this in real time, on living tissues or at least using small tissue 

samples. 

 

1. 6. Green fluorescent protein (GFP) 

 

GFP, a nature protein of pacific jellyfish Aequorea victoria has been first described in 

1992 by Prasher et al. (1992). A. victoria contains, among many other proteins, also the 

aequorin, which emits blue chemiluminiscent light after activation of Ca2+ ions. This blue 

light serves as an excitation signal for the GFP, which result to the green fluorescence. GFP 

itself is a dimmer of two barrels with the diameter of 30Å and length 40 Å, comprising 

consisting from eleven β sheets, capped on the top and bottom by α helices. Relative 

molecular weight is 27 kDa (Yang et al., 1996). The agent responsible for the green 

fluorescence, chromophore, is enclosed in the geometric centre of the protein, to which is 
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covalently attached (Shinomura, 1979, Cody et al., 1993). This is formed by posttranslation 

modification in which is tripeptide Ser65-Tyr66-Gly67 cyclized, followed by later oxidation. 

Such “wild type” GFP exhibits upon excitation by UV (λ= 360-400 nm) or blue light (λ=440-

480) green fluorescence. GFP does not require any additional substrates, cofactors or any 

other compounds for fluorescence manifestation, since the chromophore formation is either 

autocatalytic process or requires only ubiquitous cellular components (Heim et al., 1994). 

GFP possess a very rigid structure with a broad stability range within pH 5-11 and at the 

temperatures up to 65 °C (Tsien 1998). Moreover, it maintains its fluorescence even in the 

presence of strong denaturing agents, such as 6 M guanidine HCL, 8 M urea or 1% sodium 

dodecyl sulfate (Yang et al., 1996). 

Due to its favorable properties, GFP rapidly become a very popular tool in many 

applications within biological research. Till today, it has been introduced into wide spectrum 

of organisms, including simple bacteria and yeasts, nematodes, insect, fish, plants and 

mammals (reviewed by Hraška et al., 2006a). The first successful introduction of GFP into 

the plant was reported in 1995 by Niedz et al. (1995), who transformed the protoplasts of 

sweet orange (Citrus sinensis). This opened new ways in the genetic transformation of plants 

and transgenic plants of many plants species followed. Nevertheless, very early, scientists 

encountered complications with the very low expression level and quenching of fluorescence 

signal in plant cells. Detailed sequence analyses performed by Haseloff et al. (1997) revealed 

the presence of cryptic intron within the sequence of gfp gene. Its presence resulted in 

abberant splicing between nucleotides 380-463 during the RNA processing and resulted in 

the loss of the 84 bp region. Therefore a new GFP variant, derived by the altered codon usage, 

was released. Such a new variant, denoted GFP4, maintains the same spectral characteristics 

as a “wild type” GFP, but with enhanced fluorescence properties (Haseloff et al., 1997). 

Subsequently many GFP variants, differing in their spectral characteristics, fluorescence 

intensity or cell target, were derived (reviewed by Stewart, 2001, Hraška et al., 2006a). GFP 

has been successfully used for many purposes within plant research, like e. g. the study of 

expression profiles of promoters (Sheen et al., 1995, Nagatani et al., 1997, Sunilkumar et al., 

2002), protein tagging (Chytilova et al., 1999, Shiina et al., 2000) disease tracking (Itaya et 

al., 1997) and developmental studies (Misteli and Spector, 1997).  

Although some concerns about possible toxicity of GFP to plants were raised, these 

have not been confirmed (Stewart et al., 2001) and GFP did not possess any toxic or 

detrimental effect on plant growth, development and fertility (reviewed by Hraška et al., 

2006a). Moreover GFP has been found non- toxic to rats when these were fed by purified 
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GFP or by transgenic plants expressing the gfp (Richards et al., 2003). Nowadays, the GFP is 

being mostly employed for various purposes associated with the transformation of plants 

(reviewed by Stewart, 2001, Hraška et al., 2006a). Anyhow, due to its favorable properties- i. 

e. monitoring of its expression (fluorescence) in living samples, GFP has been also used for 

many ecological studies aimed at monitoring of transgene spread throughout the environment 

(Hudson et al., 2001, Moon et al., 2006) study of competitiveness of GMOs compared to 

conventional crops (Halfhill et al., 2005) and study of possible transgene transfer from 

cultivated crop onto its wild relatives (Halfhill et al., 2001). Such studies take very important 

role in the whole process of the development and mainly placement (release) of GMOs into 

the commercial practice. Using some excitation source, like e. g. UV hand held lamp, it is 

relatively easy to identify the GFP tagged GMOs directly on the field or to check the spread 

of GFP tagged pollen from the field with some GMOs. Besides these applications employing 

the GFP, which are based on the visual detection of the presence of GFP fluorescence in the 

studied sample, tissue or whatever, GFP also allows for quantification of its fluorescence in 

intact plants (Millwood et al., 2003, Hraška et al., 2005) and an estimation of recombinant 

protein within transgenic plant (Halfhill et al., 2003, Richards et al., 2003).  

All applications listed above make the GFP an ideal tool for an assessment of various 

steps within the procedure of genetics transformation, resulting in the establishment new, or 

improvement of already existing transformation protocols. Moreover, it allows for the 

selection of most successful transformation events with the aim to finally obtain elite 

genotypes, with desired performance of inserted transgene.  

 

1. 6. 1. Although the GFP possess many beneficial features, it also possess a few weak points 

 

Nevertheless GFP is not an ideal marker without any obstacles. Although the use GFP 

possess many advantages compared to other common marker genes used in plant molecular 

biology, monitoring of its expression is coupled also with a few weak points. For a 

monitoring system to be effective, reliable and reproducible, the marker technology should be 

accurate, without false positives, detectable throughout the whole life cycle of a particular 

plant, and offer the check of the actual status of genetically linked, i.e. fused, transgene/s of 

interest (Halfhill et al., 2003). 

First, the loss or quenching of the fluorescence intensity in the older tissue, namely 

leaves, usually occurs (Kamaté et al., 2000, Tamura et al., 2003, Zhou et al., 2004). In 

addition, the differences in the intensity of GFP fluorescence based on the origin/ position of 
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studied sample within the whole flower were reported (Halfhill et al 2003, Zhou et al., 2005). 

Such events were, nevertheless, reported also in the case of GUS marker (Preťová et al., 

2001). Various aspects could be found as a cause of such phenomena, but it seems that the 

presence of some masking or opaque compound in leaf tissue, which could interfere with 

emitted fluorescence and/ or excitation signal, is most probably the main reason (Hraška et al., 

2006a, Hraška et al., 2007). While the content of such compound is changing based on the 

developmental or physiological stage of particular tissue, also the affected GFP fluorescence 

is changing. The chlorophyll is mostly mentioned with this fact and it has been reported 

many times, that different chlorophyll content among different tissues could negatively 

interfere with the GFP fluorescence (Ponappa et al., 1999, Cho et al., 2002). Moreover, Zhou 

et al. (2005) reported the reconstruction of once diminished fluorescence in the Medicago 

leaves after chlorophyll removal.  

Next, different levels of detectable green fluorescence were recorded from the 

different tissue and fluorescence levels tends to higher variability in the older tissues (Halfhill 

et al., 2001). Also the fluctuations of the fluorescence levels even with one leaf were reported 

(Hraška et al., 2005). Nevertheless, such phenomena was also reported for other types of 

marker genes, like e.g. GUS (Preťová et al., 2001) and is probably coupled with different 

cytoplasmatic density in young and old cell, leading to the “dilution” of GFP within the 

content of older cells (reviewed by Hraška et al., 2006a), or also different ratio/ level of 

proteosynthesis and resulting amount of recombinant protein among particular tissues could 

be another reason (Preťová et al., 2001). 

Finally, the cause for differential GFP fluorescence based on the tissue type, location 

or developmental stage, could be the type of particular promoter, used for each particular 

experiment. Constitutive promoters such as CaMV 35S of Act1 are mainly used in 

transformation experiments, and although their constitutive features in transgenic plants were 

reported (Behfey et al., 1989, Battraw and Hall, 1990), some recent studies revealed some 

differences in their expression and some developmental and tissue specific features of such 

promoters (Williamson et al., 1989, Sunilkumar et al., 2002). 

When listing the weak points of use of GFP for the transformation and other purposes 

of plant research, it is worth to mention here also the obstacles associated with the 

microscopic study of GFP fluorescence in some flower parts or tissues, which can exhibit a 

certain levels of auto-fluorescence. Such tissues cannot be reliably investigated simply since 

they do not allow for discrimination of transgenic, gfp expressing tissue from the non 

transgenic or transgenic with low or zero gfp expression (Hraška and Rakouský, 2005). 
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2. Aims of presented Ph.D. thesis 

 

The aims of presented Ph.D. thesis result from the long-term orientation of the 

laboratory where I realized my work. Our laboratory concentrates its effort on the research 

and development of new transgenic plants with promoted resistance to locally important 

fungi and pests. We decided to reach this target by using the insertion of novel genes, coding 

for various potentially antifungal proteins or proteins with insecticidal properties, derived 

from insect. Such work is covered by a project across few scientific institutions within the 

Czech Republic. First such gene coding for serine proteinase inhibitor (PI), was derived from 

the waxmoth Galleria mellonella (Nirmala et al., 2001) and was subsequently modified for 

its utility for the purposes of genetic transformation of plants. PIs are very promising class of 

proteins with various antifungal and insecticidal properties and many successful 

transformation, resulted in the transgenic plant with increased resistance were reported 

(reviewed by, Schuler et al., 1998, Hraška et al., 2006b). Nevertheless, the use of such new 

type of genes requires the development and establishment of proper transformation strategy 

and the approaches for reliable assessment of obtained transgenic plants, namely 

identification and quantification of recombinant protein content. Due to its properties, 

proteinase inhibitors are difficult to identify and, moreover, to quantify within the transgenic 

plant. The biggest obstacle represents the presence of many naturally accruing protein 

analogues in the plants, especially Solanaceae, e.g. tobacco and potato. Usual molecular 

approaches based on the antigen detection of desired protein were not successful. Therefore 

we decided to establish a different strategy for molecular characterization (identification and 

quantification of protein content) and assessment of obtained transgenic plants, based on the 

fusion of genes coding for PI with even GFP.  

The utility of GFP in the genetic transformation of plants and further study and 

characterization of above mentioned weak points or, let say obstacles, in the use of GFP were 

the impulses for my study. My work was aimed at the utility of GFP as marker for not only 

the monitoring of transformation events, but also as an efficient tool for the selection of elite 

transgenic individuals and possible estimation of a recombinant protein content within 

selected, desirable individuals. Since the use and benefits of GFP in the assessment of various 

steps within transformation process were described many times previously, I concentrated my 

effort on the use of quantification of GFP fluorescence as a tool for indirect estimation of 

recombinant protein content within transgenic plants, and for the assessment and selection of 

regenerating and mature transgenic plants. As mentioned above, the intensity of GFP 
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fluorescence varies among various types of cells and tissues and it seems to be necessary to 

study and to describe such variability, with the aim to use such approach as a routine tool for 

assessment of obtained transgenic individuals and to obtain reliable and reproducible data. 

Since the most common model species in the plant transgenesis is still tobacco (Nicotiana 

tabacum), I decided to study, capture and map the fluorescence patterns within the transgenic 

tobacco plants, expressing the mgfp5-ER marker gene. Since the long-term target of our 

laboratory is to develop transgenic plants with increased resistance against some important 

fungi and pests via the insertion of chimaeric GFP constructs fused to genes coding for 

proteinase inhibitors, the knowledge and definition of GFP fluorescence could ease whole 

transformation procedure and selection of elite transgenic individuals expressing desirable 

properties. For this purposes, I decided to use in our laboratory available fluorescent 

microscope, a collection of images captured by digital color camera or digital CCD camera 

and to perform the assessment of such images/data by the image analyses software. 

More detailed, aims of my Ph. D. thesis were following: 

1. Discover, whether it is even possible to perform the assessment and/or seĺection of 

regenerating GFP transgenic plants based on a comparison of exhibited fluorescence 

intensity and to perform relative quantification of GFP fluorescence using digital 

captures of studied leaf tissues and processing of obtained data with image analyses 

software. 

2. Detailed study and definition of variability of GFP fluorescence patterns within the 

various leaf tissues, based on the age, developmental stage and vertical position of 

such tissue within the mature GFP transgenic tobacco plants and further development 

of previously established methodology and promotion of objectivity of GFP 

fluorescence evaluations. Beside this, I also tried to study the role of some possible 

physiological aspects, namely the content of chlorophyll, on the spatial changes in the 

intensity of GFP fluorescence. 

3. Finally, the obtained GFP transgenic tobacco plants gave me a unique opportunity to 

perform detailed macroscopic studies of the expression profile of the most common 

promoter, CaMV 35S. Since I have obtained transgenic plants of T1 and T2 

generations, it gave me the chance to study the stability and uniformity of CaMV 35S 

performance in particular plant tissues and organs among two different generations of 

plants. Moreover, although such promoter was exhaustively investigated many times 

previously, very few information regarding the CaMV 35S performance within floral 

and generative organs are available. Therefore, I aimed my effort at this stage at 
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detailed study of CaMV 35S expression profile within two distinct generations of 

GFP transgenic tobacco plants, with a special emphasis on floral organs. 

4. In a view of possible future outputs into agricultural practice, some parts of my work 

were performed also with flax (Linum ussitatisimum L.). Regarding this topic, I tried 

to utilize the GFP marker as a co-selection tool during the regeneration of putatively 

transformed flax buds and shoots, with the aim to promote the transformation 

efficiency of flax, especially in the further experiments regarding the increasing of its 

resistance to important fungal diseases. 
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4. Results 

 

4. 1. Protease inhibitors, mode of action and perspectives for plant transgenosis 

 

Hraška, M., Rakouský, S., Čurn, V. (2006) Inhibitory proteas, mechanismy účinků a 

perspektivy jejich využití v transgenosi rostlin [Protease inhibitors, mode of action and 

perspectives for plant transgenosis] Chemické listy 100, 501-507 
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1. Úvod 
 
Celosvětová populace se stále rozrůstá, na přelomu 

tisíciletí dosáhla hranice 6 mld obyvatel a odhady pro rok 
2025 mluví ji� o 8,5 mld. Tento trend klade také stále vy�-
�í nároky na zemědělství, a to nejen co se týče objemu 
produkce, ale také její kvality. Zemědělství v�ak mů�e 
vycházet pouze z omezených zdrojů. Podle údajů Světové 
banky činila průměrná plocha obdělávané zemědělské 
půdy v roce 1961 0,44 ha na obyvatele planety, v roce 
2002 klesla na 0,26 ha a výhled pro rok 2050 hovoří 
o pouhých 0,15 ha (cit.1). Zemědělství a �lechtění tedy 
stojí před nelehkým úkolem nasytit neustále rostoucí 
mno�ství lidí ze stále se zmen�ujících zdrojů. 

Klasické �lechtění sice zaznamenalo během uplynu-
lých desetiletí řady pokroků, přesto se ji� v současnosti 
přiblí�ilo hranici svých mo�ností, neboť u řady plodin bylo 
dosa�eno hranice biologického výnosu. Naopak nové po-
znatky genetiky a molekulární biologie nabízejí zcela nové 

mo�nosti v tvorbě nových, tzv. geneticky upravených ne-
bo-li transgenních odrůd zemědělských plodin. Přímé 
�lechtění na výnos je kvůli charakteru komplikovaného 
genetického zalo�ení tohoto znaku v současnosti stále je�tě 
obtí�né, ale existuje celá řada mo�ností, jak ovlivňovat 
znaky a vlastnosti mající na konečný výnos a kvalitu rost-
linné produkce významný vliv. Jedná se např. o kvalitativ-
ní změny spektra aminokyselin a bílkovin, vlastnosti 
umo�ňující jednodu��í a levněj�í pěstování, zvy�ování 
odolnosti rostlin vůči suchu, mrazu či zasolení půd. Vý-
znamným činitelem je odolnost rostlin vůči biotickým 
stresům. Ztráty a po�kození způsobené různými �kůdci, 
houbovými, bakteriálními a virovými chorobami silně 
zatě�ují ekonomiku rostlinné výroby1,2. Ochrana rostlin má 
kromě přímého vlivu na vý�i produkce také vliv na renta-
bilitu pěstování a zdravotní nezávadnost potravin či krmiv. 

 
 

2. Integrovaná ochrana rostlin 
 
Integrovaná ochrana rostlin představuje moderní trend 

v boji proti chorobám a �kůdcům, její� součástí je i tvorba 
rezistentních odrůd. Mo�nosti klasického �lechtění jsou 
v�ak značně omezené, zejména v případech, kdy je re-
zistence zalo�ena kvantitativně, geny rezistence jsou loka-
lizovány na více lokusech a často je�tě nejsou identifiko-
vány. �lechtitelský pokrok je proto velice zdlouhavý 
a neodpovídá poměrně rychle se měnícím potřebám pěsti-
tele. Velmi perspektivní alternativu v podobě mo�nosti 
záměrného vnesení genů kvalitativního charakteru předsta-
vují techniky rekombinantní DNA − transgenoze. Z �iro-
kého okruhu rostlinných �kůdců je hlavním předmětem 
zájmu hmyz, neboť se jedná o nejpočetněj�í skupinu �kůd-
ců v zemědělství. Transgenoze umo�ňuje ji� nyní poměrně 
vysoce specificky vymezit okruh cílových skupin hmyzu, 
na ně� technologie (genový produkt) přednostně působí, 
zatímco jiné zůstávají prakticky nedotčeny. Názorným 
příkladem jsou rostliny s vnesenými geny pro δ (delta)-
endotoxin Bacillus thuringiensis, které ji� dosáhly značné-
ho roz�íření v zemědělské praxi (např. tzv. Bt-kukuřice, 
Bt-bavlník). Navíc vyu�itím vhodných promotorů, vyme-
zujících místo a dobu projevu vlo�eného genu v rostlině 
jako� i míru jeho exprese, je potenciální rizikovost modifi-
kovaných plodin dále výrazně sní�ena. K výčtu pozitiv 
dané technologie je třeba uvést i sní�ení zátě�e �ivotního 
prostředí v důsledku omezení či úplné absence postřiků 
insekticidními přípravky. Hmyz je často také přímým vek-
torem dal�ích onemocnění, či jim svým působením otevírá 
a ulehčuje cestu do rostlinného těla3. Nepřímo je tak ovliv-
něna kvalita rostlinné produkce a potravin z ní vyrobe-
ných. Např. v případě Bt-kukuřice bylo ji� nezvratně pro-
kázáno, �e její zrna obsahují a� o 60 %  méně kancerogen-
ních mykotoxinů ne� bě�ná kukuřice, u které jsou hmyzem 
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po�kozená zrna napadána houbami4. 
Během evoluce se u rostlin vyvinula řada obranných 

mechanismů vůči �kodlivým organismům. Vět�ina jich je 
soustředěna do semen a jsou aktivovány konstitutivně 
nebo indukovaně po napadení či onemocnění. Jedná se 
převá�ně o látky bílkovinné povahy. Nejznáměj�í rostli-
nám vlastní obranné proteiny jsou lektiny, ribosomy inak-
tivující proteiny, inhibitory proteolytických enzymů, gly-
kosidasy, chitinasy či arcelininy1. Rostliny jsou 
v neustálém kontaktu s okolím a jejich vztahy se �kodlivý-
mi činiteli se neustále vyvíjejí a mění. Obranné bariéry 
rostlin jsou časem překonány a je třeba vyvinout si nový 
způsob ochrany, který je opět posléze překonán. 

 
 

3.  Transgenní rostliny odolné vůči biotickým 
stresům 
 
Rostliny vytvořené postupy genového in�enýrství, 

označované jako geneticky modifikované vy��í rostliny 
(GMVR), představují kvalitativně nový příspěvek do mo-
zaiky integrované ochrany rostlin5. GMVR mohou efektiv-
ně nahradit, a výzkum a praxe potvrzují, �e skutečně na-
hrazují, konvenčně pou�ívané agrochemikálie. Nicméně 
i v této oblasti vyvstávají otázky mo�ného negativního 
vlivu v důsledku dané genetické modifikace. Konkrétně se 
jedná o mo�nost zrychlení selekce rezistentních populací 
�kůdců či ras patogenních hub6. K výraznému omezení 
těchto rizik u hmyzu byly ji� vyvinuty a do praxe zavede-
ny účinné strategie vyu�ívající tzv. refugií, kdy na polích 
vedle odolných GMVR plodin musí být současně pěstován 
i určitý podíl bě�ných (citlivých) odrůd, které udr�ují do-
statečnou zásobu citlivých forem hmyzu. Ty se pak kří�í 
s ojediněle se vyskytujícími odolnými jedinci 
z �transgenních� polí. Jejich potomstvo je obvykle opět 
náchylné a tak je oddálen nástup rezistentních forem hmy-
zu6.  

Ochrana plodin vůči biotickým stresům je jedním 
z hlavních objektů zájmu transgenoze rostlin a v součas-
nosti představuje velmi intenzivně ře�enou problematiku. 
Získat či vytvořit transgenní plodinu v�ak vy�aduje splnění 
několika základních po�adavků jako jsou: 
− existence vhodného cílového genomu, 
− dostatečná charakterizace kandidátského genu a exis-

tence vektoru pro jeho vnesení, 
− existence postupů pro kultivace explantátových kultur 

daného objektu a účinný regenerační systém, 
− mo�nost modifikovat cizí gen a zvy�ovat či usměrňo-

vat tím jeho expresi, 
− identifikace a selekce transformovaných (trans-

genních) buněk, 
− charakterizace potenciálně transformovaných rostlin 

na molekulární úrovni. 
Pokud jsou tyto po�adavky jednou splněny, stává se 

produkce transgenních plodin nesoucích rozličné nové 
geny takřka rutinní zále�itostí. V minulosti byly vypraco-
vány postupy pro transformaci řady modelových i kultur-

ních rostlin3. Zavedení transgenní odrůdy do praxe před-
chází splnění celé řady dal�ích náročných kritérií7.  

Do dne�ního dne bylo vyvinuto mnoho postupů, jak 
vpravit cizorodou DNA do rostlinného genomu. Zdaleka 
nejroz�ířeněj�í jsou v�ak dva okruhy postupů, a to přímá 
transformace nukleovou kyselinou a transgenoze pomocí 
bakterií Agrobacterium tumefaciens. V prvním případě je 
plasmidová DNA nesoucí po�adované geny nanesena na 
částečky inertního kovu (nejčastěji zlato či wolfram) 
a pomocí různých vysokotlakých zařízení je �vstřelována� 
do cílové tkáně či shluku buněk8. Druhý způsob spočívá ve 
vyu�ití přirozeného jevu, kdy bakterie A. tumefaciens je 
sama o sobě schopna vnést část své DNA (tzv. T-DNA � 
transferred DNA) nesené na plasmidu Ti (tumor inducing) 
do rostlinného genomu9 . Metodami molekulární biologie 
je mo�no poměrně snadno tuto T-DNA upravovat a vná�et 
tak do rostliny různé geny. 

První transgenní rostliny tabáku byly získány v roce 
1984 a od té doby byly získány transgenní rostliny od více 
ne� 100 dal�ích druhů. Z nich nejúspě�něj�í se dočkaly 
uvedení do pěstitelské praxe. Pro představu o rozvoji pěs-
tebních ploch GMVR odrůd, první transgenní plodiny 
začaly být velkoplo�ně pěstovány v r. 1996, v roce 2000 
plocha pěstovaných GMVR plodin dosahovala 44,2 mil ha 
(cit.4) a v r. 2004 ji� 66,7 mil ha. Odhady pro leto�ní rok 
předpokládají a� 88 mil ha  (zdroj ISAAA 2004, cit.7). Co 
se týče plodin odolných proti hmyzu, největ�ího roz�íření 
se dočkaly rostliny exprimující gen pro δ-endotoxin z bak-
terie B. thuringiensis. Osevní plochy těchto Bt-plodin celo-
světově neustále rostou, nicméně výzkum rezistence neu-
strnul pouze na tomto jednom úspě�ném typu a pokračuje 
i jinými směry. Mnoho dal�ích genových produktů ovliv-
ňuje vý�ivu a fyziologii �kůdců a jsou tedy potenciálně 
vyu�itelné pro transgenozi rostlin. Předmětem zájmu jsou 
jak rostlinám vlastní látky (inhibitory proteas, chitinasy, 
různé sekundární metabolity či lektiny), tak i látky bakteri-
álního původu či odvozené od genové výbavy vy��ích 
�ivočichů. Právě inhibitory proteas různého původu jsou 
intenzivně zkoumanou skupinou potenciálně insekticid-
ních či antifungálních látek1. 

 
 

4. Inhibitory proteas 
 
Proteolytické enzymy katalyzují �těpení molekuly 

bílkoviny na men�í řetězce a posléze a� na jednotlivé ami-
nokyseliny. Rozli�ují se čtyři hlavní skupiny proteas: seri-
nové proteasy obsahující v aktivním centru aminokyselinu 
serin, cysteinové obsahující cystein, aspartátové se začle-
něným zbytkem kyselina asparágové a metaloproteasy 
obsahující ve svém aktivním centru kovové ionty Zn2+, 
Ca2+ či Mn2+ (cit.1). 

Proteolýza je klíčový proces v�ech �ivých organismů, 
a proto musí být přesně regulována. Nepřekvapí tedy exis-
tence přirozeně se vyskytujících inhibitorů proteas (PI) 
různého původu, které se klasifikují podle cílových enzy-
mů, které inhibují. 

V rostlinách zastávají PI různé funkce, např. v zásob-
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ních orgánech či při regulaci proteolytické aktivity. Podíle-
jí se také na regulaci mnoha vývojových procesů včetně 
programované buněčné smrti a v neposlední řadě tvoří 
významnou slo�ku obranných mechanismů rostlin vůči 
hmyzu a patogenům. V rostlinách se často vyskytují 
v překvapivě vysokých koncentracích10. Syntetizovány 
jsou buď konstitutivně nebo jako odpověď na právě vznik-
lé po�kození či probíhající napadení1. 

První náznaky poukazující na mo�nou roli PI v obra-
ně rostlin se objevily ji�  v roce 1947. Mickel a Standish11 
pozorovali, �e pokud jsou larvy rozličného hmyzu udr�o-
vány na extraktech sóji, tak ztrácejí schopnost normálního 
vývoje. Posléze byl prokázán toxický efekt inhibitoru 
trypsinu sóji na larvy brouka Tribolium confusum. Poté 
byla identifikována celá řada podobných látek, je-
jich�  insekticidní účinky byly prokázány jak v in vitro 
testech na střevních enzymech hmyzu, tak i in vivo na 
�ivém hmyzu2. 

Z metodického hlediska skýtají geny kódující PI jed-
nu významnou výhodu. Lze je poměrně jednodu�e přená-
�et z jednoho rostlinného (či �ivoči�ného) druhu do druhé-
ho a docílit jejich exprese v nové rostlině za pou�ití jejích 
ji� stávajících regulačních mechanismů, či pod kontrolou 
soubě�ně vnesených promotorů. Tímto způsobem Hilder 
a spol.12  v roce 1987 transformovali tabák genem pro inhi-
bitor trypsinu z bobovité rostliny vigny a navodili tak jeho 
zvý�enou odolnost vůči �irokému spektru hmyzích �kůdců. 
Doposud nebyl potvrzen negativní účinek nového genové-
ho produktu na vy��í organismy. Někteří autoři se dokonce 
domnívají, �e vzhledem ke svému charakteru (jsou bohaté 
na lysin a cystein) mohou PI zlep�ovat nutriční hodnotu 
rostlin13. 

PI vykazují velmi �iroké spektrum inhibiční aktivity 
vůči mnoha organismům, jako např. háďátkům, jsou rovně� 
schopny potlačit zrání spor a růst mycelia některých houbo-
vých patogenů. V�echny tyto vlastnosti představují PI jako 
vhodnou skupinu látek vyu�itelnou pro tvorbu transgenních 
odrůd polních plodin. Navíc transformace rostlin geny pro 
PI není zajímavá pouze z pohledu produkce odolných rost-
lin jako takových, ale i  z pohledu vyu�ití rostlin jako 
�továren� vyrábějících inhibiční proteiny vyu�itelné i pro 
jiné účely v ostatních oblastech lidské činnosti2. 

 
4.1.1. Inhibitory serinových proteas 

Role PI serinových proteas jako defenzivní slo�ky 
ochrany rostlin je ji� poměrně dlouho známa. Serinové 
proteasy nejsou ve vět�ím mno�ství vyu�ívány v procesech 
primárního metabolismu a tudí� přítomnost velkého mno�-
ství inhibitorů právě těchto enzymů vylučuje jejich jakou-
koli roli  v regulaci vnitřních pochodů rostlin. Inhibitory 
serinových proteas byly popsány  v mnoha rostlinných 
druzích a rostlinné PI vykazují určitou podobnost. Nejvíce 
prozkoumanou skupinou jsou inhibitory trypsinu. Poměrně 
snadná dostupnost trypsinu a snadné měření jeho katalytic-
ké aktivity vedly  k tomu, �e PI serinových proteas se staly 
předmětem mnohem intenzivněj�ího zkoumání ne� dal�í 
zástupci PI, nicméně získané poznatky jsou úspě�ně apli-
kovatelné nejen na celou skupinu PI serinových proteas, 

ale i na ostatní třídy PI. V�echny inhibitory vý�e zmíněné  
skupiny jsou kompetitivní inhibitory.  

Serinové proteasy byly nalezeny v za�ívacím traktu 
mnohých zástupců hmyzu, zejména řádu motýlů Lepi-
doptera, který zahrnuje celou řadu významných �kůdců 
rostlin. Mnoho těchto trávicích proteolytických enzymů je 
ovlivňováno právě PI serinových proteas, jejich� optimální 
pH prostředí 9−11 koresponduje  s obvyklým pH střevního 
traktu řady zástupců Lepidoptera. Antinutriční účinek byl 
demonstrován celou řadou pokusů2. 

 
4.1.2. Inhibitory cysteinových proteas 

Při izolacích střevních proteas z larev hmyzu zavíječe 
Callossobruchus  macalatus a m�ice Zabrotes subfaceatus 
byla odhalena, mimo jiné, té� přítomnost cysteinových 
proteas. Podobné proteasy byly izolovány také ze střev 
několika dal�ích hmyzích druhů. V�echny byly inhibovány 
jak syntetickými, tak i přirozeně se vyskytujícími PI 
a jejich příslu�nost  k dané třídě byla posléze potvrzena 
řadou testů. Optimální pH cysteinových proteas je v neut-
rální a� mírně kyselé oblasti (pH 5−7). 

Pokročilými postupy enzymologie posledních let byla 
identifikována celá řada inhibitorů proteas, jako např. al-
pin. PI cysteinových proteas byly popsány v řadě rostlin-
ných druhů, např. u bramboru, vigny, avokáda či papáji. 
Nejvíce prostudovaný je PI pocházející z rý�e, tzv. oryza-
cystatin. 

 
4.1.3. Inhibitory aspartátových proteas a metaloproteas 

Znalosti o této skupině enzymů u hmyzu jsou ve srov-
nání se dvěma přede�lými nesrovnatelně men�í. Aspartáto-
vé proteasy byly nalezeny spolu s cysteinovými u �esti 
zástupců skupiny plo�tic Hemiptera. Nízké pH střevního 
prostředí zástupců skupin brouků Coleoptera a Hemiptera 
představuje mnohem vhodněj�í podmínky pro aspartátové 
proteasy ne� vysoké pH (8−11) střev vět�iny ostatních 
druhů.  V silně zásaditém prostředí ztrácejí svou aktivitu. 
U rostlin byly doposud charakterizovány dvě skupiny PI 
metaloproteas, rodina PI metalo-karboxypeptidas 
z bramboru a rajčat a skupina cathepsin D PI brambor. 

 
4 . 2 .   M e c h a n i s m u s  t o x i c k é h o  p ů s o b e n í  

P I  n a  h m y z  
 
Přesný způsob, jakým PI pracují, je stále předmětem 

intenzivního výzkumu. Získané znalosti o projevech 
a regulaci inhibitorů pocházejících  z rostlin, �ivočichů, 
mikroorganismů, ale i třeba  z virů, přispěly  k vývoji či 
modifikaci celé řady postupů  v medicíně či zemědělství, 
vyu�ívajících právě PI.  

Obecně lze konstatovat, �e sekrece proteolytických 
enzymů ve střevě hmyzu je ovlivňována spí�e obsahem 
bílkovin v přijímané potravě, ne� jejím celkovým mno�-
stvím14. Sekrece proteas je indukována dvěma odli�nými 
cestami. Jedná se o přímé  působení slo�ek potravy 
(hlavně bílkovin) na epiteliální buňky střeva hmyzu nebo 
o hormonální regulaci iniciovanou příjmem potravy. Mo-
delové studie odhalily, �e příjem potravy stimuluje syntézu 
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a sekreci trávicích enzymů z epiteliálních buněk zadní 
části středního střeva. Enzymy jsou pak uvolněny 
z membránově asociovaných komplexů a následně odděle-
ny v podobě váčků, které jsou postupně spojová-
ny  s cytoskeletem. Peptidasy jsou vyloučeny do ektoperi-
trofického prostoru v epitelu, ze kterého prostupují 
transversálně do střevního lumen. Zde pak degradují bílko-
viny stravy. PI inhibují proteasovou aktivitu těchto trávi-
cích enzymů a sni�ují tak mno�ství proteinu, které mů�e 
být stráveno. Inhibice proteas zároveň vede k nadprodukci 
trávicích enzymů, co� má za následek vyčerpání rezerv 
sirných aminokyselin.  V krajním případě je výsledkem 
v�ech těchto pochodů oslabení hmyzu, jeho omezený vý-
voj a často smrt2. 

Trávicí proteolytické enzymy různých řádů hmyzu 
vět�inou nále�ejí k některé z hlavních skupin proteas. Zá-
stupci skupin Coleoptera a Hemiptera vykazují přítomnost 
převá�ně cysteinových proteas, zatímco příslu�níci motýlů 
Lepidoptera, blanokřídlých Hymenoptera, �kobylek� 
Orthoptera a dvoukřídlých Diptera vyu�ívají spí�e serino-
vých enzymů. Účinek PI na hmyz nemusí být v�dy inhibi-
ce proteolytické aktivity. Nedávné studie prokázaly, �e 
mů�e také dojít ke vzniku zpětné vazby. Cílový hmyz toti� 
často disponuje dvěma či více odli�nými skupinami trávi-
cích enzymů. Jedny mohou být k inhibitorům citlivé, jiné 
naopak ne. Výsledkem působení PI na jedince disponující-
ho takovouto enzymovou výbavou pak mů�e být přednost-
ní produkce PI-rezistentních proteolytických enzymů15,16. 

Způsob, jakým se PI vá�í na cílové trávicí enzymy, se 
zdá být pro v�echny čtyři skupiny stejný. Inhibitor se na-
vá�e na aktivní centrum enzymu a vytvoří komplex o vel-
mi malé disociační konstantě (107 a� 1014 M při neutrálním 
pH). Tím efektivně blokuje aktivní centrum. Jedná se 
o kompetitivní inhibici. Střevní proteasy nejsou jedinou 
skupinou látek ovlivňovaných PI, omezena je aktivita 
mnoha dal�ích enzymů, vodní rovnováha, a některé dal�í 
fyziologické pochody6.  

 
4 . 3 .  R e g u l a c e  i n h i b i t o r ů  p r o t e a s  

 
Inhibitory proteas, které se v rostlinách akumulují 

jako odpověď na poranění, byly ji�  v minulosti dostatečně 
charakterizovány. První práce  s těmito inhibitory u bram-
boru odhalily, �e iniciační faktor proteas (PIIF- protease 
inhibitor initiation factor) uvolněný  v odpovědi na poraně-
ní či po�kození rostliny je tou sloučeninou, která uvolňuje 
sled dějů vedoucích  k syntéze PI (cit.17).  

Dnes se usuzuje na to, �e produkce PI je řízena okta-
dekanovou dráhou, kterou je mimo jiné zprostředkován 
rozklad kyseliny linolenové na mnoho výsledných produk-
tů, z nich� jedním je kyselina jasmonová (JA). Tyto po-
chody ve svém důsledku vedou k indukci exprese genů 
kódujících PI. Zajímavá je také funkční souvislost 
s poraněním. Za odezvu na poranění rostlin jsou zodpo-
vědné čtyři systemicky působící faktory, signální látky 
systemin, kyselina abscisová (ABA), hydraulické signály 
a elektrické signály18. Molekuly signálních látek jsou 
transportovány od místa poranění vodivými pletivy rostli-

ny. První zástupce, systemin, peptid obsahující 18 amino-
kyselin, byl intenzivně zkoumán u rajčete, v jeho� poraně-
ných listech byla silně indukována exprese genů kódují-
cích PI. Oproti tomu, transgenní rostliny, které exprimova-
ly protismyslovou (�antisense�) cDNA prosysteminu, vy-
kazovaly podstatné sní�ení syntézy PI a následně i sní�ení 
odolnosti rostliny vůči hmyzím �kůdcům19. Je známo, 
�e  v odpovědi na po�kození hmyzem či patogenem syste-
min rajčete reguluje expresi asi 20 obranných genů a také 
aktivuje signální dráhu, během které je kyselina linolenová 
uvolněna  z membránových struktur a konvertována na JA. 
Povrchový receptor systeminu (160 kDa), indukovaný 
poraněním, reguluje intracelulární kaskádu zahrnující de-
polarizaci plazmatické membrány a otevření iontových 
kanálů. Výsledkem je zvý�ený obsah intracelulárního Ca2+, 
který aktivuje mitogenem aktivovanou fosfokinasu (MAP 
kinasu) a fosfolipasu A. Tyto rychlé změny ve svém dů-
sledku vedou k uvolnění kyseliny linolenové 
z intracelulárních membrán, a zřejmě i z plazmatické 
membrány, a její konverzi na JA, silného aktivátora expre-
se obranných genů rostliny20. Dal�í práce na rajčeti proká-
zaly, �e ke zvý�ení hladiny jasmonátu dochází souhrou 
poranění rostliny, působení systeminu a různých oligosa-
charidů, vznikajících degradací pektinu, např. působením 
polygalaktorunasy. Úloha jasmonátu jako agens odpovída-
jícího na poranění rostliny a zvy�ujícího lokální či syste-
mickou expresi PI byla prokázána u mnoha rostlinných 
druhů21. Objev konzervativního motivu  v promotoru PI-
IIK bramboru, tzv. G-boxu (sekvence CACGTGG), který 
je indukován JA, tuto my�lenku jen dále podporuje. Dal�í 
studie na modelových objektech potvrdily významnou roli 
rostlinných růstových regulátorů, např. ABA,  v přenosu 
signálu poranění. Hladina ABA a paralelně s ní i syntéza 
PI se zvy�uje  v odpovědi na poranění, elektrické signály, 
tepelné �oky nebo aplikaci systeminu22. Přesto se v�ak 
usuzuje pouze na okrajovou roli ABA v indukci tvorby PI, 
neboť bylo experimentálně prokázáno, �e i velmi vysoké 
koncentrace ABA (100 mM) indukovaly pouze slabě tran-
skripci mRNA PI (cit.23). 

Je zcela zřejmé, �e dráhy přená�ející informace 
o poranění a obranné dráhy se značně překrývají. Exprese 
poraněním a JA indukovaných genů mů�e být pozitivně či 
negativně regulována ethylenem či kyselinou salicylovou 
(SA). Obě sloučeniny jsou součástí obranné dráhy induko-
vané patogenem. Stimulující efekt JA a tlumící efekt ethy-
lenu byly prokázány ve studiích na modelech Arabidopsis 
thaliana24  a Griffonia simplicifolia25. 

V některých případech jsou rostliny schopny �vzdát� 
se jednoho obranného mechanismu ve prospěch jiného. 
Např. SA a její methylester jsou sloučeniny silně navozují-
cí tzv. systémově získanou rezistenci rostlin jako reakci na 
napadení některé její části patogenem. Nicméně nemusí 
tomu tak být v�dy.  V některých případech mů�e SA potla-
čit obranu rostliny cestou naředění a zeslabení oktadekano-
vé dráhy, zatímco její methylester působí opačně, ve pro-
spěch obranných mechanismů rostliny.  V nedávné době 
byla identifikována celá řada podobně se chovajících drah, 
zdaleka v�ak nebyly plně charakterizovány. Komponenty 
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těchto drah jsou vět�inou zalo�ené na reverzní fosforylaci, 
pochodech regulovaných vztahy vápník/kalmodulin a pro-
dukci aktivního kyslíku26. 

 
4 . 4 .   T r a n s g e n n í  r o s t l i n y  e x p r i m u j í c í  

i n h i b i t o r y  p r o t e a s  
 
Zji�tění, �e v některých rostlinách přirozeně se vysky-

tující PI mohou potlačit činnost trávicích enzymů hmyzu, 
vedlo k my�lence vnést kódující sekvence PI do genomu 
zemědělsky významných plodin, či zvý�it expresi v rostli-
ně ji� přítomných PI. Prvním úspě�ným přenosem genu 
kódujícího PI byla v roce 1987 publikovaná transformace 
tabáku genem pro inhibitor trypsinu  z bobovité rostliny 
vigny.  

Doposud bylo pro transgenozi rostlin pou�ito asi 
14 genů kódujících PI. Převá�ně �lo o inhibitory serino-
vých proteas pocházející z čeledí bobovitých Fabaceae, 
lilkovitých Solanaceae a lipnicovitých Poaceae. Cíleny 
byly převá�ně proti zástupcům hmyzu skupiny Lepidopte-
ra, ale také proti některým �kůdcům zastupujících řády 
Coleoptera a Orthoptera. Předmětem zájmu v�ak nejsou 
pouze geny pro PI pocházející z rostlin, ale té� geny pro PI 
�ivoči�ného původu. Stručný přehled o úspě�ně transfor-
movaných rostlinách sekvencemi PI podává tabulka I.  

Ačkoliv hlavním objektem zájmu je hlavně hmyz, 
inhibitory proteas vykazují i aktivitu vůči houbovým pato-

genům, virům či háďátkům. Inhibitory serinových proteas 
potlačovaly růst polyfágní houby Botrytis cinerea, původ-
ce onemocnění luskovin Fussarium solani f. sp. pisi, či 
patogena brukvovitých Alternaria brassicicola27. PI cys-
teinových proteas pocházející z rý�e exprimovaný 
v transgenním tabáku zvy�oval odolnost vůči potyvirům, 
viru lepivosti tabáku a Y viru brambor. Proti viru mozaiky 
tabáku v�ak PI cysteinových proteas nebyl účinný28. Inhi-
bitory převá�ně serinových a cysteinových proteas byly 
s úspěchem pou�ity pro tvorbu transgenních rostlin odol-
ných vůči některým háďátkům29,30. 

 
 

5. Závěr 
  
Přesto�e byly identifikovány geny kódující celou řadu 

PI pocházejících z různých organismů a bylo jimi transfor-
mováno mnoho druhů rostlin, vývoj tohoto typu transgen-
ních rostlin je stále je�tě na svém počátku. Výzkum pouká-
zal na celou řadu limitujících a často i negativních faktorů 
v současnosti omezujících �ir�í vyu�ití transgenních plodin 
exprimujících PI a dodnes nebyla �ádná taková rostlina 
uvolněna pro komerční praxi. 

Významným omezením rychlej�ího vývoje této strate-
gie GM rostlin je nesmírná variabilita trávicích proteas 
hmyzu, kdy je odhadováno, �e ve střevě se vyskytuje více 
ne� jeden tisíc rozdílných enzymů. Je tedy nemo�né ovliv-

Tabulka I  
Některé hmyzu odolné transgenní rostliny exprimující geny pro inhibitory proteas �ivoči�ného a rostlinného původu 
(přehled Schuler a spol., 1998, cit.6) 

PI Cílový hmyz Transformované rostliny 
Anti-chymotrypsin z Manduca sexta Homoptera bavlník, tabák 
Anti-elastasa z Manduca sexta Homoptera vojtě�ka, bavlník, tabák 
α-Antitrypsin (α1 AT) Lepidoptera brambor 
Antitrypsin z Manduca sexta Homoptera bavlník, tabák 
Hovězí pankreatický inhibitor trypsinu Lepidoptera, Orthoptera salát, petúnie, brambor, tabák, jetel plazivý 
PI ze sleziny Lepidoptera brambor 
C-II (PI sóji) Coleoptera, Lepidoptera řepka, topol, brambor, tabák 
CMe (inhibitor trypsinu ječmene) Lepidoptera tabák 
CMTI (inhibitor trypsinu dýně)   tabák 
CpTI (inhibitor trypsinu luskovin) Coleoptera, Lepidoptera jabloň, řepka, salát, brambor, rý�e, 

jahodník, slunečnice, sladké brambory,  
tabák, rajče 

MTI-2 (PI hořčice) Lepidoptera Arabidopsis, tabák 
OC-1 (PI rý�e) Coleoptera, Homoptera řepka, topol, tabák 
PHV (PI soji) Lepidoptera brambor, tabák 
Pot PI-I (PI I bramboru) Lepidoptera, Orthoptera petunie, tabák 
Pot PT-I (PI II bramboru) Lepidoptera, Orthoptera tabák, salát, rý�e, bříza 
SKTI (Kunitzův inhibitor trypsinu sóji) Lepidoptera brambor, tabák 
PI I rajčete Lepidoptera vojtě�ka, tabák, rajče, lilek 
PI II rajčete Lepidoptera tabák, rajče 
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nit expresí jednoho PI v�echny proteasy hmyzu2. Pro navo-
zení odolnosti transgenních rostlin tedy bude nezbytné 
vná�et více genů pro PI, li�ících se v mechanismu působe-
ní či geny pro dal�í insekticidní látky. Hmyz je navíc scho-
pen kompenzovat inhibici jednoho proteolytického enzy-
mu vyu�itím jiného, který není ovlivněn31, či jednodu�e 
přejít na produkci enzymů k PI necitlivých32−36. V někte-
rých případech byl dokonce pozorován opačný efekt ex-
prese PI v transgenní rostlině ne� sní�ení jejího po�kození. 
�kodlivý hmyz sice vykazoval inhibici proetolytických 
enzymů, tuto si v�ak kompenzoval jednodu�e tím, �e zkon-
zumoval více rostlinné hmoty37,38. Letální účinek PI také 
není v�dy 100%, často dochází pouze ke zpomalení vývoje 
hmyzu či sní�ení jeho plodnosti39. 

Z hlediska praktického vyu�ití je nezanedbatelnou 
otázkou také mo�ný ne�ádoucí vliv rostlin exprimujících 
PI na necílové organismy. Ať u� se jedná o přímou konzu-
maci rostlinných částí obsahující PI či o potravní vztahy 
predátorů a jejich potravy, které byly vystaveny účinkům 
PI, nelze tuto skutečnost přehlí�et40−42. Rostliny exprimují-
cí PI jsou předmětem hodnocení potenciálních rizik stejně 
jako v�echny ostatní transgenní plodiny uvolněné do pro-
středí nebo u kterých je jejich uvolnění plánováno43,44. 
Potenciální rizika PI pro �ivočichy a člověka nebyla zatím 
podrobněji studována vzhledem k tomu, �e výzkum se 
doposud zaměřoval pouze na aspekty spojené s vývojem 
metodik a studium mechanismů účinku vůči cílovým sku-
pinám organismů. 

Efekt a vyu�ití transgenních rostlin exprimujících PI 
nelze doposud srovnávat např. s Bt-rostlinami, neboť vý-
zkum v oblasti PI probíhá nesrovnatelně krat�í dobu. 
Dodnes publikované výsledky v�ak poukazují na to, �e PI 
budou v budoucnu jedním ze způsobů efektivní kontroly 
�kodlivých činitelů a najdou si své místo v integrované 
ochraně rostlin. 

 
Práce vznikla za podpory grantů Ministerstva �kol-

ství, mláde�e a tělovýchovy ČR M�MT 1PO5ME800 
a MSM 60076658-06 a Grantové agentury ČR GA ČR-31/
H160. 
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Contemporary cultivation of field crops utilizes new 

findings of biotechnologies, specifically recombinant 
DNA and transgenous techniques to an ever-increasing 
extent.  Transgenic plants enriched in various new genes 
already became common practice in agriculture of a num-
ber of developed but also developing countries. The re-
search in this field intensively grows, also entirely new 
directions, in addition to already proved gene manipula-
tions, are the subject of interest. The contribution deals 
with classification and function of some protease inhibitors 
utilizable in transgenosis of plants. It concentrates also on 
the aspects associated with possible use of their recom-
bined genes in enhancement of resistance of plants to in-
sect pests and some pathogens. Some examples are given 
of important transgenic plants which already express genes 
for most important protease inhibitors. 
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Abstract

We have applied a simple method for evaluation of gfp gene expression in plants using a CCD camera and 
computerized processing of images. Transgenic tobacco plants were obtained by Agrobacterium tumefaciens-mediated 
transfer of plasmid T-DNA bearing a m-gfp5-ER sequence governed by the 35S promoter together with the nptII
selectable marker gene. Presence of the gfp gene in plants was confirmed by a polymerase chain reaction method. 
Mean brightness values measured using image analysis software showed differences between transgenic and control 
plants and suggest the possibility of rapid selection of transgenic individuals among regenerants and their progenies. 

Additional key words: CCD camera, computerized processing, gfp expression, image analysis, Nicotiana tabacum.  

����

One of the main obstacles in plant transgenosis is the 
limited possibility of a simple and efficient selection of 
transgenic individuals among numerous plants of the first 
(T0) generation of regenerants. Although relatively 
efficient systems (based on co-transfer of selectable or 
marker gene(s) with the gene of interest) allowing the 
selection on media containing antibiotics or other 
substances were developed (for review see Miki and 
McHugh 2004) those of different reasons are not 
generally applicable to a wide scale of materials. The aim 
of this work is to contribute to the development of 
selection schemes, which either alone or in a combination 
with selectable marker(s) would be applicable to any 
higher plant species and enable use of the automated or 
semi-automated computer driven basic laboratory 
instruments as well as preliminary evaluation of gene 
expression. 

Many marker genes are used in plant molecular 
biology in the present time. One of these is the gene 
coding for green fluorescent protein (GFP) isolated from 
Pacific jellyfish Aequorea victoria, first described by  

Prasher et al. (1992). GFP became a powerful tool in  
biology for the studying gene expression, protein 
localization and transport, and many applications in plant 
research have been reported (Harper et al. 1999, Halfhill 
et al. 2001, Miki and McHugh 2004). Mostly, the 
application of GFP does not require a destructive 
preparation of studied samples as in the case of �-glucu-
ronidase (GUS) assay and allows investigation of living 
organisms in real time (Hu and Cheng 1995). Many GFP 
variants have been created differing in their excitation 
and emission spectra or in their cell targets (Stewart 
2001). In some cases it is suitable to study not only the 
presence and localization of GFP but also to quantify its 
activity. We have therefore, performed experiments with 
a view to detect the activity of gfp in transgenic tobacco 
plants by stereomicroscope and to use the computer-aided 
quantification of its signal.  

Sterile true leaves detached from aseptically 
cultivated Nicotiana tabacum, cv. Petit Havana, SR1 WT 
plants (Maliga et al. 1973) were used for Agrobacterium
mediated leaf disc transformation according to Horsch  

����
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et al. (1985). A. tumefaciens strain LBA 4404 carrying 
binary vector pBINm-gfp5-ER (provided by J. Hasseloff, 
Department of Plant Sciences, University of Cambridge, 
UK) was used. The vector contains a modified gfp gene 
with endoplasmic reticulum (ER) retention signals 
mutated to allow visualization at UV (395 nm) or blue 
light (473 nm). Co-cultivated and control (non 
transformed) leaf disks were grown under in vitro
conditions in a growth chamber (16-h photoperiod,  
40 - 70 µmol(PAR) m-2 s-1, 22 - 25 °C) on a basal 
Murashige and Skoog (1962; MS) medium supplemented 
with growth regulators and selective antibiotics (Horsch 
et al. 1985). Regenerated T0 plants were maintained  
in vitro on a basal MS medium. Putative transformants  
(14 selected plants) and one control plant were 
transferred to soil and grown in a glasshouse under 
optimum temperature 21 - 23 °C. Dried seeds obtained 
from 12 selfed plants were surface sterilized with 70 % 
ethanol for 2 min and then for 45 - 65 min in commercial 
bleach containing 1.6 % m/v sodium hypochlorite and  
0.1 % Tween 20. Seeds were then rinsed 4 times with 
sterile distilled water and sown dispersed in 0.125 % agar 
(Difco Bacto Agar, Difco Laboratories, Sparks, USA) on 
MS medium supplemented with 500 mg dm-3 kanamycin. 
Petri dishes (9 cm) with seeds were maintained for  
5 weeks in a growth chamber under the same conditions as 
regenerated plants. Selected T1 seedlings (11 + 1 control) 
were transferred to fresh MS without antibiotics. Plants 
thus obtained were used for further experiments. No 
visible differences in plant morphology and development 
between transgenic and control plants were observed 
either in vitro or in vivo

To confirm the presence of gfp gene in transgenic 
tobacco plants, DNA was isolated from 2-month-old 
leaves as described by Edwards et al. (1991). The in vitro
plants used for analyses formed at that time only a ground 
rosette consisting of 3 - 5 true leaves. The primers gfp0
(5´-ATG TTG CAT CAC CTT CAC CC) and gfp1
(5´-AAG CTT ACA GTC TCA AAG ACC AAA G) 
were used to specifically amplify a region of 570 bp. PCR 
reactions were performed in 0.02 cm3 reaction mixture 
containing buffer (10 mM Tris-HCl, 1.5 mM MgCl2,
50 mM KCl, pH 8.3), 200 �M of each dNTP, 0.16 µM of 
each primer gfp01 and gfp1, 1 U of Taq polymerase 
(Top-Bio, Praha, Czech Republic) and approx. 50 ng 
DNA. The samples were amplified using 35 cycles  
(94 °C for 30 s, 52 °C for 30 s, 72 °C for 45 s) and 
analysed on 2 % agarose gels stained with ethidium 
bromide in TAE buffer. PCR product corresponding to 
gfp was found in all 11 putative transgenic samples, but 
not in the control sample (data not shown). 

Other leaves detached from the same transgenic and 
of one control plant were used for further microscopic 
GFP study. Samples were studied in a normal position 
with the abaxial side uppermost on a Petri dish in a 
droplet of distilled water to prevent desiccation and 

following destruction of tissues. A Leica MZ 12 stereo 
dissecting microscope equipped with a fluorescence 
module consisting of 100 W mercury lamp and GFP 
excitation and emission filters (Leica, Heerbrigg, 
Switzerland) integrated with CCD camera was used for 
the study. This set (excitation filter 480/40 nm, dichroic 
mirror 505 nm LP, barrier filter 510 nm LP), black-white 
CCD camera Cohu (San Diego, USA) permits the 
visualization and detection of GFP following tissue 
excitation by blue light. Emitted GFP signal was analysed 
by Lucia®4.71 software (Laboratory Imaging, Praha, 
Czech Republic). Leaves were analysed immediately 
after their separation from plants.  

Objective magnification (1.6�) and 1.6 optical zoom 
were set up on the Leica MZ 12 stereomicroscope. Two 
different approaches to obtain data were performed. First, 
each leaf was scanned from the tip to the base along the 
midrib. Second, the same leaf was than scanned around 
its perimeter, excluding the midrib conductive bundles. 
Mean brightness (MB) values were collected from a 
defined area (4.2 mm2) and statistically processed using 
the Student’s t-test by means of Statistica® software 
(StatSoft, Tulsa, USA). Two to three leaves of each plant 
were scanned. From each leaf at least 9 measurements 
were performed. Based on our finding from previous 
experiments that leaves of different non-transformed 
(control) plants show very low MB variability (data are 
not given here) only one plant was used as a control.  

Results of the t-test showed pronounced differences of 
MB values between transgenic and non-transgenic 
(control) plants (Table 1). All transgenic leaves provided 
visual fluorescence when compared to the control leaves 
(Fig. 1). Fluorescence outcomes from the area close to the 
midrib demonstrate considerable variability in MB values 
between individual measurements. This observation 
corresponds with the high level of standard deviation 
(SD) of MB among tested samples. Data collected from 
the perimeter of each leaf, excluding the midrib part, 
demonstrate lower levels of SD, except plants 4 and 10. 
However, differences of SDs in these two cases were not 
significant. High SD in the medial region of leaves are 
most probably caused by the influence of the midrib, 
which exhibits stronger fluorescence than the surrounding 
tissue. Although leaves of the same physiological age 
were used, some of them had a stronger midrib than 
others, which resulted in a higher fluorescence and thus 
also in higher MB values. This discrepancy was avoided 
by collecting data from the leaf perimeter, which had 
lower SD. We suggest that areas away from the midrib 
should be selected for further use and development of this 
method.  

Data also showed differences in MB values within 
transgenic leaves from different plants. For example, the 
fluorescence from leaf 10 was practically invisible and 
MB was also very low, whereas fluorescence and MB 
from plant 3 was extremely high. This is probably due to  
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Table 1. Mean brightness (MB) values of fluorescence signals obtained as summarized outcomes from Lucia®4.71 software following 
the scanning of transgenic and control leaves. Two to three leaves of each plant were scanned. From each leaf two groups of data were 
collected (with and without midrib) and at least 9 measurements were performed (C denotes control, * - MB values significantly 
different at P � 0.01 from corresponding ones measured on a control plant). 

Plant number 1 2 3 4 5 6 7 8 9 10 11 C 

MB from the medial part of leaves (including the midrib) 
MB � SD 134.03

�26.00*
11.92
�5.11*

226.55
�24.29*

13.58
�4.74*

  87.72 
�26.19*

  7.18 
�5.05*

143.85
�57.09*

  95.86 
�43.52*

78.14
�9.36*

  1.12 
�0.17

134.98
�23.79*

  0.91 
�0.14

MB from the periphery of leaves (excluding the midrib) 
MB � SD 137.16

�15.82*
11.12
�2.02*

219.38
�14.60*

13.92
�3.09*

46.16
�6.76*

18.64
�7.75*

  86.04 
�14.45*

  55.46 
�10.36*

47.73
�7.69*

  1.33 
�0.20*

  69.49 
�10.74*

  0.47 
�0.11

Fig. 1. Example of fluorescence image obtained after the
illumination of tobacco leaves with 480/40 nm light using Leica 
MZ 12 stereomicroscope equipped with a fluorescence module
(objective magnification - 1.6�, optical zoom - 1.6�) and black-
white CCD camera Cohu. Sample of transgenic plant 1 emits
high fluorescence signal (white spots) opposite to the control
plant tissue, which is undistinguishable of the low background
noise. Region free of the midrib is presented here. Arrow
indicates the position of conductive bundles on abaxial side of
the leaf surface of transgenic plant. 

different copy numbers of transgenes inserted in the plant 
genome and/or their total expression level, which may be  

influenced by gene silencing (Voinnet and Baulcombe 
1997). This idea could be confirmed by Southern blot 
analyses and quantification of recombinant protein. 
However, these analyses were not performed, because the 
aim was to show whether this approach for studying gfp
expression is possible.  

Many other systems for studying fluorescence events 
are now available. They include the use of various high-
sensitivity UV lamps, spectrofluorometers, scanning laser 
systems and GFP meters (Millwood et al. 2003). 
However, all these instruments, designated for detection 
and quantification of various fluorescent compounds, are 
expensive and can be used only for the purposes they 
were developed for. The detecting set we used here is 
designated for universal image analyses and represents a 
new potential utilisation for laboratories equipped with 
this arrangement and adds value to this set. It was 
demonstrated here in accordance to other authors 
(Soukupová and Albrechtová 2003) that results of signal 
quantification with image analysis may greatly depend on 
the character and procedure used. If it is done in full 
respect of conditions and knowledge of plant anatomy it 
can gain reliable and interesting results. The preliminary 
results presented in this paper showed, that the detection 
and quantification of GFP signal from transgenic plant 
tissue by CCD camera and Lucia® 4.71 imaging software 
is possible and promising. 
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Abstract Transformation of plants is a popular

tool for modifying various desirable traits. Mar-

ker genes, like those encoding for bacterial

b-glucuronidase (GUS), firefly luciferase (LUC)

or jellyfish green fluorescent protein (GFP) have

been shown to be very useful for establishing of

efficient transformation protocols. Due to

favourable properties such as no need of exoge-

nous substrates and easy visualization, GFP has

been found to be superior in to other markers in

many cases. However, the use of GFP fluores-

cence is associated with some obstacles, mostly

related to the diminishing of green fluorescence in

older tissues, variation in fluorescence levels

among different tissues and organs, and occa-

sional interference with other fluorescing com-

pounds in plants. This paper briefly summarizes

basic GFP properties and applications, and de-

scribes in more detail the contribution of GFP to

the establishment, evaluation and improvement

of transformation procedures for plants. More-

over, features and possible obstacles associated

with monitoring GFP fluorescence are discussed.

Keywords Agrobacterium tumefaciens Æ Green

fluorescent protein Æ Particle bombardment Æ Plant

transformation Æ Selection

Abbreviations

GFP Green fluorescent protein

GUS b-Glucuronidase

LUC Firefly luciferase

RT-PCR Reverse transcription polymerase

chain reaction

gfp Green fluorescent protein gene

uidA b-Glucuronidase gene

Introduction

Genetic transformation of plants is a promising

method not only for improving various agronomic

and/or horticultural traits, but also for funda-

mental studies of plant physiology (Bauchera

et al. 1998; Smirnoff and Wheeler 2000), genetics,
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molecular and cell biology (Kocábek et al. 1999),

pathology (Franchea et al. 1998; Panstruga 2004)

and other areas. The development of plants with

new qualitative or quantitative traits is the pri-

mary objective of plant transgenesis. The suc-

cessful introduction of new desirable traits usually

requires the development of an efficient and reli-

able transformation protocols. Such protocols

should contribute to the development of the most

efficient strategy for transferring the genes into

plant cells (Chilton et al. 1977; Klein et al. 1987),

selection and regeneration of putative transgenic

cells (Miki and McHugh 2004) and subsequent

recovery of transgenic plant(s). Generally, model

genes, which allow for the critical assessment of

each step in the procedure, are the most suitable

for such fundamental studies. The use of visual

markers, which enable direct observation of

transformation events, results in a more precise

and easier evaluation of various treatments and

procedures. They can increase transformation

efficiency by reducing the time and amount of

material to be handled and screened (Baranski

et al. 2006) allowing the most efficient, reliable

and reproducible transformation protocol to be

established. The ideal marker should possess the

following desirable traits. First, it should be

readily expressed in plant cells or capable of being

engineered for such expression by molecular

biology methods. Second, its expression should be

easily visualized, and finally, the marker should

not be toxic or affect in any way the physiology of

living intact plants. Many genes coding for various

markers are available now. Markers such as

b-glucuronidase (GUS) (Jefferson et al. 1987),

luciferase (LUC) (Ow et al. 1986) or b-galactosi-

dase (LacZ) (Helmer et al. 1984) have become

very popular tools for monitoring gene expression

in transgenic plants. However, these require either

destructive assays of the studied sample or the

addition of exogenous substrates or some other

cofactors for their manifestation. These markers

usually do not offer the possibility of determining

the exact transgenic status of plants, while also

monitoring the transgene expression in real time

and in living plants. On the other hand, green

fluorescent protein (GFP) marker, in principle,

allows for the monitoring of transgene expression

from early stages of the transformation procedure

though the recovery of living transgenic plants.

Moreover, GFP manifestation does not require

the addition of any interfering substances like

exogenous substrates or enzymes. Thus plants can

continue their growth and development, and can

be investigated repeatedly at any growth stage

(Heim et al. 1995; Chiu et al. 1996). This repre-

sents a huge benefit for using GFP as a visual

marker during genetic transformation and regen-

eration of transgenic plants.

Molecular structure, properties and use of GFP

GFP was isolated from the pacific jellyfish

Aequorea victoria and first described by Prasher

et al. (1992). GFP transforms the luminescent

blue light emitted by another hydromedusas

protein, aequorin, into green light. The fluo-

rescing chromophore of GFP is formed by post-

translational modification in which a tripeptide

Ser65-Tyr66-Gly67 is cyclized and later oxi-

dized. This chromophore is in the geometric

centre of the protein to which it is covalently

attached (Shinomura 1979; Cody et al. 1993).

Eleven b sheets form a barrel structure that is

capped with a-helices on the top and bottom of

the protein. a-helices also form a scaffold for

the centrally placed chromophore. GFP repre-

sents a new class of proteins called ‘‘beta can’’.

Wild type GFP is a dimer consisting of two

monomer units, each consisting of 238 amino

acids with a relative molecular weight of

27 kDa. The diameter of the barrels is 30 Å and

length is 40 Å (Yang et al. 1996a). This wild

type GFP emits light after excitation by UV

(k = 360–400 nm) or blue (k = 440–480 nm)

light with emission spectra at k = 509 nm and

with a minor peak at k = 540 nm. GFP does not

require any endogenous cofactors and substrates

or exogenous compounds for fluorescence

manifestation, because the formation of the

chromophore is either an autocatalytic process

or it requires only ubiquitous cellular compo-

nents (Heim et al. 1994; Misteli and Spector

1997). GFP possesses a rigid structure with a

broad stability range in pH 5–11 at tempera-

tures up to 65�C (Tsien 1998). It maintains its

fluorescence even in the presence of strong
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denaturing agents such as 6 M guanidine HCl,

8 M urea or 1% sodium dodecyl sulphate (Yang

et al. 1996a).

Due to its favourable features, GFP rapidly

became a popular tool in various applications in

biology research. During the last decade, it has

been introduced into a wide range of organisms,

including bacteria, yeasts (Morschhäuser et al.

1998), nematodes (Chalfie et al. 1994), insects

(Wang and Hazelrigg 1994), fish (Kinoshita 2004),

mammals (Zolotukhin et al. 1996) and plants

(Chiu et al. 1996). Its suitability for plant trans-

formation was first demonstrated by Niedz et al.

(1995), who successfully inserted wild type GFP

into sweet orange (Citrus sinensis) protoplasts.

Transformation of other plant species soon fol-

lowed, but complications with low expression and

quenching of fluorescence occurred (Hu and

Cheng 1995). Detail sequence analysis performed

by Haseloff et al. (1997) revealed the existence of

a cryptic intron in the wild type GFP gene se-

quence. Its presence resulted in aberrant splicing

between nucleotides 380–463 during processing in

plant cells and finally the loss of the 84-nucleotide

region. A new variant, denoted mGFP4, was de-

rived by altered codon usage, maintaining the

same spectral characteristics as wild type GFP,

but resulting in enhanced protein fluorescence

(Haseloff et al. 1997). Subsequently, many other

GFP variants have been developed, differing in

their spectral characteristics, fluorescence inten-

sity or cell targets, e.g. nucleus, endoplasmic

reticulum, plastids (reviewed by Stewart 2001).

Different colour GFP variants offer simultaneous

tracking and study of various biological events

(Baumann et al. 1998; Haseloff 1999). GFP has

been used for various purposes in plant research,

e.g. for the study of the expression patterns of

promoters (Sheen et al. 1995; Nagatani et al.

1997), protein tagging (Chytilova et al. 1999;

Shiina et al. 2000), disease tracking (Itaya et al.

1997), developmental studies (Misteli and Spector

1997), expression studies and ecological moni-

toring of transgene spread (Halfhill et al. 2001).

GFP is being increasingly used for various pur-

poses associated with the transformation of plants

(Baranski et al. 2006; Yong et al. 2006). Nowa-

days, many GFP homologues originating from

various organisms are available, allowing for

broad range of use in biology (Chudakov et al.

2005) (Table 1).

Although some concerns about the possible

toxicity of GFP to plants were raised, these have

not been confirmed (reviewed by Stewart 2001).

GFP did not appear to have any adverse effects

on plant growth, development and fertility

(Maximova et al. 1998; Ghorbel et al. 1999;

Harper et al. 1999; Jordan 2000; Kaeppler et al.

2000; Murray et al. 2004). Moreover GFP has

been found to be non-toxic to rats when ingested

in purified form or in transgenic plants (Richards

et al. 2003a).

GFP as a tool for evaluation of transformation

parameters

Although many different approaches to plant

transformation are available, most of them in-

volve the insertion of exogenous DNA into plant

nucleus via Agrobacterium-mediated transfer

(Chilton et al. 1977) or particle bombardment

(Klein et al. 1987). Transformation methods dif-

fer in their suitability for various purposes and

plant species (Finer et al. 1999; Repellin et al.

2001), DNA integration patterns (Christou 1995;

Birch 1997; Christou 1997) and their efficiency

(Snape 1998). It has been shown by many authors

that the development of any of transformation

procedures may be much faster and more efficient

if proper signal gene(s) are used throughout the

study (Birch 1997; Baranski et al. 2006).

Compared to other signal genes, GFP has an

advantage of wide range of applications covering

whole areas of transformation and regeneration

procedures. The transformation events, formation

of calli followed by the emergence of fluorescing

shoots can all be observed sequentially in each

step of transformation and during different pha-

ses of development by fluorescence microscopy.

GFP-expressing cells and tissues can easily be

distinguished from untransformed ones, without

destroying the studied material (Kamaté et al.

2000). The ratio between fluorescing and non-

fluorescing cells, shoots and various organs as a

measure of transformation efficiency has been

successfully used to improve the various stages

and procedures in transformation protocols.
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Steps, such as the selection of the most suitable

Agrobacterium strain for transient and stable

expression studies (Galperin et al. 2003; Tang and

Newton 2005), determination of the suitable

acetosyringone concentration in co-cultivation

medium (Jeoung et al. 2002; Tang and Newton

2005; Wang and Ge 2005), or the optimisation of

other various pre-cultivation, co-cultivation

(Zhou et al. 2004) and post-transformation steps

(Eady et al. 2000; Cardoza and Stewart 2003),

including e. g. the effect of the antibiotic treat-

ment on explant viability, were critically assessed

using the GFP marker (Tang and Newton 2005).

Based on differences in GFP fluorescence, the

effect of desiccation of co-cultivated explants on

efficacy of transformation has also been analysed

(Polin et al. 2006). For example, Baranski et al.

(2006) successfully employed the GFP fluores-

cence for critical assessment of the whole trans-

formation procedure of the Agrobacterium

rhizogenes-mediated transformation of carrot.

Based on the green fluorescence intensity they

selected the most virulent Agrobacterium strain,

effective acetosyringone concentration and the

most suitable carrot genotype for transformation.

Moreover, they were able to assess other param-

eters, such as the effect of delayed inoculation on

the number of adventitious roots production.

In order to achieve higher efficacy of direct

transformation, the gfp expression has been suc-

cessfully used as an efficient tool for evaluation

and subsequent modification of various parame-

ters and procedures associated with particle

bombardment transformation, such as the selec-

tion of appropriate tissue to be bombarded

(Huber et al. 2002; Tee et al. 2003), modification

of gene gun settings (Richards et al. 2001), opti-

misation of bombardment parameters (Jordan

2000), and evaluation of various promoters (Cho

et al. 2002; Tee et al. 2003).

Monitoring the gfp expression in primary
transformed tissues

At the beginning of the tissue transformation the

GFP fluorescence is usually visible in the cuts or

other wounded sectors (Zhou et al. 2004), but

sometimes it can be confused with a false

autofluorescence of wounded tissues (Molinier

et al. 2000). For example, high levels of back-

ground green fluorescence were observed in both,

untransformed (control) and transformed flax

hypocotyls. This precluded their use in GFP

studies and therefore different plant organs were

chosen for this purpose. Moreover, in some cases,

transformed tissue could possess so strong auto-

fluorescence, that green fluorescence could not be

easily distinguished (Hraška and Rakouský 2005).

Low levels of background fluorescence of var-

ious compounds in intact, wounded and untrans-

formed tissues and/or in Agrobacterium strains do

not usually impede the successful detection of

GFP fluorescence and can be restricted by

implementation of suitable filter systems (Max-

imova et al. 1998; Elliott et al. 1999).

A strong GFP fluorescence signal is usually

visible within a few hours after co-cultivation,

indicating high levels of transient gfp expression,

which usually decrease within a few days (Elliott

et al. 1999; Mercuri et al. 2001; Jeoung et al 2002;

Pishak et al. 2003). This has also been reported if

other marker genes, (e.g. GUS) were used

(Rakouský et al. 1997). Detailed study of gfp

transient expression in transformed apple leaf

explants showed an increase in GFP fluorescence

after 9 days of bacterial infection, followed by

decrease and stabilization of fluorescence be-

tween 11th and 15th day. This was most probably

the result of degradation of non-integrated

T-DNA or gene silencing of integrated T-DNA.

The fluorescence increased at 15 days after

transformation, indicating growth of stably

transformed cells and transgenic calli formation.

Another observed event was the high number of

fluorescing cells associated with the cut vascular

tissues. This was explained as being due to a

higher cell number and density in vascular tissue

or due to vascular tissues being more susceptible

to Agrobacterium infection (Maximova et al.

1998).

The level of GFP fluorescence differs depend-

ing on target genotype and tissue, gfp variant and

the promoter used. For example, if barley

immature embryos were transformed with gfp

gene driven by either rice actin gene (Act1) pro-

moter or endosperm-specific hordein promoter,

they exhibited stronger transient gfp expression
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when driven by Act1 promoter than by the second

one. On the other hand, endosperm-specific-

hordein-promoter-driven gfp possesses more sta-

ble expression in T1 progeny than Act1 driven gfp

(Cho et al. 2002).

Following the transformation and subsequent

regeneration, only a small number of fluorescing

foci stay fluorescent for periods, long enough to

indicate stable genetic transformation. This event

has been reported for many plant species such as

wheat (Jordan 2000), barley (Ahlandsberg et al.

1999; Carlson et al. 2001), oat (Cho et al. 2003),

soybean (Ponappa et al. 1999), papaya (Zhu et al.

2004), Dendrobium orchid (Tee et al. 2003) and

tobacco (Li and Yang 2000). No correlation be-

tween the level of transient expression and the

subsequent level of stable transformation has

been observed (Huber et al. 2002).

Monitoring of the gfp expression in trans-

formed tissue can be used to improve the selec-

tion efficiency during the subsequent plant

regeneration. For example, if the GFP fluores-

cence was observed during the regeneration of

explants cultivated on media supplemented with

hygromycin as a selective agent, it resulted in

stringent, 4.5% transformation efficiency of red

fescue and 82% regenerability, giving an effective

transformation frequency 3.7% (Cho et al. 2000).

The following example presents quite a different

story: monitoring of green fluorescence was used

as a tool for critical comparison of the efficacy of

two strategies for rhododendron transformation,

Agrobacterium-mediated and direct transforma-

tion. Successful Agrobacterium-mediated trans-

formation of Rhododendron was previously

reported by many authors (Ueno et al. 1996;

Pavingerová et al. 1997; Tripepi et al. 1999).

Knapp et al. (2001) reported a surprisingly low

transformation efficacy (0.2%) after using the

particle bombardment of rhododendron leaves as

compared with the Agrobacterium-mediated

transformation efficacy of 5% reported by Ueno

et al. (1996). Based on these findings some pos-

sible reasons such as the difficulties of penetration

of hard and waxy leave cells by gold particles, cell

death caused by wounding by gold particles or

degradation of naked DNA, were hypothesised

and subsequently the transformation protocol was

refined (Table 2).

GFP manifestation in regenerating shoots and

mature plants

Following the recovery of a new transgenic plant,

GFP fluorescence is usually visible in new

emerging shoots and young tissues or organs,

whereas it declines to give a weak signal in older

ones (Kamaté et al. 2000; Tamura et al. 2003;

Zhou et al. 2004). On the other hand, the vari-

ability in green fluorescence in early transforma-

tion stages was reported by some authors (Eady

et al. 2000; Taniguchi et al. 2005). During sub-

sequent regeneration the fluorescence normally

declines to the extent that it is not visible in older

tissues or organs. Weak or no fluorescence has

normally been observed in mature leaves (Ka-

maté et al. 2000; Cho and Widholm 2002; Cui

et al. 2003; Zhou et al. 2004; Taniguchi et al.

2005), with the occasional occurrence of small

fluorescing regions in some cells (Eady et al.

2000) or organs, e.g. trichomes (Mercuri et al.

2001; Han et al. 2005) or stomatal guard cells

(Kim et al. 2004). On the other hand, GFP fluo-

rescence was normally visible in inflorescences,

petals, stamens and pistils (Cui et al. 2003; Zhou

et al. 2004), roots (Elliot et al. 1999; Zhou et al.

2004), whole flowers, plantlets and seedlings

(Kamaté et al. 2000; Zhou et al. 2004), suggesting

that the reason for low levels of GFP fluorescence

in older leaves is associated with the increasing

content of chlorophyll, which possess strong red

autofluorescence, or other flourescing com-

pounds.

Lowering of overall gfp expression level during

the growth and development of organs may not

be the sole reason for diminishing of fluorescence.

Some authors studied this event in a more de-

tailed way. For instance, Zhou et al. (2004) also

reported high GFP fluorescence in young Medi-

cago truncatula, var. A17 leaves and lowering of

the fluorescence in older leaves. Based on it they

decided to study mRNA levels in leaves of dif-

ferent age. Semi-quantitative RT-PCR showed

similar RNA transcript spectra in all samples,

indicating that the lack of expression is not the

reason. An important fact is that, for many stud-

ies gfp driven by constitutive promoters such as

CaMV 35S or Act1 were mainly used, and

although their constitutive features in transgenic
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plants have been reported (Benfey et al. 1989;

Battraw and Hall 1990), recent studies revealed

that some differences in expression can occur

(Williamson et al. 1989; Malik et al. 2002; Sun-

ilkumar et al. 2002).

Therefore, some spatial or other fluctuations

are possible. Such presumption was confirmed by

Zhou et al. (2004), who reported different gfp

expression patterns in Medicago truncatula plants.

It is not clear whether an aberrant activity of

CaMV 35S promoter is the reason for fluores-

cence quenching, and/or production of a

quenching substance such as protease could also

be involved (Zhou et al. 2004). Finally, the

expression of gfp might be influenced by the

positional effect of inserted transgenes or by co-

suppression due to the higher transgene copy

number (Tamura et al. 2003).

Instrumentation and approaches for GFP

visualization, occurrence of interfering factors
and diminishing of green fluorescence

The fluorescence properties of GFP allow for

detection of gene expression in whole living

plants with some simple UV lamp or more precise

visualization of various events in living cells using

fluorescence microscopy (Haseloff 1999).

Various observation systems are being used to

study the GFP fluorescence. These usually consist

of an excitation source, detection or observation

device and usually appropriate filter sets. Previous

investigations of GFP fluorescence mostly utilised

high-power microscopes, but recent studies usu-

ally found that low-power microscopes and vari-

ous hand-held UV or blue light sources could be

sufficient too (Elliot et al. 1999; Li et al. 2001; Cui

et al. 2003). Some instruments, because they ex-

hibit a wide range of broad-wavelengths and wide

light-diffusion angles, and therefore possess only

limited energy in the wavelengths required for

GFP excitation, can be used in situations of high

gfp expression levels only (Vain et al. 1998). In

addition, various confocal laser scanning micro-

scopes are used for more detailed studies, e.g. of

the precise sub-cellular GFP localization, allowing

for the reconstruction for three-dimensional

structures (Haseloff 1999; Belluci et al. 2003;T
a
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Pérez-Clemente et al. 2004). The use of the

appropriate observation and excitation system is a

prerequisite for successful GFP study. For exam-

ple, Ponappa et al. (1999) reported weaker fluo-

rescent signals after excitation of soybean

embryogenic cultures when 50 W mercury lamp

was used instead of stronger 100 W source.

Intact plant tissue represents a complicated

subject for common fluorescence microscopy.

Deep layers of highly refractile walls and aqueous

cytosol coupled with the occurrence of various

autofluorescence and light scattering compounds

also make confocal microscopy a difficult mission.

To circumvent these obstacles, fixing and clarifi-

cation of studied samples in a high refractive index

medium (1) or the use of suitable optic set (2) is

recommended (Haseloff 1999). Nevertheles, in the

case of Arabidopsis wholemounts, the first ap-

proach was associated with the loss of GFP fluo-

rescence (Haseloff and Amos 1995). It should be

noted in this context that direct visualization of

GFP fluorescence does not require any fixation,

staining or addition of some substrates, and allows

for study of various events within the living cells

such as cytoplasmatic streaming. Moreover, the

presence of various autofluorescent organelles and

compounds can be employed as a useful counter

staining tool. This can be enhanced by addition of

some exogenous substrates (Haseloff 1999).

On the other hand, loss of, or lack of GFP

fluorescence is not always associated with the

interference of various undesirable signals co-

emitted along with the GFP signal. It can also be

caused by pigment, which is opaque to exciting

UV or blue light and thus negatively affects the

effect of exciting light. Mercuri et al. (2001), who

detected sufficient levels of GFP protein in

transgenic Limonium flowers, failed to detect

macroscopic green fluorescence due to the pres-

ence of various floral pigments. Another cause of

the GFP fluorescence quenching in older leaves

may be a change in cytoplasmic density of cells.

This may explain, why the GFP manifestation is

visible better in young cells and organs, than in

older ones, especially leaves, since the vacuoles

devoid of GFP constitute the largest part of

the cell and finally ‘‘dilute’’ the GFP content

(Maximova et al. 1998; Molinier et al. 2000; Cho

and Widholm 2002). As can be seen from the

above discussion, the quenching of GFP signal in

mature or older transformed tissues and organs

commonly occurs.

However, the most important cause seems to be

the chlorophyll red autofluorescence interfering

with the GFP green fluorescence, which finally

obscures the GFP manifestation, so that it is often

only visible in albino tissues lacking the chloro-

phyll such as roots (Cho et al. 2000; Carlson et al.

2001; Huber et al. 2002). The same observations

were published by many other authors (van der

Geest and Petolino 1998; Vain et al. 1998; Pon-

appa et al. 1999; Kaeppler et al. 2000; Jordan

2000; Cho et al. 2002; Zhou et al. 2005), suggest-

ing that the chlorophyll autofluorescence pre-

cludes the GFP visualization in tissues with high

chlorophyll content. In some cases the GFP fluo-

rescence is visible through the chlorophyll back-

ground (Goldman et al. 2003). This can be

effectively enhanced by using appropriate filter

sets cutting off the undesirable autofluorescence

(Ahlandsberg et al. 1999; Jordan 2000; Kamaté

et al. 2000; Molinier et al. 2000; Richards et al.

2001; Taniguchi et al. 2005). A brief list of various

observation devices coupled with suitable filters is

given in Table 3. A different approach was re-

ported by Wahlroos et al. (2003), who used laser-

scanning microscopy for study of putative Brassica

rapa plants, which possess a strong background

fluorescence after the illumination with a hand-

held long-wave UV lamp to confirm the transgene

expression and transgenic status of plants.

Other possible reasons for the poor expression

are developmental or cell specific expression of

35S promoter (Ponappa et al. 1999; Zhou et al.

2004), dilution of GFP content in dividing and

growing cells (Zhou et al. 2004) or gene silencing

(Voinnet and Baulcombe 1997).

Attempts to use GFP as an alternative selection

tool in plant transformations

The early visualization and identification of

transgenic events using GFP fluorescence allows

the regeneration of transgenic cells without any

selective (either negative or positive) pressure.

GFP fluorescence can serve as a tool for

rapid discrimination of transformed and non-
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transformed cells, calli and shoots and hence help

to eliminate untransformed cells and shoots from

further cultivation. Unfortunately, this approach

depends on high transformation frequencies,

resulting in the development of sufficiently large

clusters of cells or organs that can be relatively

easily handled. This requires continuous sup-

pression or removal of untransformed cells, fol-

lowed by sub-culturing of transformed cells. Such

approaches have been found to be labour and

time consuming (Ghorbel et al. 1999). Elliott

et al. (1999) tested the use of visual selection

based on GFP fluorescence in comparison with

conventional antibiotic selection. They bom-

barded sugarcane calli and isolated regenerating

green fluorescent calli. However, it was difficult to

maintain preferential growth of transformed cells,

despite the fact that non-fluorescing cells were

removed. Furthermore the sectioning of calli was

reported to alter the direction rate of growth

within individual clusters of cells. After 12 weeks

they obtained 2.4 ± 0.9 (SE) green fluorescent

calli that reached at least 5 mm in diameter. This

was less than average callus formation on genet-

icin (29.6 ± 1.6). They suggested that the con-

ventional selection is more suitable for routine

production of transgenic plants. Quite similar

conclusions were reported by Jordan (2000), who

cultivated bombarded wheat embryos for the first

4 weeks on a medium without antibiotics, but

additional application of antibiotics led to strin-

gent selection of transgenic plants among regen-

erants. On the other hand, Baranski et al. (2006)

were more successful when they screened

A. rhizogenes-transformed adventitious roots

emerged from co-cultivated carrot root discs for

GFP fluorescence. Roots positive for green fluo-

rescence were selected for further regeneration

and it has been shown that such approach can be

an efficient method for the production of trans-

genic carrot. Although possibilities for selection

exclusively based on a screening for GFP fluo-

rescence are limited, due to difficulties in identi-

fication of fluorescent tissues and plants among

large masses of cells or shoots, some recent re-

ports have confirmed that such an approach is

promising for transformation of some objects, and

represents a new alternative to current selection

schemes (Jordan 2000; Baranski et al. 2006).

Conclusion remarks and further prospects

Green fluorescent protein offers a wide range of

applications in plant biology (Leffel et al. 1997;

Stewart 2001). Although the study of green fluo-

rescence in plants embodies its own obstacles, it

possesses many advantages compared with other

marker genes. Monitoring of GFP green fluores-

cence allows for the rapid non-invasive identifi-

cation of transformed cells and, therefore, early

elimination of non-transformed cells. It has been

shown in many cases that GFP fluorescence has

been successfully used for the critical evaluation

of various transformation parameters resulting

in subsequent modifications of transformation

protocols. Therefore, plant transformation could

be faster and less labour intensive and thus

cheaper. Moreover, it may help to identify and

therefore to reduce negative events associated

with plant transformation (e.g. gene silencing) and

to facilitate the successful recovery of transgenic

plant tissues, which stably express the gene of

interest (El-Shemy et al. 2004). Additionally,

various attempts at quantitative or semi-quanti-

tative detection of GFP fluorescence have been

reported recently (Millwood et al. 2003; Hraška

et al. 2005), allowing for the early identification of

homozygotes (Molinier et al. 2000) or estimation

of recombinant protein content in transgenic

plants (Halfhill et al. 2003; Richards et al. 2003a,

b). Such new methods represent an additional

asset of GFP use to plant transgenesis.
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Marek Hraška Æ Veronika Heřmanová Æ
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Abstract The effect of the type of leaf tissue selected

for the study of green fluorescent protein (GFP) fluores-

cence intensity was investigated here using the T1

generation of transgenic tobacco expressing the m-gfp5-

ER gene. The fluorescence of GFP was detected by flu-

orescence binocular microscope coupled with the CCD

camera and quantified by means of image analyses using

the Lucia1 software. Mean brightness values from vari-

ous leaf tissues were compared. First, an original data

revealing the significant differences in the fluorescence

intensity between the abaxial and adaxial surfaces are

given. Stronger signal was detected on the abaxial side.

Subsequently, the effect of the tissue location within the

leaf surface was investigated and higher fluorescence was

detected on the samples detached from leaf tips. Finally,

the effect of the physiological age of leaves was studied

using the in vitro clonally propagated plants. Leaves from

the analogous positions within the plant body of three

clones were investigated. The decrease in the fluorescence

towards the plant top (youngest leaves) was observed in

all studied plants. Surprisingly, the variability of the flu-

orescence within the clones of studied genotype was high

enough to conclude, that the fluorescence of each indi-

vidual is unique and affected by particular genotype and

environment. Our study showed that the origin of leaf

tissue selected for the GFP quantification is crucial and

that the fluctuations in the fluorescence intensity should

be taken into account when comparing the GFP fluores-

cence patterns of different plants. Moreover, the degree

of fluorescence variability seems to be individually

affected.

Keywords Gene expression � gfp � Fluorescence pattern �
Image analysis � Leaf position

Introduction

Among its many applications within the field of biology,

the gfp gene coding for the green fluorescent protein

(GFP) has a potential to become a very powerful tool for

the monitoring and quantification of the transgene

expression in plants (Halfhill et al. 2003). Although its

use poses many advantages compared to other common

marker genes frequently used in plant biology, monitoring

of its expression is coupled with some limitations and

obstacles. First, the loss, or the quenching, of the fluo-

rescence signal in older tissues, especially leaves, usually

occurs. The presence of some agent, which can mask the

GFP fluorescence and/or is opaque to the excitation signal

represents an obstacle, which could complicate the mon-

itoring of the fluorescence emitted from particular tissue.

Another reason could be the different cytoplasmic density
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of cells in young and older leaves, leading to the ‘‘dilu-

tion’’ of GFP in older tissues and thus weaker

fluorescence (reviewed by Hraška et al. 2006). Moreover,

the fluorescence in older leaves tends to display higher

variability. Second, the variability of the fluorescence

among leaves situated in various positions within the plant

body was previously reported (Halfhill et al. 2001, 2003).

In addition, there was an indication of the influence of

leaf tissue, leaf developmental stage and location within

the plant body on the marker gene detection assay (Pre-

ťová et al. 2001). Unfortunately, those data were still

insufficient for drawing general conclusions since only a

few individuals were tested. Moreover, a different marker,

the uidA gene was used. Another frequently discussed

reason of observed fluctuations in transgene expression

could be the specific tissue and developmental expression

patterns of the promoters used, mostly the constitutive

CaMV 35S (Preťová et al. 2001; Halfhill et al. 2003).

Although the CaMV 35S is generally considered to be a

constitutive promoter, differential expression patterns of

transgenes driven by this promoter have been described

previously for various plant species (Benfey and Chua

1989; Blumenthal et al. 1999; Rooke et al. 2000; Sun-

ilkumar et al. 2002).

Regardless of the exact cause, some reports indicate,

that the expression and/or the detection of marker genes

differ in various developmental stages and tissues of plants

(Preťová et al. 2001; Halfhill et al. 2003). Therefore, it is

evident that the selection of proper tissue for the marker

gene quantification is a crucial point for accurate study of

GFP fluorescence and can affect the final interpretation of

obtained data and their reliability.

The aim of our study was to analyse the GFP perfor-

mance, especially fluctuations in intensity of its

fluorescence, originating from various plant tissues, par-

ticularly leaves, by means of image analyses. Our previous

study of the GFP fluorescence in leaves using this approach

(Hraška et al. 2005) revealed pronounced fluctuations

among various tissues within one particular plant or even

one leaf. Thus, in this work we concentrated our effort on

the deeper mapping of fluorescence intensity variations,

with the aim to define the GFP fluorescence patterns within

transgenic tobacco tissue and further development of the

methodology and objectivity of the GFP fluorescence

evaluations. A detailed study of the physiological back-

ground of observed events was not of our main concern.

Individually obtained T1 plants as well as clonally propa-

gated T1 plants of selected genotypes of transgenic tobacco

plants were used for the purpose of our studies. The

intensity of GFP fluorescence was studied both on the

abaxial and adaxial sides of leaves, on the leaf discs

detached from various positions within the leaf surface and

in leaves of different physiological age.

Materials and methods

Plant material

Transgenic tobacco plants (Nicotiana tabacum, cv. Petit

Havana, SR1 WT) carrying the m-gfp5-ER marker gene

were obtained after Agrobacterium-mediated leaf discs

transformation (Horsch et al. 1985). Transformation and

regeneration procedures were described previously (Hraška

et al. 2005). Putatively transgenic T0 shoots regenerated on

MS medium supplemented with 500 mg l�1 kanamycin-

Kn were excised and transferred onto the MS medium of

the same composition for rooting stimulation. Best looking,

rooting and fresh green explants were transferred into soil

in a greenhouse and grown to maturity under optimum

temperature 21–23�C. Seeds obtained form selfed T0 plants

were surface sterilised and sown on cultivation medium

containing a selective chemical (500 mg l�1 Kn) as

described previously (Hraška et al. 2005). Selected regen-

erated transgenic and control T1 plants were clonally

micropropagated in vitro in a growth chamber and after

roots emergence transferred to the soil and grown up to

maturity in a glasshouse under the same condition as pri-

mary regenerants. Randomly selected T1 transgenic

genotypes denoted G1, G2, G3, G4, G5 and G6 and con-

trol, non-transgenic plants, were used in the following

experiments.

DNA extraction and molecular characterisation

of transgenic plants by PCR

Total DNA was extracted from 3 g of fresh tobacco leaves

of glasshouse cultivated T0 and T1 transgenic and control

plants using the CTAB extraction method, with slight

modification according to Herskowitz (unpublished report)

where an additional centrifugation after the initial heat

incubation was included to decrease the presence of the

semi-soluble pellet that comes down in the first precipita-

tion. Following this step, chloroform-isoamyl alcohol

(IAA) (24:1) was added and the extraction was performed

according to the standard CTAB protocol (Doyle and

Doyle 1990). Approximately 50 ng of total DNA was used

in a PCR amplification performed in a total reaction vol-

ume of 20 ll, containing 2� PPP Combi Master Mix (Top-

Bio, Czech Republic) and 0.16 lM of each primer. The

following primer set was used to specifically amplify a

region of 415 bp gfp5 gene fragment: GFP5-u (50-ACC

CAG ATC ATA TGA AGC GG-30), GFP5-l (50-TTG GGA

TCT TTC GAA AGG GC-30) (Fig. 1). PCR amplification

was performed on a PTC 100 thermal cycler (MJ Research,

USA). Reaction samples were amplified during 32 cycles

(94�C for 1 min, 55�C for 30 s, 72�C for 30 s), followed by
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a final extension at 72�C for 10 min. PCR products were

visualised on 1.5% (w/v) agarose gel stained with ethidium

bromide.

Dot-blot hybridization

To confirm the stable transgene integration into the plant

genome, the dot-blot hybridization was performed.

Approximately 10 lg of DNA were blotted onto positively

charged nylon membrane (Hybond N+, Amersham, Swe-

den) and probed with ca. 850 bp coding region of m-gfp5-

ER gene, generated by PCR using the following primers

designed according to Eady et al. (2000): 50-ACG TCT

CGA GGA TCC AAG GAG ATA TAA-30) and GFP5-b-l

(50-ACG TCT CGA GCT CTT AAA GCT CAT CAT

G-30). Probe labelling with alkaline phosphatase, hybrid-

ization and detection procedures were conducted according

to manufacturer’s instructions (AlkPhos Direct Labelling

Kit, Amersham, Sweden).

RNA isolation and confirmation of transgene

expression by reverse transcription (RT-PCR) analyses

Total RNA was extracted from 100 mg of fresh young

leaves ground by mortar and pestle in liquid nitrogen using

the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA)

according to manufacturer’s instructions and treated with

RNase-free DNase I (Top-Bio, Czech Republic) at final

concentration 25 U/100 ll at 37�C to exclude the residual

DNA contamination and consequent false positives. DNase

was then inactivated by heat treatment at 70�C for 5 min.

First strand of cDNA was synthesised using the oligo-dT

primers and Sensiscript Reverse Transcription Kit (Qiagen,

Valencia, CA, USA) according to manufacturer’s instruc-

tions. A 2 ll sample of cDNA was used in the PCR

amplification, performed as described above and with the

same primers.

Cloning and sequencing of the RT-PCR products

To verify the sequence specifity of polymerase reactions,

gel extracted RT-PCR products from T1 transgenic plants

were subcloned into the plasmid vectors using the PCR-

Script
TM

Amp Cloning Kit (Stratagene, La Jolla, CA,

USA). The nucleotide sequences were determined by non-

radioactive sequencing using the ABI Prism DNA

Sequencer. Sequence data were analysed using the Bio-

Edit (Ibis Therapeutics, Carlsbad, CA, USA) analyses

software.

Protein extraction and native protein PAGE

electrophoresis

Approximately 300 mg of tissue from young fully devel-

oped leaves from T1 transgenic tobacco plants were used

for protein extraction, performed according to Zhou et al.

(2005). Total protein concentrations were determined by

the BCA assay using the BCA Protein Assay Kit (Pierce,

Rockford, IL, USA).

Approximately 40 lg of total protein were subjected to

native gel electrophoresis, carried out on vertical electro-

phoresis system (SE 600, Hoefer, USA) according to

Laemmli (1973). For protein separation, discontinual

electrophoresis system free of SDS, consisting of 10%

stacking gel (pH 6.8) and 15% running gel (pH 8.8) was

used. The separation was performed at 4�C in Na-borate

(pH 8.3) running buffer using constant current of 25 mA .

Separated samples were visualised under the fluorescent

stereo microscope following the excitation of GFP protein

as described previously (Hraška et al. 2005).

Fluorescence microscopy assays

The same observation set and software as described pre-

viously in Hraška et al. (2005) was used in all following

experiments, allowing the macroscopic survey of studied

samples. Intensity of green fluorescence in leaves was

evaluated based on the mean brightness value (MB)

determinations used as relative units. Fluorescence of each

sample (referred as independent measurement) was

examined three times to exclude possible discrepancies of

measurements. Obtained MB values were statistically

evaluated by means of Statistica1 ver. 6.0 software

(StatSoft, Tulsa, USA), using the Main Effects ANOVA

and Multiple Linear Regression modules, with 0.95 con-

fidence interval. The following parameters of GFP

fluorescence in transgenic plants and single leaves were

investigated:

Fig. 1 Schematic diagram of the m-gfp5-ER coding region flanked

by the CaMV 35S promoter and the nos terminator. Positions of used

primers are indicated. The GFP5-u and GFP5-l set of primers yield

the 415 bp product and were used for PCR and RT-PCR analyses.

Primers GFP5-b-u and GFP5-b-l designed according to Eady et al.

(2000) flanked whole m-gfp-ER coding region and were used to

generate the probe for dot-blot hybridization
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1. Differences in the green fluorescence intensity mea-

sured either on the abaxial or adaxial sides of tobacco

leaves were investigated. Samples for fluorescence

measurements were randomly taken from eight

random positions covering the whole area of fully

developed tobacco leaves using a Ø 0.5 cm cork borer.

Three leaves from each of four transgenic plants were

investigated. MB values taken from measuring points

for each leaf surface were summarised as a total

average MB value per particular leaf surface and

compared reciprocally.

2. Variability of the GFP fluorescence within the leaf

surface. From randomly chosen mature transgenic

plants (four individuals), at least four leaves taken

from different positions were examined. Fluores-

cence measurements were performed on the samples

taken by 0.5 cm cork borer from eight defined

positions within the leaf surface as marked on Fig. 2

and MB values for each position were separately

recorded. Based on the results from experiments

performed in the part 1, fluorescence measurements

were done on the abaxial side. Data obtained for

each particular position from various leaves within

one transgenic plant were expressed as arithmetic

averages.

3. Variability in the green fluorescence signals between

leaves of different physiological age within the plant.

Selected four T1 plants were clonally propagated

in vitro. From each of plants, three leaves denoted

A–C (from physiologically oldest-, denoted A, to the

youngest-, the second leaf under the inflorescence)

were investigated. Based on the outcomes obtained

from both previous experiments, all leaves were

scanned from abaxial side and from each leaf at least

ten independent GFP measurements covering the

whole surface were taken. Fluorescence measurements

for each line were performed in 1 day as one data set,

immediately after the leaf discs were excised.

Obtained MB values for each leaf were summarised

and expressed as arithmetic averages representing MB

value for particular leaf and as such used for

subsequent evaluation of spatial fluctuations of GFP

fluorescence.

Chlorophyll a and b extraction and determination

Total leaf chlorophyll was determined spectrophotometri-

cally from leaf extracts in 80% acetone according to Šesták

(1971). Leaf disks were taken using the 0.5 cm cork borer

from defined positions within the leaf surface as marked on

Fig. 2, simultaneously with the samples taken for the GFP

fluorescence studies. Disks from one leaf were assessed as

one sample and chlorophyll content was expressed in

mg gFw�1 as an average value obtained from four repeated

determinations.

Results

Molecular characterisation of transgenic tobacco plants

carrying the m-gfp5-ER gene

Randomly chosen greenhouse T0 plants were subjected for

PCR screening. In these experiments, transformation vector

p-Bin 19 was used as a positive control and total DNA

extracted from un-transformed plants was used as a nega-

tive control. Predicted band with size of 415 bp

corresponding to m-gfp5-ER gene was present in all 12 T0

plants and positive control, whereas no PCR product was

present in control DNA from non-transformed plants

(Fig. 3a), indicating successful transgene integration.

Transmission of the gfp5 gene to T1 progeny was veri-

fied by means of PCR using the same primers and

conditions as for T0 plants. Randomly selected T1 plants

G1, G2, G3, G4, G5 and G6 were subjected for further

analyses (Fig. 3b). The dot-blot hybridization confirmed

stable integration of the transgene into tobacco genome,

when selected samples and positive control yielded strong

hybridization signal (Fig. 3c).

In order to verify the expression of m-gfp5-ER gene,

cDNA corresponding to selected plants was subjected for

PCR amplification and 5 (G2, G3, G4, G5, G6) of the six

transgenic plants shown a clear gene specific band at

expected size of 415 bp, corresponding to the gfp5 tran-

script. No such products were obtained after RT-PCR from

control sample and of relevant RNA samples, which

Fig. 2 Schematic drawing of tobacco leaf showing the locations of

samples excised with cork borer for the chlorophyll and fluorescence

measurements. Eight distinct positions cover the whole leaf area
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excluded the DNA contamination of RNA. Thus, the PCR

product obtained after RT-PCR were solely due to the

presence of a transgene transcript (Fig. 3d). The plant

denoted G1 showed no RT-PCR product and thus was

assumed as a plant with no transgene expression. Sequence

analyses confirmed the authenticity of obtained RT-PCR

products from T1 plants (data not shown).

Presence and activity of GFP protein was verified after

the total leaf protein gel electrophoresis. Green fluorescing

bands with size of 27 kDa corresponding to the commer-

cial GFP standard (Roche Applied Science, Indianapolis,

IN, USA) were observed under the fluorescence stereo

microscope in all five RT-PCR positive samples. No fluo-

rescing protein bands were observed in the case of control

and G1 plant (Fig. 4).

GFP fluorescence microscopy of leaf samples

Intensities of GFP fluorescence significantly differ

on both sides of a leaf

A total number of 192 independent measurements were

performed on leaves taken from various positions within the

transgenic plants G2, G3, G4 and G5. Different intensity of

the green fluorescence was evident on the first sight by

naked eye, when the green fluorescence observed on the

abaxial side was much stronger than from the opposite

(adaxial) one. Moreover, the differences in the fluorescence

intensity between the abaxial and adaxial sides were

revealed during the measurements in all positions within the

leaf surfaces and thus also the differences in the MB values

Fig. 3 Molecular analyses of transgenic plants. PCR products

analysis of T0, transgenic plants rooting on the selective MS nutrition

medium supplemented with 500 mg l�1 Kn (a) and of selected T1

plants derived from selfed T0 transgenic plants positive for m-gfp5-ER
gene (b). Lanes 1–12 and G1–G6 represent independent transgenic

plants of T0 and T1 generations, respectively (b). Dot-blot hybridiza-

tion of DNA from selected T1 transgenic plants (c). Approximately

10 lg of DNA from each plant were blotted onto negatively charged

nylon membrane and probed with the alkaline phosphatase labelled

probe. Stable transgene integration was confirmed in all examined

samples. NC negative control-DNA from untransformed plats, G1–G6

DNA from PCR positive plants, PC positive control-plasmid

pBINmGFP5-ER. Example of RT-PCR analysis for the m-gfp5-ER
gene expression in selected PCR positive T1 transgenic plants (d).
Lanes G1–G6 represent independent transgenic plants, C cDNA

samples, R corresponding RNA samples subjected simultaneously for

PCR to exclude possible DNA contamination of RNA, C control

samples (untransformed tobacco plants). Legend common for parts a,
b, d: lane M 100 bp molecular weight marker, lane P plasmid

pBINmGFP5-ER used as a positive control, B blank control

containing only water, C DNA from untransformed tobacco plant

Fig. 4 Detection of the presence of the active GFP protein in crude

extracts from leaves of investigated T1 plants. Approx. 40 lg of total

protein were loaded to each well and subjected for native gel

electrophoresis. Lanes G1–G6, samples from independent transgenic

T1 plants, M marker represented by pure, commercially available

GFP, C extract from the control plant. Note, that none fluorescing

band, representing the GFP, is visible in the case of G1 plant. Whole

figure is completed from a few partial images because it was not

possible to photograph whole gel with the Leica MZ 12 fluorescence

microscope
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were expected. Statistical analyses of obtained MBs con-

firmed significant differences (a = 0.05) in the fluorescence

intensity (MB values) between studied genotypes (data not

shown) and between both leaf surfaces (Fig. 5a). Interest-

ingly, data obtained from the adaxial side mostly displayed

lower variability in MB value than from the abaxial side,

which was confirmed by their lower standard deviation

value (adaxial side 23.77, abaxial side 29.54). Nevertheless

brighter and stronger fluorescence detected on the abaxial

leaf surface was more suitable for our future purposes.

Variability in the GFP fluorescence within a leaf surface

In order to investigate possible fluctuations in the GFP flu-

orescence within the leaf surface, measurements from eight

defined distinct positions, covering its whole area were

performed. Leaves detached from four randomly selected

tobacco plants were used. A total number of 128 indepen-

dent measurements were carried out, when four leaves from

plants G2, G3, G4 and G5 were investigated. Outcomes from

fluorescence measurements showed the differences in the

MB values among all eight positions within the leaf surface,

indicating also different GFP fluorescence levels among

these positions. A general pattern of GFP fluorescence,

common to all investigated plants, could be set forth based

on our measurements and particular fluorescence patterns of

each studied genotypes as shown on Fig. 5b. Generally, the

highest GFP fluorescence was observed within areas close to

the leaf tips, namely at the positions denoted C, D and E.

Nevertheless some variations of the fluorescence intensity

among these three positions in each particular genotype

were observed. In spite of these fluctuations (Table 1), the

general fluorescence profile was common for all studied

plants. Surprisingly, high fluctuations in MB values in leaves

detached from various plants were observed at positions

denoted G. Such fluctuations were most probably caused by

their proximity to intensively fluorescing footstalk.

Spatial patterns of GFP fluorescence within transgenic

plants

In order to obtain the most reliable data and based on the

above described results, we have decided to collect the data

from at least eight distinct positions covering the whole leaf

Fig.5 Comparison of the

fluorescence intensity between

the abaxial and adaxial sides of

a leaf (a) and among the eight

defined positions (A–H) within

the leaf surface (b). Weaker

GFP fluorescence was detected

on the adaxial side of leaves

detached from all investigated

T1 plants (a). Each bar
represents the average MB

value obtained from three

leaves, eight measurements

were performed on each leaf.

The increase of the GFP

fluorescence intensity on

abaxial side of leaf tips was

evident in all investigated T1

plants (b). Average MB values

for particular position obtained

from all investigated tissue

samples are given here. From

each plant, at least four leaves

were investigated and MB

values from defined positions

were detected. In both

experiments, the fluorescence of

control samples expressed as

MB value was always below 30
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surface and to perform all measurements on the abaxial leaf

side. From each plant, leaf discs from three leaves were

investigated. Moreover, to compare the degree of variability

influenced by each individual within one genotype and

environment, four randomly selected transgenic genotypes,

G3, G4, G5 and G6 were clonally propagated in vitro. Thus,

altogether 12 plants were investigated in these series.

Differences in the GFP fluorescence and therefore in the

MB values between the oldest and the youngest leaves

within each plant were evident in all cases (Fig. 6a). These

differences showed a decrease of fluorescence signal in

tobacco leaves in the direction towards the plants top.

Interestingly, differences in the average MB value between

the oldest and the youngest leaf were distinct for each

genotype. For example, the difference of medium MB

values within the genotype G6 was only 4.829, whereas in

the case of genotype G3 such difference was more than

three times higher (16.430). Relatively high variability in

the GFP fluorescence signal among individual plants of the

same genotype was observed, indicating also the strong

influence of each individual development/environmental

interaction, nevertheless such variability was not so

prominent as the variability between studied genotypes

(Fig. 6b). Statistical analyses confirmed that differences in

the MB values between clones within one genotype were

not significant, whereas the differences between studied

genotypes were significant. This is an important fact, giv-

ing us the chance to discriminate the GFP transformants

based on the determined MB values.

Total chlorophyll content has only minor effect

on the GFP fluorescence loss in the young leaves

Six plants of genotypes G3 and G6 were investigated with

the aim to study a possible masking influence of the

chlorophyll content on the GFP fluorescence. Beside these

six transgenics, also two clonally propagated control plants

were investigated. Data obtained from all plants showed

the trend common for both groups, transgenic plants as

well as for the control plants: total chlorophyll content

increased toward the plant top and was approximately 3–4

times higher in the leaves C (apical, youngest) compared to

leaves A (basal, oldest) (Fig. 7). These first observations

gave us the reason to speculate about the masking/

quenching effect of the chlorophyll on the GFP fluores-

cence. Nevertheless, following statistical analyses showed

a weak negative correlation between these two parameters

(R2 = �0.36). Thus, in this context the effect of chloro-

phyll content on the variability of obtained GFP

fluorescence data does not seem to be so strong and the

participation of other factors could be hypothesised.

Discussion

Variable intensity in transgene expression/performance in

the plants, also those driven by constitutive promoters, is a

well known event, reported many times previously (e.g.

Preťová et al. 2001; Halfhill et al. 2003) and various rea-

sons were hypothesised. In this study we aimed our effort

at the mapping and definition of the differences in the

performance of one particular marker, the GFP signal gene,

among various leaf tissues of transgenic tobacco,

throughout the quantification of its fluorescence. Analyses

of fluorescence intensity could be easily used as a powerful

toolkit for the definition, measurement and comparison of

transformation events among various transgenic plants.

Nevertheless, considering the above mentioned GFP fluo-

rescence variability, together with the aim to obtain the

most reliable data from a particular experiment or assess-

ment, it is important to define the fluorescence patterns,

i.e., intensity detectable from each particular plant tissue.

Various commercial or laboratory devices designed for

GFP fluorescence measurements are available now (Hraška

et al. 2006). Here, we have used a simple equipment

consisting of a stereo microscope with the GFP set,

allowing the macroscopic examination of leaf tissue, cou-

pled with the CCD camera and image analyses software.

Differences in the GFP fluorescence detected either from

abaxial or adaxial sides of leaves were recorded in our

study. This could be a very important fact when a quanti-

tative or semi-quantitative approach based on the detection

of fluorescence from native samples with the fluorescence

microscope is used. Therefore it could be stated, that for the

purposes of GFP fluorescence quantification, the detection

of the fluorescence from either of the leaf surfaces should be

followed uniformly during the whole particular experiment

to obtain a representative data set. Differences in the

Table 1 The variability of the GFP fluorescence within the leaf

surface

Position Plant

G2 G3 G4 G5 Average

A 136.977 108.773 144.877 172.743 140.843

B 135.799 111.902 149.452 186.294 145.862

C 178.946 144.171 167.829 239.161 182.527

D 209.673 159.329 193.38 230.771 198.288

E 177.656 138.000 195.569 236.676 186.975

F 147.092 118.138 165.947 199.281 157.615

G 160.075 127.458 161.223 203.882 163.160

H 149.93 124.471 172.193 210.562 164.289

Each data set represents an average MB value from particular location

obtained from four leaves

Positions A–H correspond with those marked on the Fig. 2
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chlorophyll and other substances contents and anatomy

between these two surfaces could be speculated as a pos-

sible factor for such variability. In addition, it has been

observed previously that various cell types possess different

expression levels of marker genes driven by constitutive

promoters, mostly found in the conductive elements which

possess much stronger expression as compared to other

plant tissues (Hraška et al. 2005).

Differences in the transgene expression within the leaf

surface were indicated previously, e.g. by Preťová et al.

(2001). Among various possible reasons, stronger proteo-

synthesis and thus greater marker gene activity in younger

and rapidly developing areas has been hypothesised as one

factor (Preťová et al. 2001). Such differences in the trans-

gene manifestation could significantly influence the whole

investigation and transgene activity quantification so the

choice of measuring point and number of performed

measurements are essential factors for an accurate inter-

pretation of obtained data. In our experiments, MB values

indicated that the GFP fluorescence differed among various

positions within the leaf surface and the strongest fluores-

cence was detected in the leaf tip area. Interestingly,

relatively high fluctuations in MB values in the last posi-

tions (G) among various leaves were observed. This was

most probably due to the close position of this measuring

point to the midrib, which is very wide at the leaf base and

thus possesses very strong green fluorescence. Such fluo-

rescence is detectable also in the very close neighbourhood

and could affect the measurements performed on the areas

in close distance, which was also reported previously

(Hraška et al. 2005). Therefore fluctuations in the MB

values on the basal parts were most probably due to a

Fig. 6 Results of the GFP fluorescence intensity investigation

performed with 12 transgenic plants of four genotypes. The decrease

of the fluorescence in the leaves on the plant basement towards the

plant top is evident in all investigated genotypes (a). ‘‘A’’ denotes the

oldest, lower leaf, ‘‘B’’ denotes the leaf occurring in the middle of

plant body and ‘‘C’’ denotes the youngest, upper leaf. The line
represents an average MB value for all leaf samples detached from

particular position. From each leaf, at least ten independent

measurements from whole leaf area were performed. The variability

of total GFP fluorescence among the individual clones belonging to

each genotype was observed (b), nevertheless such variability was not

higher then the variability between the studied genotypes. Therefore,

each genotype could be distinguished based on the detected fluores-

cence intensity. Each bar represents MB values obtained from all

three leaves from one plant. In both experiments, the fluorescence of

control samples expressed as MB value was always below 30
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limited (small) area in this leaf part, which could be easily

influenced by fluorescence originating from a close atten-

dant midrib. Moreover the conductive elements were more

developed in the basal part so their fluorescence was more

intensive than on the leaf apex. Various aspects, ranging

from different activity of constitutive 35S promoter

(Sunilkumar et al. 2002) to different cell types and their

different physiological properties (Preťová et al. 2001)

could be assumed as a possible cause of such GFP fluo-

rescence patterns. Preťová et al. (2001) reported nearly

similar patterns of GUS activity within the tobacco leaves.

They also found lower GUS activity in the samples taken

from basal part than from the apical part. Interestingly, they

also reported higher activity in the region of the middle leaf

part between the base and the apex (corresponding to

region between our positions denoted C and D) compared

to the apex. Nevertheless, in our broader scale measure-

ments mostly the highest MB values and therefore

GFP fluorescence were detected in parts D and E, so in the

leaf apex.

The last investigated topic was the GFP fluorescence

pattern within the mature plants. Twelve transgenic plants

belonging to four randomly selected genotypes G3–G6

were employed in this part of our experiment. At first, high

variability in the GFP fluorescence was revealed among the

plant clones within the same genotype, nevertheless this

was not higher than the variability between the genotypes.

Thus the discrimination of the studied genotypes based on

the fluorescence (MB values) was possible. Data obtained

from the three leaves from each mature plant showed the

decrease of the fluorescence towards the plant top therefore

to youngest leaves. This is in contrast with the findings

reported by Halfhill et al. (2003), who detected the highest

GFP fluorescence in the youngest oilseed rape leaves. The

highest intensity of the fluorescence was retained by the

youngest leaves during whole oilseed rape life cycle.

Moreover, the decline in the fluorescence intensity towards

the plant base and thus in the older leaves was reported.

Nevertheless, the decline of the GFP fluorescence intensity

in older leaves reported by Halfhill et al. (2003) seems to

Fig. 7 Analyses of the relationship between the GFP fluorescence

intensity and total chlorophyll content within plant body. The

decrease of the GFP fluorescence in the leaves towards the plant

top and simultaneous increase of the total chlorophyll content is

evident. The average GFP fluorescence pattern (a) and chlorophyll

content (b) within plant body for six transgenic plants of genotypes

G3 and G6 is shown. Detailed illustration, showing the changes in

GFP fluorescence and chlorophyll content for the three clonally

propagated plants of the G3 genotype is shown on figures c and d,

respectively. Arabic numbers I–III denote the particular plant (clone)

of the genotype (c, d)
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be often also for some other species except the oilseed

rape. An expression pattern of the GUS marker similar to

that reported by Halfhill et al. (2003) was also reported by

Preťová et al. (2001) in the case of uidA marker expressing

tobacco, but they investigated only two transgenic plants.

Loss of GFP fluorescence with the increasing leaf age was

also reported by Zhou et al. (2005) for Medicago and rice

plants, whereas they did not observe such event in the case

of Arabidopsis.

Although we were interested mainly in the mapping and

definition of patterns of the GFP fluorescence intensity

among different leaf tissues, some authors concerned also

on the study of possible physiological background of such

variability. One of the first reasons could be the different

GFP content within the total soluble protein. Halfhill et al.

(2003) reported positive correlation between the fluores-

cence quenching and level of soluble protein content per

unit of a wet mass in leaves of all ages of oilseed rape. On

the other hand, the GFP quantification within the total

extractable protein from transgenic tobacco as found by

western blotting, reported by Harper and Stewart (2000)

showed relatively the same GFP content within the whole

plant body. Moreover, they assumed that the observed GFP

expression patterns would be comparable with other GFP

transgenic lines in other situations. Another important

factor seems to be the presence of some masking or

quenching agent(s), namely chlorophyll. It has been

reported many times that chlorophyll content could nega-

tively interfere with the GFP fluorescence (Ponappa et al.

1999; Cho et al. 2002). Moreover, Zhou et al. (2005)

reported reconstruction of once diminished fluorescence in

the Medicago leaves after the chlorophyll removal. Our

observation confirmed some role of the chlorophyll content

in the decrease of GFP fluorescence intensity, nevertheless

the negative correlation was not strong enough to conclude

the dominant role of the chlorophyll only. Therefore, it

seems that the GFP fluorescence intensity may be affected

by synergic incidence/action of several factors, including

various physiological aspects, particular plant species,

maybe the genotype and even environment.

In the study presented here, we have defined the fluo-

rescence patterns of GFP, a common marker in plant

biology, in the leaves of transgenic tobacco plants, using a

simple method of image analyses. Various variables in the

fluorescence were identified based on the leaf tissue type

selected for the investigation. Based on our results, it is

evident that the GFP manifestation differs in various leaf

tissues and in leaves of different physiological age, though

the exact physiological reasons are still debatable. This

fact strengthens the necessity to perform comparative

studies of GFP fluorescence/promoter activity using the

same methodology for all plants and tissues of the com-

parable physiological age or developmental stage.

Moreover, the influence of each individual plant within

cloned genotypes was revealed. It is evident, that the

origin/position of investigated leaf tissue could affect the

interpretation of data obtained based on the detection of

GFP fluorescence. Moreover, when evaluating the fluo-

rescence profile of a group of plants, the individual

variability, most probably affected by the environment,

should be taken into account and such studies should be

provided with wider numbers of individuals, clones or

populations.
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Abstract 

 

Constitutive promoters are the most common promoters used to drive the 

expression of various genes in monocots and dicots. Therefore, it is of intense interest to 

ascertain their expression patterns in various plant species, organs and during their 

ontogenic development. In this study, the activity of the CaMV 35S promoter in transgenic 

tobacco plants was assessed. In contrast to other studies, performed rather on the primary 
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transformants (T0 generation), here, individuals of T1 and T2 generations were used. The 

expression profiles of the CaMV 35S promoter were tracked within various plant organs 

and tissues using the GFP marker. Special attention was given to floral tissues for which 

the original data regarding the CaMV 35S expression were obtained. As expected, distinct 

developmental and organ/ tissue specific expression patterns in a plant body were 

observed. CaMV 35S activity was detected in most of the plant tissues and during different 

developmental stages. The GFP signal was not visible in dry seeds only, but it became 

clearly apparent within 24-48 hours after sowing onto the medium, what, among other 

things, enables the discrimination of transgenic and non-transgenic seeds/ seedlings. 

Afterwards, the most pronounced GFP fluorescence intensity was usually visible in various 

vascular tissues of both, T1 and T2 plants, indicating the high promoter activity. A stable 

manifestation of the promoter was retained in the next T2 generation without any evident 

changes or losses of activity, showing the expression stability of the CaMV 35S.  

 

Key words: CaMV 35S promoter, expression pattern, fluorescence, green fluorescent 

protein marker, transgenic tobacco (Nicotiana tabacum) 

 

Introduction 

 

 Strategies aimed at modifying the productivity and/or quality traits of plants require 

a stable and controlled transgene expression driven by a proper promoter. Besides the 

tissue specific, inducible and other promoters, the constitutive promoters are the most 

commonly used for driving the transgene expression in plants. No matter which type of 

promoter is chosen for a particular experiment, it is desirable to monitor its expression in 

various tissues and during plant development. The Cauliflower mosaic virus promoter 

CaMV 35S is the most widely used promoter for effective transformation of both 

monocots and dicots. Although it is generally considered to be a constitutive promoter 

(Odell et al. 1985), some reports suggest that it is not always expressed in all tissue types 

(Williamson et al. 1989, Yang and Christou, 1990, Malik et al. 2002, Sunilkumar et al. 

2002).Detailed information regarding the activity of the CaMV 35S promoter in transgenic 

plants is still unsatisfactory and limited to only a few species. Moreover, most studies 

concerning  this topic used the reporter gene uidA coding for β-glucuronidase (Jefferson et 
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al. 1987) enabling to follow the histochemical localization of the enzyme product in plant 

tissues (Benfey et al. 1989, Battraw and Hall, 1990, Yang and Christou, 1990). Although 

the uidA is a widely used marker in plant transgenesis, GUS histochemical staining for 

visualization of uidA expression suffers from some limitations. Firstly, diffusion of the 

enzyme or reaction product into the surrounding, transgene non-expressing tissue, can 

occur (Yang and Christou, 1990, Mascarenhas and Hamilton, 1992). This could lead to an 

inadequate interpretation of the results obtained. Secondly, the irregular penetration of the 

substrate throughout different tissue types and a stronger expression in younger cells with 

dense cytoplasm can influence the final data interpretation (Preťová et al. 2001). Thirdly, 

the histochemical staining usually requires fixed, i. e. dead tissues. Thus, the histochemical 

GUS assay is complicated, relatively time consuming and destructive to the studied 

samples. Therefore, the use of an alternative marker with different qualitative and 

quantitative traits is highly desirable. In 1992 Prasher et al. (1992) presented the detailed 

structure of a novel fluorescent maker gene coding for the green fluorescent protein (GFP), 

originating from the pacific jellyfish Aquorea victoria. The GFP itself possesses many 

unique features allowing its use for various purposes in research (Stewart, 2001; Hraška et 

al. 2006). Upon excitation with UV or blue light, wild type GFP emits green fluorescence, 

which is relatively easily visualized with appropriate observation devices. The use of GFP 

as a marker of gene expression in plants possesses many advantages compared with GUS 

and, moreover, it permits monitoring of various events in real time in living plants (Hraška 

et al. 2006). Nowadays, many variants differing in their spectral and other characteristics 

are available to allow the study of various events within living plants (Tsien 1998; Stewart, 

2001).  

 Previous studies of the expression patterns of constitutive promoters mostly utilised 

the uidA marker gene and the histochemical localization of its expression in mature seeds, 

vegetative parts and some floral organs (Benfey and Chua, 1989, Benfey et al. 1990a, 

Terada and Shimamoto, 1990). Nevertheless, the need for a more comprehensive study 

describing CaMV 35S activity within various plant tissues and organs and during various 

developmental stages was evident. In addition, the use of some novel marker gene, with 

qualitatively different features, allows for a different approach in such type of studies and 

could lead to new insights on the performance of promoters. The first such study 

concerning CaMV 35 S expression patterns in transgenic cotton was presented in 2002 by 

Sunilkumar et al. (2002), who utilised the GFP-based marker in primary transformants of 

T0 generation.  
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The objective of the present study was a detailed investigation of the CaMV 35S 

promoter activity in transgenic tobacco (Nicotiana tabacum L.) plants, a common model 

species of plant transgenesis, using the GFP marker. To our knowledge, CaMV 35S 

promoter manifestation in tobacco tissues and organs was not previously studied so 

exhaustively, especially using a GFP marker. This paper together with work presented by 

Sunilkumar et al. (2002), these are only two studies concerned solely on this topic. 

Nevertheless, in contrast to Sunilkumar et al. (2002), who employed primary 

transformants, stably transformed plants of the T1 generation carrying the mgfp5-ER gene 

(Haseloff et al. 1997) and its progeny (T2 generation) were examined in the study 

presented here, with the aim to also track promoter activity in the next generations of 

plants. In addition to this comprehensive investigation of promoter activity in main plant 

organs, a detailed study was carried out on different floral tissues and reproductive organs, 

since the information regarding the CaMV 35S performance in such tissues is still 

insufficient. 

 

Plant material and methods 

 

Transformation and regeneration of transgenic plants 

 

 Transgenic tobacco (Nicotiana tabacum L.) plants were obtained after co-

cultivation of leaf discs with Agrobacterium tumefaciens – a disarmed helper strain LBA 

4404 (Ooms et al. 1982), carrying a binary vector pBINmGFP5-ER (kindly provided by J. 

Haseloff, MRC, Cambridge, UK) according to Horsch et al. (1985). The plasmid 

pBINmGFP5-ER contains the nos driven nptII gene as a plant selection marker and a 

CaMV 35S driven mgfp5-ER gene, targeted to the endoplasmic reticulum. Putatively 

transgenic shoots were regenerated on a basal MS medium (Murashige and Skoog 1962), 

supplemented by 500 mg L–1 kanamycin (Kn). Regenerated rooting plants were transferred 

to soil and grown to maturity under controlled conditions in a greenhouse. Seeds obtained 

from selfed T0 plants were harvested and, following the dormant period, the seeds were 

surface sterilised with sodium hypochlorite and then sown in vitro on the MS medium of 

the same composition as described above. Then, the T1 seedlings obtained were transferred 

to the same greenhouse as primary T0 regenerants and grown to maturity. The mature 
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transgenic plants thus obtained were assumed to have integrated T-DNA in a stable way 

and thus no fluctuations of transgene expression or other changes associated with the 

transformation process and in vitro regeneration were expected. In addition, selected T1 

transgenic plants were selfed and the T2 plants obtained were investigated too. Four 

randomly selected independent T1 transgenic plants and four T2 plants obtained from each 

T1 individual plant were investigated, giving the total number of twenty plants employed in 

this research. 

 

Molecular characterization of transgenic plants 

 

DNA extraction and PCR detection of the presence of the mgfp5-ER gene in T0, T1 

and T2 plants were performed as previously described (Hraška et al. 2005), but with the 

different primers described below. A detailed study of transgene expression in various 

organs in different developmental stages, detached from T1 plants, was performed on an 

mRNA level by means of reverse transcriptase PCR (RT-PCR). Total RNA was extracted 

from the following plant parts and organs using the RNeasy Plant Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instructions: mature seeds, germinating 7 

days old seedlings, immature seeds of the T2 generation, roots, stems, leaf blades, isolated 

conductive elements, sepals, senescent sepals, petals, anthers, stamens, stigmas and styles, 

ovaries, immature inflorescences of three different developmental stages, pollen and 

immature capsules. Residual DNA was removed from RNA samples by RNase-free DNase 

digestion (25 U/ 100 µl at 37 ºC for 10 min, inactivation at 70 ºC for 5 min) and first strand 

cDNA was synthesised using oligo- dT primers and the Revert Aid First Strand cDNA Kit 

(Fermentas, Lithuania) according to the manufacturers instructions. A 2 µl sample of 

obtained cDNA was used in a PCR amplification of mgfp5-ER region with primers GFP5-

u (5´-ACC CAG ATC ATA TGA AGC GG- 3´) and GFP5-l (5´-TTG GGA TCT TTC 

GAA AGG GC- 3´). A PCR reaction was performed in a total volume of 20 µl reaction 

mixture, containing 2× PPP Combi Master Mix (150 mM Tris-HCl, 40 mM (NH ) SO , 

0.02% Tween 20, 5mM MgCl , 400 µM of each dNTP, 1U of Taq polymerase, 38 mM 

monoclonal anti-Taq) (Top-Bio, Czech Rep.) and 0.2 pmol/ ul of each primer. The samples 

were amplified using 32 cycles (94 

4 2 4

2

ºC for 1 min, 55 ºC for 30 s, 72 ºC for 30 s) and the 

reaction products were analysed on 1.5% (w/v) agarose gel stained with ethidium bromide. 

DNA and RNA from T2 plants were isolated and analysed in the same way, but the RNA 

was isolated only from young leaves. Ten T2 plants from each selected T1 plant progeny 
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were analysed by PCR for the presence of the transgene and four plants selected for further 

microscopic studies were analysed for the transgene expression using the RT-PCR with the 

same primers and reaction conditions mentioned above.  

 

Visualization of green fluorescent protein 

 

 Fresh tissues and organs were dissected from T1, T2 transgenic and control tobacco 

seedlings and plants at various developmental stages and investigated directly on Petri 

dishes. All hand made cuts were prepared from fresh tissues and covered by a droplet of 

distilled water to avoid rapid desiccation of objects before subsequent microscopic studies. 

The GFP fluorescence was visualized with a Leica MZ 12 stereo dissecting microscope 

coupled with an excitation source and filter set permitting the GFP visualization- excitation 

filter 480/ 40 nm, dichroic mirror 505 nm and emission filter 510 nm LP. Photographs 

were taken with an Olympus digital camera C5050 Zoom. Fluorescence images of samples 

studied from the transgenic and control plants were taken simultaneously and when 

possible also bright field images were taken.. Because some tissues from untransformed 

plants lack any visible fluorescence, such objects were not photographed under the 

excitation light. 

 

Results 

 

Molecular characterization of transgenic plants  

 

 The presence of the transgene in regenerated T0 plants grown on the selection 

medium containing 500 mg L–1 Kn was confirmed by PCR reaction (data not shown). Also 

the presence of the transgene in all T1 and T2 was verified by PCR (examples given on 

Figs. 1a, 1b), when the expected band sized 415 bp was amplified in all tested samples. 

Moreover, mgfp5-ER expression in T1 plants was confirmed on the mRNA level by RT-

PCR. The particular band sized 415 bp corresponding to a specific region of the mgfp5-ER 

transcript was present in all studied samples from the main floral parts (Fig. 1c). Controls 

supplied with only the total RNA samples without a reverse transcription reaction did not 

yield any product, indicating that there was no DNA contamination of RNA samples and 

 62



thus the PCR products obtained after RT-PCR were solely due to the presence of a 

transgene transcript. Therefore, the expression of the transgene was confirmed in all tissues 

of T1 transgenic plants investigated subsequently by fluorescence microscopy. The 

transgene expression was also confirmed in all studied T2 samples (Fig. 1d).  

 

GFP expression patterns during seed germination 

 

The first developmental stages studied in our work were seeds taken from four 

selfed independent T0 transgenic tobacco plants. Very low levels of GFP fluorescence were 

detected in the mature seeds immediately after the end of a dormant period when sown on 

an agar nutrition medium. Nevertheless, RT-PCR revealed the transgene expression, 

indicating that some low levels of gfp transcript are present in seeds (Fig.1c). Clear bright 

green fluorescence was observed after the next 24 h. Such fluorescence was strong enough 

to distinguish between the fluorescent, putative transgenic and dark, most probably non-

transgenic seeds (Fig. 2A). Following the germination, differences in the fluorescence 

intensity between putatively transgenic and non-transgenic seeds were more evident, 

especially when the root tip started to emerge from the seed coat (Figs. 2B, 2BB). The non-

transgenic mature and germinating seeds did not show any green fluorescence and images 

captured under the same magnification and exposure times showed only faint contours of 

samples studied (Fig. 2BB). The observations confirmed that the green fluorescence in 

transgenic seeds is most probably due to the presence and activity of GFP. Following the 

emergence of plantlets, strong green fluorescence was observed in the growing roots, 

especially in the root tips and hairs and in the bases of the newly emerging hypocotyls 

(Fig. 2C). Surprisingly, high levels of green autofluorescence were observed also in the 

growing roots of the control seedlings (data not shown). Thus this green fluorescence could 

not be explained solely as a result of GFP and promoter activity. After the complete 

development of the hypocotyls and cotyledons, the green fluorescence was evident 

throughout the whole transgenic plantlet aerial part; not as strong as in the root section, but 

still intense enough to permit visual discrimination between putative transgenic and non-

transgenic individuals. Strong GFP fluorescence and thus CaMV 35S activity was detected 

in stomatal guard cells on the abaxial surface of the developed cotyledons, visible as small 

bright green spots on the cotyledon surface (Fig. 2D), which was also easily distinguished 

later during the development of true leaves, as well as in mature leaves. Again, the non-

transformed controls exhibited no visible GFP fluorescence (Figs. 2E, 2EE). Finally, at the 
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end of this period (emergence of the first true leaves) the GFP fluorescence was evident in 

whole plantlets, with observed fluctuations when the strongest GFP activity was detected 

in the stomatal guard cells.  

 

GFP expression in leaves, stems and roots 

 

Various levels of green fluorescence were observed within the main plant organs 

and tissues. In leaf blades, GFP green fluorescence was apparent throughout the whole leaf 

surface, but younger leaves from transgenic plants exhibited more intense green 

fluorescence than the older ones (data not shown). This loss in fluorescence indicated a 

possible decrease of CaMV 35S promoter activity in older cells or some changes in the cell 

physiology. Very strong GFP fluorescence was detected in vascular tissues and all 

conductive elements of various sizes, and was evident throughout the whole leaf area. 

Using the stereomicroscope equipped with the GFP adaptor even very thin vascular 

elements were easily distinguished within the leaf blade (Figs. 2F and 2G). The 

fluorescence was strongest in the midrib area. Beside the central midrib, also other 

vascular elements were visible in the leaf blade and exhibited fluorescence stronger than 

the surrounding mesophyll and epidermal cells. The stomatal guard cells, visible as a 

glowing green spots and tips of trichomes exhibited much stronger fluorescence than the 

neighbouring cells (Figs.2GG). No such fluorescence was visible in the control stomatal 

guard cells, and only faint autofluorescence was recorded on the trichomes from control 

samples. Strong CaMV 35S activity in the central conductive elements was also evident in 

the first, second and third transversal cuts measured from the footstalk throughout the 

leaves (Figs. 2I and 2II). Hand-made longitudinal cuts throughout the separate midrib 

(footstalk) showed the CaMV 35S activity inside this tissue – seefigure 2H. Strong 

fluorescence was visible in phloem cells while epidermal and xyleme cells lacked the 

fluorescence (Figs. 2I. 2II). Longitudinal cuts revealed strong GFP activity in the central 

sieve elements (Fig 2H). 

As in the case of leaves, fluctuations in GFP activity within the stem body were 

observed, but such differences were not as obvious. A relatively constant green signal was 

visible over the surface of a stem detached from the transgenic plants (Fig. 2J). As shown 

on a longitudinal cut of the stem in figure 2K, the fluorescence was nearly stable within the 

whole stem body and only phloem cells possessed stronger GFP fluorescence. This 

fluorescence pattern was constant among stem cuts taken from various positions within the 
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plant body. A different situation was observed when transversal cuts were prepared. These 

observations revealed that epidermal cells and the cortex layer possessed very faint green 

fluorescence, with some visible brighter spots on the surface only, which were identified as 

trichomes (Fig. 2M). In the direction from the surface towards the stem centre, the 

fluorescence intensity culminated at first in the phloem cells, which possessed very strong 

green fluorescence. But more faint GFP fluorescence and thus the promoter activity was 

observed in xyleme cells and the central pith parenchyma (Fig. 2M). Dark areas lacking 

any fluorescence in the central stem part were identified as intercellular spaces. Changes 

were also observed in the xyleme constitution during stem ageing, when a compact cell 

mass without any intercellular spaces was observed in the younger parts and growing 

intercellulars in the older ones (Figs. 2M to 2R).  

The fluorescence patterns in the roots of seedlings in very early stages have already 

been mentioned above. Following the roots’ emergence, the meristematic area of the root 

tip was clearly distinguished, indicating the high level of CaMV 35 S promoter activity in 

root cells (Fig. 2S). Moreover, single cells of root hairs emerging from the main root were 

also visible. Strong green fluorescence was observed over the entire length of the mature 

root (3SS). Longitudinal and transversal cuts of physiologically mature roots are captured 

on images 2T and 2TT, respectively. Nevertheless, all these findings were subsequently 

found confusing and controversial since surprisingly high levels of autofluorescence were 

also observed within root tissues excised from control plants, where very similar 

fluorescence patterns were revealed. Such autofluorescence was uniform along the whole 

organ, in all of its parts (data not shown). This autofluorescence possessed by some 

genetically unmodified tissues is one of the few weak features in the GFP visual marker 

system. In such cases, additional investigation of control and transgenic samples could be 

required for their clear-cut discrimination. An investigation of the root parts subsequently 

performed under the transmission fluorescence microscope also gave unsatisfactory results. 

It was possible, rarely, to distinguish the control samples, exhibiting yellowish 

autofluorescence, from the brightly green transgenic samples, but a detailed comparative 

study of GFP fluorescence in roots is still not fully reliable (data not shown).

 

GFP expression patterns in floral organs 

 

 Buds and flowers detached from transgenic tobacco plants were investigated very 

extensively as the information about CaMV 35S activity in plant reproductive organs is 
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still insufficient. GFP fluorescence was observed along the whole surface of flowers 

detached from transgenic plants (Figs. 3C, 3CC). For comparison, fluorescent images of 

flowers from control plants are given on Figs. 3D and 3DD. From the beginning of flower 

bud development, the GFP fluorescence was visible over the whole surface of the 

enclosing sepals and frequently occuring trichomes (Fig. 3E). During the flower opening, a 

little more intensive green fluorescence was visible at the edge of the still unopened petals. 

Mature sepals and petals exhibited clear GFP fluorescence, constant throughout the organ 

surface. As shown in figure 3C, the green fluorescence of petals was much stronger 

compared to sepals and true leaves (Fig. 2F). Very strong GFP activity was visible in 

vascular tissues throughout the whole petal (Fig. 3EE).  

 The reproductive organs were well visible under excitation light inside the whole 

flower (Fig. 3CC). The fluorescence was seen in anthers and stamens (Figs. 3G, 3GG, 3H), 

the, stigma, style and ovary (Figs. 3HH, 3I). The GFP signal was strong in stamen 

filaments, styles and ovary tissues, whereas fluorescence in anthers was weaker. Stamen 

filaments consisting of massive conductive elements covered by a thin indistinct cortex 

exhibited very intensive green fluorescence and their conductive elements were easily 

visible also within the anther body (Fig. 3H). Compared with the male organs, the stigma 

exhibited weaker GFP activity (3HH).  

Detailed investigations of GFP fluorescence patterns in developing inflorescences 

were performed on sections from transgenic plants at various stages of flowering. Petals in 

an early developmental stage could be easily distinguished from sepals. Strong GFP 

activity was visible in the ovary (Fig. 3J) and was pronounced throughout the whole 

inflorescence development and later flower maturity (Figs. 3JJ and 3K). Following further 

inflorescence growth, sepals lacked the visible GFP fluorescence whereas it was evident in 

petals, stamen filaments, anthers and styles (Figs. 3J to 3K). Patterns of GFP fluorescence 

observed among the floral organs are similar to those seen in the earlier stage described 

above: bright green fluorescence was visible in petals, the basal part of a pistil (ovary), 

stamen filaments and anthers, in contrast to a weak fluorescence possessed by sepals and 

stigma. Intensively fluorescing filaments, continuing as conductive elements inside the 

anthers were again evident, indicating that the strong CaMV 35S promoter activity is 

characteristic for this tissue type (Figs. 3L and 3M). Strong GFP activity was observed in 

the ovary and surrounding integuments and in stamens (Fig. 4A). Petals showed bright 

green fluorescence, while sepals exhibited a weaker signal (Fig. 4A). Pollen from both the 
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transgenic and control plants showed very weak fluorescence, making it impossible to 

differentiate transgenic and non-transgenic samples (Figs. 4G, 4GG). 

 

GFP activity in capsules and seeds 

 

Capsules detached from transgenic tobacco plants possessed faint fluorescence 

when observed under the fluorescence microscope, but such intensity was still sufficient 

for an easy discrimination from untransformed ones, which were completely dark (4B, data 

from untransformed capsule are not shown). Capsule coats lacked any intesive green 

fluorescence, whereas high levels of GFP activity were seen in the placenta, immature 

seeds and central conductive elements, as revealed by transversal cuts (Fig. 4BB). 

Longitudinal cuts showed intensively fluorescing central vascular tissue and immature 

seeds under the thin medial membrane (Fig. 4C). Interestingly, low levels of 

autoflorescence occurring mainly in immature seeds were observed in capsules excised 

from untransformed plants. Nevertheless, such fluorescence was faint when compared with 

organs detached from transformed plants (Fig.4D). Immature seeds dissected from green 

capsules showed intensive green fluorescence (Fig. 4E), but during the seed maturation this 

signal decreased and it finally diminished in fully mature, dormant seeds (Fig. 4EE).  

 

Discussion 

 

We presented here a comprehensive study describing the performance of the CaMV 

35S promoter in various tissues during the tobacco plant development, using the GFP as an 

efficient tool for the visualization of promoter activity. GFP transgenic plants of T1 and T2 

generations were employed in our study. GFP fluorescence and thus the promoter activity 

was tracked from early seed germination (T1
 generation) throughout the whole plant life 

cycle, to the production of a new generation of seeds and plants (T2). Special emphasis was 

given to the study of reproductive and floral organs, since the knowledge of the CaMV 35S 

performance in these tissues is still unsatisfactory. Transgene expression in various plant 

tissues was confirmed by RT-PCR and organs and tissues excised from  non-transgenic 

(control) plants were investigated too. 
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 The CaMV 35S expression was studied here beginning with the mature seeds of 

selfed T0 transgenic plants (a new T1 generation). In agreement with the results of previous 

studies (Benfey and Chua 1989; Benfey et al. 1990a), no visible GFP fluorescence was 

observed. This is different from Arabidopsis, where, for example, the red fluorescent- 

(RFP) or yellow fluorescent protein (YFP) can be detected also in dry seeds and used as a 

selectable marker instead of antibiotic resistance. This picture changed when tobacco seeds 

were sown on a selectable nutrition medium. As early as 24-48h later the bright green GFP 

fluorescence could clearly be seen. The absence of fluorescence in mature dried seeds was 

most probably due to very low water content and thus an overall low level of vital 

processes within the seeds. Nevertheless, the RT-PCR revealed a low degree of the gfp 

expression and therefore some level of GFP could be assumed. But such amount was 

probably too low to be revealed by fluorescence microscopy. Sunilkumar et al. (2002) 

considered that the truly constitutive promoter should possess expression beginning from 

the very early plant developmental stages; thus they examined the cotton zygote. They 

failed to detect any fluorescence during the globular, torpedo and heart stage embryos and 

concluded that the promoter was either not expressed or the expression was too low to 

detect. Custers et al. (1999) reported the first detectable transgene activity in the mid-

cotyledon stage of Brassica napus transformed with a CaMV 35S driven uidA gene. 

However, no further data or photographs of histochemical staining were provided. We 

found that, following the seed embryo development, an intensive green fluorescence was 

detected in the emerging roots, hypocotyls and cotyledon bases with a very pronounced 

fluorescence in various meristem cells. During the next seedling growth, the GFP activity 

spread throughout the vascular system and stomatal guard cells of fully developed 

cotyledons. In contrast to the findings reported by Sunilkumar et al. (2002), constant green 

fluorescence with higher activity in the root tip was observed along the whole radicle, but, 

as mentioned above, these finding are not fully reliable since relatively high levels of 

autofluorescence were revealed also in radicles and roots from untransformed plants. Thus 

we cannot say that such green fluorescence was due only to the GFP performance. 

Nevertheless, simultaneously performed studies of developing seeds originating from 

untransformed plants showed no visible fluorescence among the main tissues except the 

radicles/ roots.  

Following the plant’s development, GFP activity was apparent over the whole leaf 

surface, in the blade as well as in the petiole (footstalk); nevertheless the highest levels of 

GFP activity were observed in the vascular tissues of all sizes and types. Very intense GFP 
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fluorescence visible in the petioles and midribs was detected also in our previous 

investigations (Hraška et al. 2005). In addition, also easily visible were stomatal guard 

cells and trichomes, which however exhibited weaker fluorescence. Weaker CaMV 35S 

activity in trichomes was reported previously by Yang and Christou (1990) and Benfey et 

al. (1990b) in soybean and tobacco, respectively. Moreover, Yang and Christou (1990) 

reported higher levels of promoter activity in stomatal guard cells on the basis of 

histochemical GUS staining. Generally, the same expression patterns within mature 

genuine leaves as we observed, were reported also by Rooke et al. (2000) who worked 

with the ubi1 driven uidA gene constructs, and Sunilkumar et al. (2002), with the CaMV 

35S driven gfp gene. 

  Our results suggest that the CaMV 35S promoter is active in all cell types of true 

tobacco leaves, with some variability detected among leaves of different ages. The decline 

of GFP fluorescence in older leaves was reported previously by many authors and various 

reasons are hypothesised (reviewed by Hraška et al. 2006). Here we recorded sufficient 

fluorescence in older (mature) leaves, indicating the CaMV 35S expression. Rooke et al. 

(2000) also reported stronger GUS staining in younger tissues than in the older ubi1 uidA 

transgenic wheat lines, indicating the possibly stronger activity of constitutive promoters in 

younger cells. The CaMV 35S promoter is presumed to be more active in younger cells 

and tissues which are in addition usually characterized by stronger level of proteosynthesis 

(Preťová et al. 2001). 

Fluorescence photographs of mature stems confirmed the consistent GFP signal 

indicating the CaMV 35S activity along the whole stem surface, regardless of 

physiological age. Stronger fluorescence was observed again in vascular tissues and/ or 

phloem, whereas lack of fluorescence was evident in epidermal cells, cortex and xyleme 

cells. Sunilkumar et al. (2002) reported the appearance of GFP fluorescence also in the 

epidermis, cortex tissue and pith region of transgenic cotton. Expression of the CaMV 35S 

promoter in the stem in tobacco and soybean was described previously (Benfey et al. 

1990b, Yang and Christou, 1990). Mature, fully developed roots of transgenic plants 

possessed strong GFP fluorescence visible in most parts throughout the whole organ. 

Nevertheless, as mentioned above, relatively strong green autofluorescence observed also 

in the roots detached from untransformed plants makes these findings somewhat uncertain. 

It seems that, due to the presence of some autofluorescing compound in the tobacco roots, 

the GFP is not a reliable tool for the assessment and tracking of the expression of 

promoters in roots and should be replaced in this particular case by some another marker. 
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For example, strong GUS staining associated with the main root, secondary roots and root 

hairs, with intensive staining in the root tip of transgenic wheat was also reported for the 

CaMV 35S promoter Rooke et al. (2000). Moreover, they observed the diminishing of 

GUS activity in older roots, restricted only to the vascular tissue. Benfey et al. (1989) 

reported much higher CaMV 35S driven uidA activity in a root cap.  

 The study of CaMV 35S promoter activity among different organs within 

inflorescence during various developmental stages was a main concern in our work. The 

first detailed study focused on this point was reported by Sunilkumar et al. (2002). In our 

report, whole fully developed inflorescences generally exhibited bright green fluorescence, 

showing the brightest fluorescence in regions of vascular tissues. In addition, the GFP 

activity was observed in all main floral organs. Rooke et al. (2002) also reported GUS 

activity in all developed flower parts of ubi1 uidA transformed wheat. Moreover, they 

observed stronger GUS staining in young carpels compared to older ones, where GUS 

activity was restricted in lodicules, stigma and the style. Using longitudinal and transversal 

cuts we revealed various degrees of GFP fluorescence occurring among different organs 

and throughout inflorescence development. Constant CaMV 35S activity was observed in 

ovaries, stamens, anthers and vascular elements, whereas lack of fluorescence was 

apparent in stigma. An intense GFP signal was evident in various vascular tissues within 

floral organs as well as in the immature capsule and therefore the predominant activity of 

the CaMV 35S promoter in such tissue type was confirmed. Anyhow, a strong marker gene 

expression in vascular tissues was apparent within the whole plant body, thus indicating 

that the strong CaMV 35S promoter activity is associated with cells acting in the transport 

of solutes over the plant body. This finding is supported by many previously presented 

reports describing generally the same expression pattern of constitutive promoters (Rooke 

at al., 2001, Sunilkumar et al. 2002,). Cornejo et al. (1993) suggested that this higher 

expression could be due to a higher level of cell division within some organs. Preťová et al. 

(2001) noticed that CaMV 35S activity is usually stronger in tissues with higher cell 

density and proteosynthesis.  

The aim of the study presented here was to investigate the activity of the CaMV 

35S promoter throughout the whole tobacco life cycle using the GFP fluorescence as a 

tracking tool. A special emphasis was given to flowers and reproductive organs and 

original data regarding these organs are presented. To our knowledge, this is the first 

detailed report about the behaviour of CaMV 35S in such types of organs, and moreover 

performed on two subsequent generations of autogamized transgenic plants. As we 
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expected, different promoter activity in all main plant organs and tissues within the plant 

body, and during various developmental stages of the tobacco life cycle was detected. 

Predominant CaMV 35S performance in vascular tissues was confirmed GFP has been 

found to be an efficient tool for the evaluation of promoter activity in most tissues and 

organs; nevertheless some limitations of its use, caused by strong autofluorescence of some 

tissues, have been encountered. This should be taken into account when interpreting such 

data. CaMV 35S is generally considered to be a constitutive promoter, nevertheless 

nowadays some authors conclude that it is no longer adequate to describe it as 

“constitutive” solely based on the expression in all plants organs without taking into 

account criteria such as different metabolic activity and corresponding levels of 

transcription and thus also translation (Preťová et al. 2001). The information presented in 

this paper adds another useful part into the mosaic of our knowledge about the behaviour 

of the CaMV 35S promoter in different plant organs and tissues during plant development 

and stability of its expression pattern in the next generations of plants.  
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Figures and figure legends: 

 

 
 

Figure 1a. Example of PCR products analyses of T1 plants. Primers GFP5-u and GFP5-l 

were used in PCR. Eight independent plants of T1 generation grown on the MS selection 

medium containing 500 mg L–1 kanamycin were subjected for PCR detection. Among 

these individuals, four plants were randomly chosen for microscopic studies of Ca MV35S 

expression. 15–22 = independent T1 individuals; M = 100 bp molecular weight marker; P = 

positive control (pBINmGFP5-ER plasmid), 415 bp; C = negative control (DNA from 

untransformed plants); N = negative control without DNA template (water only). 

 

Figure 1b. Example of PCR products analyses of T2 plants. Primers GFP5-u and GFP5-l 

were used in PCR. Ten T2 seedlings from each of four individuals (previously selected 

plants denoted 15, 17, 18, 22) subjected for microscopic studies were cultured on the 

selection medium containing 500 mg L-1 kanamycin and subjected for PCR detection. 
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Among these ten PCR positive seedlings, four individuals belonging to each of four T1 

plants were randomly chosen for further microscopic studies and RT-PCR detections. 1–10 

= independent T2 individuals; M = 100 bp molecular weight marker; P = positive control 

(pBINmGFP5-ER plasmid), 415 bp; C = negative control (DNA from untransformed 

plants); N = negative control without DNA template (water only). 

 

Figure 1c. RT-PCR products analyses of T1 plants examined for the m-gfp5-ER gene 

expression in selected plant tissues. A representative image of seven samples is given here. 

P = positive control (pBINmGFP5-ER plasmid), 415 bp; 1 = seeds; 2 = leaf blade; 3 = 

conductive elements; 4 = sepal; 5 = petal; 6 = anthers; 7 = stamen filaments; M = 100 bp 

molecular weight marker; C = cDNA samples; R = corresponding RNA samples subjected 

simultaneously for PCR to exclude the possible DNA contamination of RNA.  

 

Figure 1d. An example of RT-PCR products analysis of T2 plants for the expression of m-

gfp5-ER gene. Progeny (four plants, 1–4) from two selected T1 plants denoted 18 and 22 

was subjected for analysis. M = 100 bp molecular weight marker; C = cDNA samples; R = 

corresponding RNA samples subjected simultaneously for PCR to exclude the possible 

DNA contamination of RNA; P = positive control (pBINmGFP5-ER plasmid), 415 bp.  
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Figure 2. Expression patterns of CaMV 35S promoter driven GFP synthesis, revealed by 

its fluorescence after light excitation, in seeds, leaves, stems and roots detached from 

transgenic tobacco plants carrying the m-gfp5-ER gene and control (unmodified) plants. 

(A) represents the fluorescence image of two T1 seeds, one transgenic, showing brightly 

green fluorescence and thus expressing the gfp (right), whereas the second lacks any 

fluorescence (left) and thus not carrying and/or expressing the gfp gene. On parts B and BB 
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is a comparison of the fluorescence of putatively transgenic seed three days after sowing 

on MS medium and non-transgenic control seed respectively. The non-transgenic seed 

lacks any fluorescence and only faint contours of a seed coat are visible. C and CC are 

fluorescence images of seedlings with developing, and fully developed cotyledons, 

respectively. Small bright green spots, indicating high CaMV 35S promoter activity, 

representing the stomatal guard cells are clearly visible within the cotyledon adaxial 

surface (CC). A detail of the stomatal guard cells is presented in more detail on the image 

D (arrow indicates stomatal guard cells). Note, that the seedling on the figure (C) was 

cultivated in the dark to achieve the hypocotyl elongation and thus enable easier study of 

GFP expression in this part. E and EE are fluorescence images of untransformed, control 

seedlings (E) and seedlings of transgenics segregating for the presence of gfp gene (EE). 

An untransformed (dark) seedling is visible on the clearly fluorescing background of the 

transformed one (EE). F and FF are fluorescence images of the abaxial side of fully 

developed true leaves detached from transgenic plants and control plants, respectively. 

Note, that only faint contours of vascular tissue could be recognized within the dark 

surface of untransformed leaf. A high level of GFP fluorescence (promoter activity) is 

visible in the conductive elements. Trichomes and stomatal guard cells (small, bright green 

spots) are visible under higher magnifigation as well (G). A detailed fluorescence image of 

trichomes merging from the leaf surface is given in figure GG. I and II are fluorescence 

images of transversal cuts done throughout the leave blade in its first third, close to the 

footstalk (I) and the second third (II), further from the footstalk (arrows indicate central 

conductive elements). III is an image of the same tissue type as on the I, but detached from 

untransformed plants. H represents a longitudinal cut throughout the central midrib 

(footstalk). J, K represent fluorescence images of young stem surface and its longitudinal 

cut, respectively. A bright green fluorescing transgenic stem is easily visible when 

compared with the faint, weakly visible stem detached from the control plant. KK is a 

representative light image of longitudinal cut throughout the stem in a droplet of distilled 

water. O is a fluorescence image of cut throughout the stem form basal plant part. Images 

M to R are fluorescence images of transversal cuts throughout the stem of different age M 

– the youngest (apical)-, R – the oldest (basal) part, arrows indicate intracellular areas 

lacking the GFP fluorescence. S and SS are fluorescence images of mature roots, (S) of 

root hairs and a root tip SS. Simultaneously, longitudinal and transversal cuts of a mature 

root are given on images T and TT, respectively. Blue and red bars represent 1 cm and 

1mm, respectively. 
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Figure 3. Expression patterns of CaMV 35S promoter driven GFP synthesis in flowers and 

generative organs of transgenic tobacco in comparison to control (unmodified) plant. 

Sections A and AA are fluorescence images of growing inflorescence at early stages of 

young buds. Just faint fluorescence signal could be detected within the base of the 

inflorescence indicating a low promoter activity. B and BB are fluorescence images of 
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basal- (B) and upper (BB) part of nearly fully developed flower before the opening. C is a 

fluorescence image of fully opened flower detached from transgenic plant. Image CC 

reveals the top parts of reproductive organs after partial removal of petals. D is an image of 

mature flower with removed petals, detached from control (untrasformed) plant. DD 

represents an image showing the apical parts of opened transgenic (left) and untrasformed 

(right) flowers placed against each other. E is a fluorescence image of a sepal part; note 

that trichomes (arrows) are easily visible within the sepal surface. EE shows a fluorescence 

image of a petal surface under high magnification. Note, that intensely fluorescing 

conductive elements (arrows) are clearly visible within the petal surface. F and FF are 

illustrative light images of apical parts of opened flowers prepared for investigations. G to 

I are fluorescence images of reproductive organs detached from the same transgenic 

tobacco plant. Note, that on figures GG, HH and I representative fluorescence images of 

transgenic (left) and control (right) stigmas, anthers (GG), individual stigmas (HH) and 

ovaries (I) are presented. J, JJ and K are fluorescence images of longitudinal cuts 

throughout the inflorescence during various developmental stages. Petals partially covering 

anthers are visible and moreover carpels can be distinguished in a pistil. Note, that the 

ovary exhibits the most intense GFP fluorescence, as compared to other organs, from the 

early developmental stage of a flower bud. Longitudinal cuts throughout the opened flower 

are captured on images L (basal parts) and M (apical parts). N is and fluorescence image of 

basal flower parts showing the fluorescence pattern in sepal. O gives a detail fluorescence 

image of developing inflorescence. Note, that strong fluorescence (and thus assumed also 

CaMV 35S activity) is visible in the ovary, anthers and petals. Also trichomes on the sepal 

surface are easily visible. Blue and red bars represent 1 cm and 1mm, respectively.  
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Fig. 4. Expression patterns of CaMV 35S promoter driven GFP synthesis in flower, 

capsules, seeds and pollen from transgenic and control (unmodified) plants. Part A shows 

the fluorescence image of transversal cut throughout the base of a fully developed flower. 

The surrounding light green signal comes from the synthetic foam used to fix the sample in 

the desired position. B is a fluorescence image of surface of immature transgenic capsule. 

Note, that capsule possess only faint green fluorescence. BB and C are fluorescence 

images of longitudinal and transversal cuts throughout the immature capsule. Arrows 

indicate strong GFP fluorescence and thus CaMV 35S activity within the vascular tissues. 

D represents the fluorescence image of a transversal cut throughout the immature capsule, 

detached from untransformed plant. E and EE are fluorescence images of immature and 

nearly mature seeds from transgenic plants. G and GG are images of pollen originating 

from control and transgenic plants, respectively (pollen of transgenic plants shows a 

slightly more intense fluorescence due to GFP protein presence). H is a detailed 

fluorescence image of longitudinal cut with revealed immature seeds. HH gives a 

corresponding light image. I is a detailed image of highly fluoresent vascular tissue in 

basal part (arrow), indicating high CaMV 35S activity. J is an illustrative light image 

corresponding to image C. Blue and red bars represent 1 cm and 1mm, respectively. 

 

 

 80



4. 6. GFP DETECTION IN LOW LEVEL SIGNAL/ NOISE RATIO PLANT 

SAMPLES 

 

Hraška, M., Rakouský, S., (2005): GFP detection in low level signal/noise ratio plant 

samples. J. Appl. Biomed. 3 (Suppl. 1): S19. (Abstr. Conf. Cells VI., České Budějovice, 

Czech Republic, October 24-26, 2005). ISSN 1214-0287 
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Hraška M. (1,3), Rakouský S.. (1,2)  
1Faculty of Biological Sciences (e-mail: mhraska@seznam.cz), 2Faculty of Health and 

Social Studies, 3Biotech. Centre, Agricultural Faculty, University of South Bohemia, 370 

05 České Budějovice, Czech Republic.  

 

Green fluorescent protein (GFP) offers a wide range of applications in plant biology 

(Stewart, 2001). GFP represents an efficient tool for the detection/selection of transgenics 

and moreover for the improvement of transformation, selection and regeneration protocols 

for the recovery of stable transgenic plants. GFP has been found to be superior to other 

marker genes used in plant biology such as GUS or LUC owing to many advantages it 

displays. Early identification of transgenic cells is crucial point for efficient recovery of 

transgenic plants and the application of GFP can reduce the amount of material to be 

handled and analysed through culture and regeneration. GFP green fluorescence allows 

rapid non-invasive identification of transformed cells and therefore early elimination of 

non-transformed cells, silencing events or developing chimeras. Moreover, various 

approaches for quantification of GFP fluorescence have been recently reported with the 

aim to quantify gene expression and to identify early homozygots (Millwood et al. 2003; 

Hraška et al. 2005).  

On the other hand problems associated with a low signal/low signal-noise ratio could 

be met quite often. Low levels of background fluorescence of various compounds present 

in intact, wounded and untransformed tissues and/or in Agrobacterium strains do not 

usually impede the successful GFP fluorescence detection and can be restricted by 

implementation of suitable filter systems. Choose of the right detection device is an 

important factor. Another way to circumvent such complications represents the use of 

proper tissue or plant part(s) because the intensity of visible fluorescence is affected by 
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numerous factors among which chlorophyll content and presence of other flouresencing 

compounds play an important role. 
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5. Summary 

 

Results of my thesis presented above contribute to the establishment of an efficient 

strategy for genetic transformation of plants using the gfp linked genes, which could be 

utilized in the following research/ work aimed at development of transgenic plants with an 

increased resistance against fungal pathogenes and pests based on expression of specific 

genes coding for proteinase inhibitors (PIs). PIs as a part of GMOs development represent a 

relatively novel strategy (as compared to e.g., commercially available Bt plants) for 

increasing of plant resistance to diseases and pests, and as such are being intensively 

investigated now. Chemical properties, mode of action and history of the use of PIs in the 

research of transgenic plants were summarized in a recent review article published in Czech 

in journal Chemické Listy (Hraška et al., 2006b). 

Nevertheless, the core part of my study represents the development of an efficient 

and reliable system for plant transgenesis just with PIs, but with utility of GFP marker. 

Properties and summary of its use for the purposes of genetic transformation, together with 

the list of plant species, which were recently successfully transformed with the gfp marker 

were presented in a recent review article published in the Plant Cell Tissue and Organ 

Culture journal (Hraška et al., 2006a). 

For a monitoring system based on the use of GFP to be effective, reliable and 

reproducible, it is important to investigate and define its properties and performance in the 

real situation, i.e. glasshouse or field. For such monitoring of GFP fluorescence and 

quantitative assessment of obtained transgenic plants, we decided to use an image analysis 

of fluorescence images of transgenic tissues from various plants. In the first part, I 

concentrated my effort on the initial investigation, whether our preliminary hypothesis, that 

such approach can be used for a relative quantification of marker gene expression, is 

realistic and accomplishable. Obtained results, presented in the Biologia Plantarum (Hraška 

et al., 2005) showed that such approach could be successfully used for the quantification 

assessment of regenerated tobacco transgenic plants. Nevertheless, during this research we 

revealed the existence of slight differences in GFP fluorescence patterns, observed among 

the samples detached from one transgenic plant and even among various cells and tissues 

within one leaf. Since such variables were reported also by some other authors as a 

relatively common event, this fact together with our aim to develop the most reliable system 

based on the GFP marker we decided to investigate such variability in a more detailed way. 
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Therefore, the subsequent research was aimed at the study and definition of GFP 

fluorescence patterns detectable on tissue samples detached from the different spatial 

locations within the plant and also within one particular leaf. Obtained results, also 

presented in the journal Plant Cell Reports (Hraška et al., 2007), showed that the proper and 

consistent tissue sampling is crucial for obtaining reliable and reproducible data. GFP 

fluorescence patterns, recorded during our research, significantly differed within one leaf 

and also among the leaves at different positions on a stem, i.e. depending on a physiological 

age within one plant. Moreover, we also recorded variability in the GFP fluorescence among 

the clonally propagated individuals, indicating the possible role of environment. 

Nevertheless, such differences were not significantly higher than the differences recorded 

among different transgenic plants, thus confirming our preliminary assumption, that the 

quantification of GFP fluorescence using the image analysis can be used for an assessment 

of transgenic plants. The last, but not least outcome was the difference in a quantity of 

detectable GFP fluorescence from different leaf surfaces. This is an important fact, to 

investigate the leaf samples subjected for GFP fluorescence assessment/ quantification in 

the same way and on the same surface, consistently throughout the whole particular 

experiment. Beside this investigation and mapping of GFP fluorescence patterns, I tried also 

to discover possible physiological background for such previously mentioned disturbances. 

Since the chlorophyll content is mostly mentioned as a possible cause, which could affect 

the GFP fluorescence I decided to investigate the correlation between the total chlorophyll 

content and GFP fluorescence among the leaves of different physiological age. Obtained 

results were a bit equivocal, since some influence of chlorophyll content on the decrease of 

GFP fluorescence intensity was recorded, nevertheless the obtained negative correlation was 

not so strong enough to see the chlorophyll as the only cause. Therefore, some other aspects 

could play their role in this event. 

Since the cause for a different GFP fluorescence among various tissues need not 

always be associated with the plant physiology, but rather with the regulation sequences 

used for the particular research, I decided to investigate also the expression pattern of 

CaMV 35S promoter within the plant and results of research. Although this promoter is 

usually reported as a constitutive, some reports indicated, that it could be also 

developmentally and tissue specifically regulated. The CaMV 35S driven GFP gave me an 

excellent opportunity to track the performance of this promoter during the whole life cycle 

of plants, from the seed stage, throughout the growth and development of mature plant, till 

the production of a new progeny. Moreover, special emphasis was given on the floral and 
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reproducible organs, since the information regarding the CaMV 35S expression within those 

tissues was still unsatisfactory. Obtained results indicate some degree of tissue specific 

regulation and confirmed the preferential performance/ expression of this promoter in 

various vascular tissues. Such strong expression within vascular tissue was observed also in 

the floral and reproducible organs. These are the original data regarding the CaMV 35S 

expression in such organs. Nevertheless, this study also confirmed the expression of this 

promoter nearly in all main plant organs and tissues. Moreover, all these investigations were 

performed on two distinct generations of transgenic plants, T1 and T2, (as compared to the 

most of other studies done on primary transformants T0 only) and the same expression 

profile of the CaMV 35S promoter was identified in the plants belonging to both 

generations, what also indicated that the transgene did not underwent to a gene silencing. 

Beside other tissues and plant organs, an intensive expression of CaMV 35S driven GFP 

was always recorded in various vascular tissues. Thus, our results confirmed high 

expression stability of this promoter across distinct generations of transgenic plants. On the 

other hand, in a spite of these positive results, this research revealed also a weak point in the 

use of GFP as a vital marker for the promoter tracking purposes. We have found that some 

tissues posses a relatively high level of green auto-fluorescence, which could be easily 

misinterpreted as the GFP fluorescence. This was revealed by simultaneous investigation of 

analogous types of tissue detached from control, non-transgenic plants. Such auto-

fluorescence was recorded in roots and pollen exclusively. 

In my introductory studies performed with flax some preliminary results were 

already obtained. Using the co-cultivation method transgenic flax plants bearing either SPI-

2 or gfp gene were obtained. First experiments aimed on the utility of GFP as a selection 

tool revealed high levels of background auto-fluorescence within flax hypocotyls. 

Nevertheless such auto-fluorescence was not recorded in the case of hypocotyls and thus 

such first attempts to use the GFP for an early evaluation and co-selection of flax 

transgenics seem to be very promising. Outcomes were presented in the form of poster on 

the conference Cells VI held in 2005 in České Budějovice. 

Results of the research reported in the above presented Ph.D. thesis can significantly 

contribute to further development and improvement of the methodology utilizing the GFP as 

an efficient tool for monitoring of gene expression within transgenic plants. Such results 

could be used also to advanced research studies regarding the transgenic plants. The results 

regarding the performance of the CaMV 35S promoter added another useful information to 

the mosaic of our knowledge of the promoter expression within transgenic plants.  
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