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ABSTRACT 

Plants are recognized as an efficient and inexpensive system to produce valuable 

recombinant proteins. However, the use of plants still faces two main limitations: the low 

accumulation levels of some recombinant proteins and the lack of efficient protein 

purification methods. Two fusion partners, elastin-like polypeptides (ELP) and hydrophobin I 

(HFBI) were previously found to increase the accumulation of recombinant proteins and 

induce the formation of protein bodies (PBs) when targeted to the ER in transient expression 

assays. In this study I examined the effect of these tags in stable transgenic plants of two 

Nicotiana tabacum cultivars when fused to green fluorescent protein (GFP) and targeted to 

the ER. The ELP and HFBI fusions increased the recombinant protein accumulation and 

induced the formation of PBs. Furthermore, my findings suggest that these tags induce the 

formation of PBs in a concentration-dependent manner, where a specific level of 

accumulation of recombinant protein has to be reached for PBs to appear. 

Keywords 

Molecular farming, elastin-like polypeptides, hydrophobins, green fluorescent protein, 

recombinant proteins, stable transgenic plants, Nicotiana tabacum, protein bodies.  
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1 INTRODUCTION  

1.1 Plant molecular farming  

Plants are considered as a safe, efficient and inexpensive alternative system to 

produce a wide variety of recombinant proteins such as industrial enzymes, vaccines, 

antibodies and other biopharmaceuticals (Knäblein, 2005; Ma et al., 2005). This area of 

plant biotechnology is defined as molecular farming (Lico et al., 2005).  

Plants possess important advantages over conventional expression systems such as 

bacteria, yeast, mammalian and insect cells. Their major benefit lies in the low cost of 

large-scale production (Ma et al., 2003; Twyman et al., 2003), in part because the 

agricultural systems needed for cultivation are already available, reducing the capital and 

operating costs (Lico et al., 2005). As the protein synthesis is conserved between animals 

and plants, recombinant proteins can undergo proper post-translational modifications, 

folding and assembly (Twyman et al., 2003). Furthermore, direct oral administration of 

unprocessed or partially processed plant material is possible due to the absence of human 

pathogens and endotoxins (Fischer et al., 2004; Commandeur et al., 2003).  

The use of plants as bioreactors for the production of recombinant proteins has 

recently achieved its first success (Maxmen, 2012). The plant-produced taliglucerase alfa 

for treatment of Gaucher disease was approved in May 2012 by the FDA. This is the first 

example of an approval for a plant-made therapeutic protein and the first time a major 

pharmaceutical company embraced this technology.  

1.2 Nicotiana tabacum as a plant-based production platform 

Although a wide range of host plants have been developed and tested for molecular  
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farming, tobacco still remains one of the favorite hosts for the commercial production of 

recombinant proteins (Conley et al., 2011b; Commandeur et al., 2003). Methods for 

genetic manipulation and transformation of tobacco are well established, and large-scale 

production of recombinant proteins at low cost is facilitated by its high biomass yield 

(more than 100,000 kg of tissue per hectare) (Twyman et al., 2003; Sheen, 1983). 

Moreover, different Nicotiana varieties have been characterized according to their 

agronomic properties and ability to accumulate recombinant proteins at high levels, 

therefore facilitating the search for the most effective tobacco host for recombinant 

protein production (Conley et al., 2011a). For example, cultivar I64 has been classified as 

a high biomass cultivar (Conley et al., 2011a), whereas cultivar 81V9 has been classified 

as a low alkaloid cultivar that has been used for direct oral administration of the protein 

products (Conley et al., 2009a; Menassa et al., 2007; Menassa et al., 2001).  

Because the tobacco expression platform is based on leaves, harvest occurs before 

flowering, therefore the possibility of gene leakage into the environment through pollen 

or seed dispersal is generally reduced (Rymerson et al., 2002). Furthermore, tobacco is a 

non-food, non-feed crop, which eliminates the risk of plant made recombinant proteins 

entering the human and animal food supply (Twyman et al., 2003; Menassa, et al., 2001).  

Although tobacco is inherently biosafe, the commercial viability of molecular 

farming with this plant species has been limited by two main factors: the low 

accumulation levels of some recombinant proteins (usually due to proteolytic degradation 

or poor stability), and the lack of efficient and scalable protein purification methods 

(Conley et al., 2011a,b; Twyman et al., 2003). Because of low protein expression levels 

in plants, yield is the biggest hurdle for successful production of recombinant proteins 
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(Doran, 2006). Therefore, it is crucial to address this issue for the commercial success of 

a tobacco-based expression system. 

1.3 Plant seeds: organs naturally designed for protein storage 

Plant seeds are known for their natural ability to synthesize and store large amounts 

of complex proteins over long periods of time in a very stable environment (Lau and Sun, 

2009; Torrent et al., 2009a). These characteristics are highly desirable for a molecular 

farming system because high accumulation levels (yield gain) and long term storage of 

recombinant proteins in a small volume can be obtained (Lau and Sun, 2009; Stöger et 

al., 2005). Therefore, studying the accumulation of seed storage proteins (SSPs) is 

expected to provide information that can be used to increase the amount of recombinant 

proteins in seeds (Kawakatsu and Takaiwa, 2010).  

Cereal seeds from rice, barley, wheat and mainly maize, are currently well-

developed platforms used for the production of recombinant proteins (Lau and Sun, 

2009). The main reasons for their success are their high grain yield, their relatively high 

seed protein content and the existence of well-developed molecular tools for their genetic 

manipulation (Lau and Sun, 2009; Ma et al., 2003).  

Based on their solubility, plant SSPs have been classified into albumins (water 

soluble), globulins (salt soluble), prolamins (aqueous alcohol soluble) and glutelins 

(dilute acid or alkali soluble) (Kawakatsu and Takaiwa, 2010; Shewry and Halford, 2002; 

Stöger et al., 2001). It has been established that albumins and globulins are the major 

SSPs of dicots, whereas prolamins and glutelins are the major SSPs in monocots (Shewry 
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and Halford, 2002; Stöger et al., 2001; Mandal and Mandal, 2000; Herman and Larkins, 

1999).  

SSPs are synthesized on rough endoplasmic reticulum (rER) membranes and after 

co-translational cleavage of their N-terminal signal peptide, they are translocated to the 

ER lumen (Shewry and Halford, 2002). Most SSPs are deposited into protein storage 

vacuoles (PSVs). Alternatively, prolamins accumulate within the ER lumen and form 

ER-derived accretions called protein bodies (PB), which are surrounded by a membrane 

of ER origin (Kawakatsu and Takaiwa, 2010; Shewry and Halford, 2002; Herman and 

Larkins, 1999; Coleman et al., 1996; Larkins and Hurkman, 1978). Prolamins lack the 

classical C-terminal KDEL or HDEL motif for retention within ER. Therefore, it appears 

they have intrinsic structural features responsible for their retention in the ER (Shewry 

and Halford, 2002; Herman and Larkins, 1999; Coleman et al., 1996; Munro and Pelham, 

1987). The ability to sequester proteins in these large and dense PBs seems to be the key 

to enhance accumulation of proteins in seeds (Torrent et al., 2009a Galili, 2004). 

Unfortunately, the mechanisms behind transport and deposition of prolamins in PBs are 

still not clear (Llop-Tous et al., 2010).  

Although the use of seeds as platforms for molecular farming was initially popular, 

concerns by the public and regulatory agencies have led to an effective worldwide 

decrease in their use (Commandeur et al., 2003). Specifically, regulators are concerned 

about the spread of transgenes to wild plants and transgenic seeds entering human or 

animal food chains. To circumvent this, the use of non-food leaf-based production 

systems for the generation of recombinant proteins has been suggested (Rybicki, 2010; 

Knäblein, 2005; Commandeur et al., 2003). However, the use of the natural mechanism 



5 

 

of protein accumulation in seeds, combined with leaf-based production systems, offers a 

valuable option for an enhanced production of recombinant proteins. 

1.4 Adapting seed mechanisms to improve leaf-based production systems 

The mechanisms behind prolamins aggregation, which are responsible for PB 

assembly, as well as the mechanisms that determine their ER localization are only 

partially understood (Llop-Tous et al., 2010; Torrent et al., 2009a). Prolamins are 

characterized by their high content in proline and their solubility in alcohol, which 

reflects their general hydrophobic nature (Shewry and Halford, 2002). According to these 

properties, it was assumed that they aggregate in a nonspecific manner (Argos et al., 

1982). However, studies in maize showed that PBs were directly formed in the lumen of 

the ER and contained four structurally different maize prolamins: α-, β-, δ-, and γ-zein 

(Shewry and Halford, 2002; Herman and Larkins, 1999; Lending and Larkins, 1989; 

Larkins and Hurkman, 1978). Zeins are distributed heterogeneously in PBs. Initially the 

small PBs consists of β- and γ-zein (sulphur-rich prolamins) aggregates (Lending and 

Larkins, 1989). This is followed by penetration and accumulation of α- and δ-zeins into 

the center of the PB, expanding it until it reaches a diameter of 1 to 2 μm. As the center 

of the PB is filled, β- and γ-zeins are concentrated toward the periphery of PBs (Kim et 

al., 2002; Herman and Larkins, 1999; Lending and Larkins, 1989). This spatial 

organization of zeins in PBs suggests that each of these proteins has specific properties, 

responsible for ER retention and localization within the PBs (Coleman et al., 1996).  

Further characterization of γ-zein showed that it facilitates the assembly of the 

other PB-associated zeins and stabilizes them (Coleman et al., 1996). Moreover, 



6 

 

heterologous expression of γ-zein in leaves promotes the formation of PB-like structures 

inside the ER, suggesting that structural motifs within γ-zein may be responsible for PB 

induction. It was later shown that the proline-rich repetitive sequences (PPPVHL)8 

present at its N-terminus and a central Pro-X domain are responsible for γ-zein’s ability 

to self-assemble and be retained within the ER (Torrent et al., 2009b; Geli et al., 1994). 

Therefore, a synthetic peptide of the N-terminal proline-rich repetitive sequence 

(PPPVHL)8 of γ-zein was synthesized and tested in vitro. Surprisingly, this peptide was 

able to self-assemble and form cylindrical micelles, which are globular aggregates where 

the hydrophilic regions of the peptide are exposed to the surface and the hydrophobic 

regions of the peptide are clumped together in the center of the aggregate (Kim and Hu, 

2008; Kogan et al., 2002).  

Consequently, based on this natural ability of the seeds, a fusion protein-based 

system designed to accumulate recombinant proteins in ER-derived PBs in plants was 

developed (Torrent et al., 2009a). The approach relies on fusion proteins that contain the 

γ-zein signal peptide, the γ-zein proline-rich domain (Zera®; developed by ERA Biotech, 

Barcelona, Spain) and the protein of interest fused to the C-terminus of the proline-rich 

region (Torrent et al., 2009b). The formation of γ-zein induced PBs was confirmed in 

plant vegetative tissue and in several non-plant eukaryotic systems (i.e. fungal, insect and 

mammalian cells), where enhanced recombinant protein accumulation by using Zera was 

also evidenced (Llop-Tous et al., 2010; Torrent et al., 2009b; StorPro organelles 

http://www.erabiotech.com). Therefore, this new system allows the expression of 

heterologous recombinant proteins in non-seed tissues with three main advantages: 

proteins remain stable inside membrane-bound PBs, the induced PBs are dense organelles 

http://www/
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which can be easily purified by centrifugation on density gradients and, the presence of 

these PBs does not affect normal growth and development of the hosts (Conley et al., 

2011b; Torrent et al., 2009a,b). 

1.5 Fusion partners as enhancers of recombinant protein accumulation and PB 

inducers 

Meanwhile, a wide variety of strategies have been tested in plant-based systems to 

increase stability and yield of recombinant proteins, including protein targeting to 

different sub-cellular compartments, the use of different promoters and expression 

vectors, the use of different expression hosts and expression in different tissues 

(Schillberg et al., 2003). Among these approaches, subcellular targeting is one of the 

most important factors influencing yield of recombinant proteins because the 

environment in the compartment is essential for proper folding, assembly and addition of 

post-translational modifications (Fischer et al., 2004). As the point of entry to the 

secretory pathway, the ER is an attractive compartment for foreign protein expression, as 

it provides an oxidizing environment with few proteases and a high number of 

chaperones and stabilizing agents that help in folding and assembly of proteins. 

Additionally, quality control of the incoming or newly assembled proteins occurs because 

ER-resident proteins target misfolded polypeptides for disposal (Fischer et al., 2004; 

Hadlington and Denecke, 2000). 

In recent years, fusion protein technology has been also used to enhance 

recombinant protein accumulation in heterologous systems. Among these, ER-targeted 

fusion proteins with elastin-like polypeptides (ELP) and hydrophobin (HFBI) have been 
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of particular interest as they allow to increase the accumulation and stability of 

recombinant proteins in plants, and assist in the subsequent purification process of the 

recombinant proteins (Conley et al., 2011b; Joensuu et al., 2010).  

1.5.1 Elastin-like polypeptides as fusion partners 

ELPs are synthetic biopolymers composed of a repeating pentapeptide sequence 

‘VPGXG’ where the “guest residue” X can be any amino acid except proline. These 

repeats occur naturally in all mammalian elastin proteins (Raju and Anwar, 1987). In 

aqueous solution, ELPs undergo a reversible inverse phase transition from soluble protein 

to insoluble hydrophobic aggregates that form β-spiral structures when heated above their 

transition temperature (Tt) (Urry, 1988). This thermally responsive property of ELPs is 

also transferred to fusion partners, providing a simple, rapid and scalable non-

chromatographic method for protein purification called ‘Inverse Transition Cycling’ 

(ITC) (Meyer and Chilkoti, 1999).  

It was previously shown by ELP expression in bacteria that the Tt of an ELP tag 

varies with its sequence, length and concentration. A significant increase in Tt was 

observed with short ELP tags (Meyer and Chilkoti, 2004). Therefore, long ELPs (i.e.    

90-180 pentapeptide repeats) have been used for ITC purification studies.  

Protein fusions with synthetic ELP tags retrieved to the ER using a C-terminal 

peptide (H/KDEL) have been successfully produced in plants and purified with ITC 

(Floss et al., 2009; Hadlington and Denecke, 2000). Some examples include fusions with 

cytokines (Conley et al., 2009a; Patel et al., 2007; Lin et al., 2006), antibodies (Conley  

et al., 2009a; Joensuu et al., 2009; Floss et al., 2008) and spider silk (Patel et al., 2007; 
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Scheller et al., 2004). All of these ELP fusions were tested in stable transgenic plants of 

Nicotiana tabacum and it was observed that ELP tags significantly enhanced 

accumulation in tobacco leaves (Conley et al., 2009a; Floss et al., 2008; Patel et al., 

2007). However, expression of ELP fusion proteins both in plants and in bacteria showed 

that the concentration of recombinant protein was inversely proportional to the size of 

ELP tag (Conley et al., 2009a; Meyer and Chilkoti, 1999). Therefore, studies to 

determine the optimal ELP size for the accumulation of recombinant proteins and their 

subsequent purification from leaf tissue were carried out. Different ELP tags were fused 

to several proteins and were transiently expressed in tobacco leaves (Conley et al., 

2009a). It was established that 30 pentapeptide repeats are the best compromise between 

the positive effects of smaller ELP tags on the accumulation of recombinant proteins and 

the positive effect of larger ELP tags on purification efficiency during ITC (Conley et al., 

2009a). Furthermore, it was found that the position of the ELP tag at the C-terminal of 

the fusion promotes the enhancing effect on accumulation of the recombinant proteins 

(Christensen et al., 2009; Conley et al., 2009a). 

Although optimized conditions for ELP use have been found, ITC purification and 

recovery rates of some recombinant proteins with very low accumulation levels in plants 

are not significant. Therefore, the use of other purification techniques, such us affinity 

chromatography, are still required in these cases (Conley et al., 2011b).  

To better understand the role of ELP tags in the enhanced accumulation of fusion 

proteins in tobacco plants, recent studies of transient expression assays were performed 

(Conley et al., 2009b). These assays incorporated the p19 suppressor of post-

transcriptional gene silencing (PTGS) (from Cymbidium ringspot tombusvirus) 
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(CymRSV), which had been found to significantly increase the production levels of 

recombinant proteins in plants (Sylhavy et al., 2002).  

Transient expression of an ER-targeted green fluorescent protein (GFP)-ELP fusion 

showed that the ELP not only increased accumulation levels of the recombinant protein, 

but also induced formation of PB-like structures in leaves (Figure 1A and 1B; Conley et 

al., 2009b). To confirm that the observed structures were ER-derived, several tests were 

performed. This included simultaneous expression in Nicotiana benthamiana of an ER-

resident molecular chaperone binding protein (BiP) fused with cyan fluorescent protein 

(CPF) and an ER-targeted yellow fluorescent protein (YFP)-ELP fusion. This experiment 

showed co-localization of both fluorescent proteins in PBs, supporting the idea that these 

accretions are ER-derived. Moreover, electron microscopy (EM) and immunogold 

labelling were used to analyze leaf tissue expressing ER-targeted GFP-ELP fusion 

proteins. These experiments revealed that PBs are surrounded by a membrane studded 

with ribosomes, further suggesting that they are ER-derived (Figure 1C). In addition, PBs 

were labeled with immunogold particles targeting ELP and GFP proteins to confirm the 

presence of GFP-ELP inside the induced PBs (Figure 1D, Conley et al., 2009b). 

Together, these findings are consistent with the idea that ELP-induced PBs are ER-

derived. Therefore, this new property provided new insights into the mechanisms behind 

the positive effect of ELP on accumulation of recombinant proteins.  

Based on experimental evidence to date, it is believed that ELP tags increase the 

stability and solubility of target proteins, leading to an increase in the accumulation levels 

of the recombinant proteins. Consequently, an increase in the accumulation levels 

induces the formation of PBs (Conley et al., 2009a,b). This effect seems to be explained  
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A. The novel PBs were closely associated with the ER tubules as small punctuate 

structures early on in the PB-formation process. B. Different sizes of the generated PBs. 

The PBs tend to cluster together within the cell, although the distribution pattern was 

variable. C. PB (indicated by an asterisk) membrane decorated with ribosomes (indicated 

with arrows). The presence of the ribosomes in the membrane suggests that they were 

originally derived from the rough ER. D. Immunogold localization confirmed the 

presence of green fluorescent protein (GFP)-ELP fusion protein inside the PBs using anti-

ELP antibodies. Confocal microscopy images A and B of leaf cells courtesy of Reza 

Saberianfar. Electron microscopy images C and D courtesy of Dr. Jussi Joensuu.      

Bars= 10µm (A), 10µm (B), 500nm (C), 500nm (D).  

Figure 1. Protein bodies induced in tobacco leaves by the expression of an ER-

targeted GFP-ELP fusion.  

* 
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by specific biochemical properties of ELP, reminiscent of seed prolamins like γ-zein. 

ELPs and γ-zein proteins are hydrophobic and proline-rich, characteristics responsible of 

the self-assembly properties of prolamins in a wide range of hosts (Llop-Tous et al., 

2010). Therefore, the ELP-induced PBs enhance the accumulation levels of the fusion 

proteins probably by inhibiting their physiological turnover (Conley et al., 2009a,b).  

1.5.2 Hydrophobin I as a fusion partner 

Hydrophobins are a group of small, surface-active proteins originally identified in 

filamentous fungi (Nakari-Setälä et al., 1996). These proteins play an important role in 

fungal growth and development, involving adaptation of fungi to their environment by 

controlling surface interactions (Linder, 2009; Hakanpää et al., 2004). One remarkable 

feature of these proteins is that one part of their surface is made of hydrophobic aliphatic 

side chains that form an exposed ‘hydrophobic patch’ on one side of the protein. This is 

an uncommon characteristic as hydrophobic residues are usually buried in the core of 

hydrophobic proteins, thus stabilizing their conformation (Linder, 2009). Alternatively to 

a core stabilized by hydrophobic interactions, hydrophobins possess a characteristic 

pattern of eight conserved cysteine (Cys) residues, which form four intramolecular 

disulfide bridges that convey a high degree of protein stability. Based on these 

characteristics it is clear that hydrophobins are amphipathic molecules, with a hydrophilic 

and a hydrophobic region, similar to surfactants structure (Joensuu et al., 2010; Conley et 

al., 2011b; Linder, 2009).  

Due to their structural properties, hydrophobins can self-assemble into an 

amphipathic protein membrane at hydrophilic-hydrophobic interfaces (Wang et al., 2005; 
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Wösten and Vocht, 2000). Furthermore, it has been shown that they have a very high 

affinity for surfactants. Therefore, purification of HFBI can be facilitated by using a two-

step surfactant-based aqueous two-phase system (ATPS) (Linder et al., 2001). During 

ATPS, a surfactant is added to the crude protein extract, which concentrates the 

hydrophobin fusions inside micellar structures and partitions them towards the surfactant 

phase (Lahtinen et al., 2008). Later, the fusion protein can be recovered from the 

surfactant phase with a non-denaturing organic solvent, such as isobutanol (Linder et al., 

2001). The selective and high yield extraction of fusion proteins from fungal culture 

supernatants, that contain other naturally secreted proteins, validated the efficiency of this 

technique (Linder et al., 2004; 2001). 

Importantly, when fused to other proteins, hydrophobins can alter the 

hydrophobicity of the fusion partner allowing for simple, rapid, efficient, scalable, and 

inexpensive purification using ATPS (Linder et al., 2004). Recovery of an ER targeted 

GPF-hydrophobin fusion protein from plant leaf extracts showed that it selectively 

recovered up to 91% of the fusion protein (Joensuu et al., 2010). 

Hydrophobins have been divided into two classes (class I and class II) based on the 

presence of hydrophilic and hydrophobic amino acid residues in their protein sequence. 

Members of class I are characterized by their highly insoluble aggregates in aqueous 

solution, whereas aggregates of the members of class II are easier to dissolve (Linder, 

2009). Hydrophobin I (HFBI) from Trichoderma reesei is a class II hydrophobin (Nakari-

Setälä et al., 1996) and has been used as a fusion tag to over express and purify 

recombinant proteins from Trichoderma sp., insect cells and plant tissues (Joensuu et al., 

2010; Lahtinen et al., 2008; Linder et al., 2004).  
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A recent study where an ER-targeted GPF-HFBI fusion protein was transiently 

expressed in the presence of p19 (Sylhavy et al., 2002) in N. benthamiana plants by agro-

infiltration, showed that the HFBI tag not only significantly increased the expression of 

the fusion protein, but also induced formation of PBs comparable to the ones observed 

with the ELP tag (Figure 2). Transmission electron microscopy and immunogold 

labelling revealed that similar to PBs seen with the ELP tag, PBs were surrounded by a 

membrane studded with ribosomes. Also, immunogold labeling for GFP revealed specific 

gold decoration of the PBs (Joensuu et al., 2010). 

Interestingly, a protective effect of the HFBI tag in the infiltrated tissue was 

observed (Joensuu et al., 2010). Although overexpression in transient systems usually 

leads to necrotic lesions four days post infiltration (dpi), with the HFBI tag the tissue 

remained healthy up to 10 dpi. Therefore, recombinant protein accumulation could 

continue. A possible explanation of this protective effect may be the sequestration of the 

fusion proteins in PBs. While being stored, possible negative effects of overexpression of 

a foreign protein in the plant cell can be prevented (Joensuu et al., 2010).  

1.6 Fusion partners and stable transgenic plants 

Subsequent analysis of ELP and HFBI fusions for protein recovery and biological 

activity showed that the proteins of interest do maintain their function (Joensuu et al., 

2010; Conley et al., 2009a; Floss et al., 2009). These promising results have triggered a 

renewed interest in high level production and purification of recombinant proteins in 

plants (Floss et al., 2009). However, most studies to date have been carried out using 

transient expression by agro-infiltration while the main goal of using plants as bioreactors 
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Confocal microscopy image of GFP-HFBI transient expression assay in N. benthamiana. 

Leaf epidermal cell accumulating GFP-HFBI fusion protein in PBs. Bar = 10 µm. 

Confocal microscopy images courtesy of Reza Saberianfar. 

 

 

 

Figure 2. Expression of an ER-targeted GFP-HFBI fusion induces the formation of 

protein bodies in tobacco leaves. 



16 

 

as a cheap and economic source of recombinant proteins is to generate stable transgenic 

plants for large-scale production. Hence, it was necessary to evaluate the effect of the 

ELP and HFBI tags, targeted to the ER, for recombinant protein accumulation and PBs 

formation in stable transgenic plants. 
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1.7 Hypothesis and thesis objectives 

I hypothesize that PBs will be formed in stable transgenic tobacco plants expressing 

ER-targeted GFP-ELP and GFP-HFBI recombinant proteins. Furthermore, I hypothesize 

that PB formation in tobacco plants will depend on the accumulation levels of the 

recombinant protein.   

The objectives of this thesis were: 

1-   To generate tobacco stable transgenic plants of N. tabacum to express            

ER-targeted GFP, GFP-HFBI and GFP-ELP recombinant proteins to determine if 

PBs will form. 

2-   To evaluate and compare accumulation levels of recombinant proteins and the 

presence of PBs in leaves of stable transgenic plants expressing ER-targeted GFP, 

GFP-HFBI and GFP-ELP recombinant proteins to determine if there is a threshold 

value of recombinant protein accumulation needed for the formation of PBs. 

3- To compare two tobacco cultivars, 81V9 and I64, for accumulation levels and PB 

formation to determine if the behavior of these tags changes between these two 

cultivars. 
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2 MATERIALS AND METHODS 

2.1  Media, buffers and polyacrylamide gels 

2.1.1 Media 

Antibiotics  

Stock solutions of timentin (250 mg/ml) and kanamycin (100 mg/ml) were prepared 

by dissolving each antibiotic in milliQ water. The stock solution of rifampicin (10 mg/ml) 

was prepared by dissolving the antibiotic in 100% methanol. Once dissolved, each 

antibiotic solution was filter-sterilized and stored at -20ºC. 

Hormones 

Stock solutions of 2-Naphthalene-acetic acid (NAA) (2.8 mg/ml) and N
6
-

Benzyladenine (BA) (1 mg/ml) were prepared by dissolving each compound in                

1 N NaOH. Once dissolved, each stock was filter-sterilized and stored at 4ºC.  

Murashige and Skoog medium   

To prepare 1 liter of media, 4.4 g of Murashige and Skoog (MS) (Sigma, Cat. No. 

M5519) salt and 40 g of sucrose were dissolved in 750 ml of milliQ water. The pH was 

adjusted to 5.8 with HCl before 10 g of agar were added. The final volume was adjusted 

to 1 liter with milliQ water. This medium was used for growing wild type tobacco plants 

for stable transformation (MST1 medium). For co-cultivation for Agrobacterium 

transformation, 1 ml of BA and 35 µl of NAA were added to the MST1 preparation 

before adjusting the pH (MST2 medium). For regeneration and shoot induction of 
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tobacco explants, 2 ml of timentin and 1 ml of kanamycin stock solutions were added to 

the MST2 preparation after autoclaving (MST3 medium). For selection and root 

induction of tobacco plants, 2 ml of timentin and 1 ml of kanamycin were added to the 

MST1 preparation after autoclaving (MST4). This media was poured into phytotray 

boxes (SIGMA Aldrich). For root induction without selection, 18 µl of NAA were added 

to the MST1 original preparation before adjusting the pH. After autoclaving, 2 ml of 

timentin were added (MST5 medium). MST1 media was poured into magenta boxes. 

MST2 and MST3 media were poured into deep petri dishes. MST4 and MST5 media 

were poured into phytotray boxes (SIGMA Aldrich).  

Yeast extract and beef medium 

To prepare 1 liter of liquid media, 1 g of yeast extract, 5 g of beef extract, 5 g of 

peptone, 5 g of sucrose and 2 ml of 1 M MgSO4 were dissolved in 900 ml of milliQ 

water, and the final volume was adjusted to 1 liter with milliQ water.  To prepare 1 liter 

of solid media, 15 g of agar were added. After autoclaving, 1 ml of rifampicin and 500 µl 

of kanamycin stock solutions were added. 

Agrobacterium induction medium  

To prepare 50 ml of media, 500 µl of (2-(N-morpholino)ethanesulfonic acid) (MES) 

(1 M MES stock in milliQ water, pH adjusted to 5.6 with KOH), 25 µl of acetosyringone 

(200 mM stock), 25 µl of kanamycin and 50 µl of rifampicin stock solutions were 

dissolved in 49.4 ml of YEB liquid media. 

 



20 

 

Gamborg solution (Agrobacterium infiltration solution) 

To prepare 100 ml of solution, 0.32 g of Gamborg`s B5 media with vitamins 

(Research Products International Corp., Order No. G20200), 2.0 g of sucrose, 1 ml of 

MES (1M MES stock, pH 5.6) and 100 µl of acetosyringone (200 µM stock) were 

dissolved in 98.9 ml of milliQ water. 

2.1.2 Buffers and solutions 

10X Phosphate buffered saline (PBS) 

To prepare 1 liter of buffer, 80 g of sodium chloride, 2 g of potassium chloride and 

11.6 g of disodium hydrogen phosphate were dissolved in 800 ml of milliQ water. The 

pH was adjusted to pH 7.4 with HCl and the final volume was adjusted to 1 liter with 

milliQ water.     

1X PBS-T 

To prepare 1 liter of buffer, 100 ml of 10X PBS and 1 ml of Tween-20 were diluted 

in 899 ml of milliQ water. 

Plant protein extraction buffer (PEB) 

To prepare 100 ml of buffer, 100 µl of Tween-20 (0.1%) and 2 g of 

polyvinylpolypyrrolidone (2%) (PVPP) were dissolved in 96 ml of 1X PBS. The solution 

was kept overnight at 4ºC to allow the PVPP to get wet. Just prior to using, 200 µl of 

ethylenediaminetetraacetic acid (EDTA) (0.5 M stock), 1 ml of 

phenylmethanesulfonylfluoride (PMSF) (100 mM stock), 100 µl of leupeptin (1 mg/ml 
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stock) and 2 g of sodium L-ascorbate were added to the solution. The resulting solution 

was kept on ice and used immediately.  

10X Tris-buffered saline (TBS) 

To prepare 1 liter of buffer, 24.2 g of Tris-base and 175.3 g of NaCl were dissolved 

in 800 ml of milliQ water. The pH was adjusted to pH 7.5 with concentrated HCl and the 

final volume was adjusted to 1 liter with milliQ water.     

1X TBS-T 

To prepare 1 liter of buffer, 100 ml of 10X TBS and 1 ml of Tween-20 were 

dissolved in 899 ml of milliQ water. 

Separating gel buffer  

To prepare 100 ml of 1.5 M Tris-HCl buffer, 18.15 g of Tris-base were dissolved in 

95 ml of milliQ water. The pH was adjusted to 8.8 with HCl and the final volume was 

adjusted to 100 ml with milliQ water. 

Stacking gel buffer  

To prepare 100 ml of 0.5 M Tris-HCl buffer, 6 g of Tris-base were dissolved in     

95 ml of milliQ water. The pH was adjusted to 6.8 with HCl and the final volume was 

adjusted to 100 ml with milliQ water. 

5X Electrode running buffer  

To prepare 1 liter of buffer , 15 g Tris-base, 72 g glycine and 5 g sodium dodecyl 
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sulphate (SDS) were dissolved in 1 liter of milliQ water. 

Blocking solution 

To prepare 200 ml of solution, 10 g of Carnation skim milk powder were dissolved 

in 200 ml of 1X TBS-T buffer. 

1X Semi-dry trans blot - Protein transfer buffer  

To prepare 1 liter of buffer, 3.03 g of Tris-base and 14.415 g of glycine were 

dissolved in 800 milliQ water.  

5X Reducing sample buffer 

Fisher, Cat. No. PI39000.  

2.1.3 Polyacrylamide gels 

Separating gel  

To prepare a 10 % gel (10 ml final volume), 3.94 ml of milliQ water, 2.50 ml of 

separating gel buffer, 100 µl of 10% SDS, 3.40 ml of 30% acrylamide (Bio-Rad), 50 µl 

of 10% ammonium persulfate (APS) and 15 µl tetramethylethylenediamine (TEMED) 

were mixed. APS and TEMED were added immediately prior to pouring the gel.   

Stacking gel  

To prepare a 4 % gel (5 ml final volume), 3 ml of milliQ water, 1.25 ml of stacking 

gel buffer, 50 µl of 10% SDS, 666 µl of 30% acrylamide, 25 µl of 10% APS and 10 µl 

TEMED were mixed. APS and TEMED were added immediately prior to pouring the gel.  
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2.2 Strains, plants and plasmids 

2.2.1 Bacterial strains and growth conditions 

Agrobacterium tumefaciens EHA 105 (Hood et al., 1993) strain was used for stable 

transformation of tobacco and for transient expression assays. A. tumefaciens was grown 

at 28ºC in liquid or solid YEB media supplemented with appropriate antibiotics. When 

grown in solid media, cultures were incubated for two days. When grown in liquid media, 

cultures were incubated at 250 rpm shaking overnight. 

2.2.2 Plasmids 

Binary expression vectors, previously designed and built in our laboratory by Dr. Andrew 

Conley and Dr. Jussi Joensuu (Joensuu et al., 2010; Conley et al., 2009b), were used for 

tobacco stable transformation and tobacco transient expression assays (Figure 3). The 

constructs were designed to express ER-targeted GFP, GFP-HFBI and GFP-ELP fusion 

proteins in tobacco plants under the control of the dual-enhancer cauliflower mosaic virus 

(CaMV) 35S promoter (Kay et al., 1987), a tCUP translational enhancer (Wu et al., 

2001), and the nopaline synthase (nos) terminator (Bevan et al., 1983) in the plant binary 

expression vector pCaMterX (Harris and Gleddie, 2001). 

2.2.3 Plant growth 

Stable transformations were carried out in N. tabacum plants of cv. 81V9 and I64. 

Transient expression assays of p19 protein were carried out in N. tabacum stable 

transgenic plants of cv. 81V9 and I64 expressing GFP-HFBI recombinant protein. 

Transient expression assays for GFP-HFBI recombinant protein purification were carried 
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From right to left: TE, Translational enhancer from the tobacco tCup promoter. PR1b, 

Secretory signal peptide from the pathogenesis related protein 1. eGFP, Enhanced green 

fluorescent protein. L, Linker (GGGS)3. HFBI, Hydrophobin I tag. ELP, Elastin-like 

polypeptide tag. StrepII, StrepII tag for detection and purification of recombinant protein. 

KDEL, ER retention peptide. Size of each element of the DNA constructs is not 

proportional to the actual sequence length (Joensuu et al., 2010; Conley et al., 2009b).  
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Figure 3. Schematic representation of DNA constructs used to generate stable  

transgenic plants of N. tabacum. 
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out in N. benthamiana plants.   

2.2.3.1 Seed sterilization and germination 

Seeds of N. tabacum cultivars 81V9 and I64 were individually placed in the middle 

of a kimwipe tissue. The tissue was folded to form a small bag and later submerged in 

70% ethanol for 1 minute. The bag was then submerged in milliQ water for 2 min. This 

step was repeated one more time. The bag was then opened and the seeds were allowed to 

dry. The seeds were then placed on MST1 plates and incubated in a growth chamber at 

24ºC with a 16 hours photoperiod for 1 week.       

2.2.3.2 Tobacco plants for stable and transient transformation 

N. tabacum plants of cv. 81V9 and I64 were grown in sterile magenta boxes 

containing 70 ml of MST1 medium. The plants were maintained in sterile conditions in a 

growth cabinet at 24ºC with a 16 hours photoperiod. N. benthamiana plants were 

individually grown in pots with professional growing medium (PROMIX BX 

Mycorrhizae). The plants were maintained in a growth room at 22ºC with a 18 hours 

photoperiod. 

2.2.3.3 Tobacco stable transgenic plants 

Transgenic plants of N. tabacum cv. 81V9 and I64 were individually grown in      

7” pots with professional growing medium (PROMIX BX Mycorrhizae). The plants were 

maintained in the greenhouse. 

2.3 Plant transformation 
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2.3.1 Tobacco stable transformation 

Plant transformations were carried out using A. tumefaciens (Horsch et al., 1985). 

A. tumefaciens transformants carrying the different expression constructs (Table 1) were 

streaked on YEB solid media supplemented with appropriate antibiotics and incubated 

for two days at 28ºC. Single colonies were picked from each plate and used to inoculate 

liquid 20 ml of YEB media supplemented with appropriate antibiotics. Cultures were 

shaken at 250 rpm overnight at 28ºC then centrifuged at 1000g for 30 minutes. Each 

pellet was resuspended in 40 ml of MST1 liquid medium. 

Individual leaves from sterile N. tabacum plant of cv. I64 and 81V9 were cut and 

immersed in the appropriate A. tumefaciens suspension in a sterile petri dish for             

30 seconds. The leaf discs were then blotted dry on sterile filter paper and placed on 

MST2 medium with abaxial side down. The explants were co-cultivated with A. 

tumefaciens on MST2 medium for 2 to 3 days, after which they were transferred to MST3 

medium for callus induction and shoot formation. This step was repeated every 10 days 

until a callus with shoots was evident. Individual shoots were cut off from the callus and 

transferred to MST5 medium for rooting. For every combination of construct and cultivar 

a total of forty independent transformed shoots were transferred to MST5 medium.  

When the shoots rooted and their leaves were dark green in colour they were 

transferred to MST4 medium for further selection. Once the plants were about 4 cm in 

height, they were transplanted into soil. The plants were placed and maintained in the 

greenhouse. To protect the plants from drying out in the greenhouse they were covered 

with a plastic bag for 4 days. Each day the bag was lifted until the plants were completely  
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Table 1. Tobacco stable transgenic lines produced with the three expression constructs. 

 

 

Construct 

name 

Description of recombinant 

protein 

Number of 

transgenic 

lines 

 
 

  Cultivar I64 1. GFP GFP, targeted to ER 24 

    

 

2. GFP-ELP GFP with ELP tag, targeted to ER 24 

    

 

3. GFP-HFBI GFP with HFBI tag, targeted to ER 24 

        

Cultivar 81V9 4. GFP GFP, targeted to ER 24 

    

 

5. GFP-HFBI GFP with HFBI tag, targeted to ER 24 
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exposed to the greenhouse environment. A total of twenty four independent stable 

transgenic plants from each cultivar, transformed with different constructs, were 

maintained for further analyses. 

2.3.2 Tobacco transient expression 

For transient expression analysis in N. tabacum stable transgenic plants, leaves of 

plants expressing GFP-HFBI recombinant protein were pressure infiltrated (Kapila et al., 

1997) with an A. tumefaciens culture expressing p19 from CymRV (Havelda, 2003; 

Sylhavy et al., 2002). An A. tumefaciens 3 ml culture was grown in YEB medium 

supplemented with appropriate antibiotics overnight at 28ºC in an orbital shaker set at 

250 rpm. A 20 µl aliquot of this starter culture was used to inoculate 20 ml of YEB liquid 

medium supplemented with appropriate antibiotics. The culture was grown to an optical 

density at 600nm (OD600) of 0.5-0.8. Cultures were centrifuged at 1000g for 30 minutes 

and the pellet was resuspended in agroinfiltration solution to a final OD600 of 0.3 and then 

incubated at room temperature with gentle agitation for 1 hour. A young leaf, a medium 

sized leaf and an old leaf from different stable transgenic plants were pressure infiltrated 

with the bacterial suspension using a needle-less syringe. Leaf tissue samples from 

transient transformants were collected 4 days after infiltration for confocal microscopy 

and protein extraction. 

For transient expression analysis in N. benthamiana plants, leaves of 6 week-old 

plants were co-infiltrated with an A. tumefaciens culture expressing GFP-HFBI 

recombinant protein and an A. tumefaciens culture expressing p19 from CymRV 

(Havelda, 2003; Sylhavy et al., 2002). Strains were growth following the previous 
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description and for co-infiltration, equal volumes of A. tumefaciens cultures were 

combined to maintain a final OD600 of 0.3. Leaves were pressure infiltrated with the 

bacterial suspension using a needle-less syringe. Leaf tissue samples from transient 

transformants were collected 4 days after infiltration for protein extraction. 

2.4 Seed collection from stable transgenic plants 

Stable transgenic tobacco plants placed in the green house were self-pollinated. For 

this, the first inflorescence of each plant was covered with a mesh bag. Once the pods 

inside the bag were mature and dry, they were cut from the plant and placed in a paper 

bag. The seeds were then collected in paper envelopes. Each envelope was labeled and 

stored at room temperature in a cardboard box for later use. 

2.4.1 Confocal microscopy of seeds from stable transgenic and wild type plants 

Dry seeds were imbibed in milliQ water for 30 minutes before removing the seed 

coat using a needle and forceps. The seeds were placed over a drop of milliQ water 

previously put on a coverslip and immediately covered with another coverslip.  

2.5 Tissue sample collection and storage 

2.5.1 Tissue sampling of stable transgenic plants for protein extraction 

Leaf tissue samples were collected for each stable transgenic plant using a cork 

borer. Samples were collected when the plant had 8 fully expanded leaves. In total, 8 leaf 

discs of 5 mm in diameter were collected per plant, each from a different leaf. The discs 



30 

 

were placed in a 2 ml Eppendorf tube containing three ceramic beads of 2.3 mm and 

stored at -80ºC for later use.  

Tissue samples from stable transgenic plants infiltrated with an A. tumefaciens                          

culture expressing p19 were collected for each transient transformant following the 

previous description. In total 4 leaf discs, 5 mm in diameter were collected from 

infiltrated and non-infiltrated tissue. The discs were placed in a 2 ml Eppendorf tube 

containing three ceramic beads of 2.3 mm and stored at -80ºC for later use. 

2.5.2 Tissue sampling of stable transgenic plants for confocal microscopy 

Tissue samples were collected from fully expanded and developed leaves using a 

cork borer. In total 3 leaf discs, 4 mm in diameter, were collected per plant, each from a 

different size leaf (one from a young leaf, one from a medium size leaf and one from an 

old leaf). The discs were placed over a drop of milliQ water previously put on a coverslip 

and covered with another drop of milliQ water before laying another coverslip over the 

sample. The samples were imaged by confocal microscopy immediately.  

2.6 Protein extraction 

Leaf tissue samples to be processed were homogenized frozen for two times          

30 second pulses using a Tissue Lyser (Qiagen).  Then 600 µl of protein extraction buffer 

were added to each tube and the tubes were vortexed for 15 seconds to extract the total 

soluble proteins (TSP). The samples were centrifuged at 14,000g for 5 minutes at 4ºC and 

the supernatant was transferred to a new tube. The previous step was repeated and the 

supernatant was transferred again to a new tube. The extracted proteins were kept on ice 
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and used for quantitation of GFP by dot blot analysis. An aliquot of the extract from each 

sample was kept on ice and used the same day for determination of TSP concentration 

using a Bradford assay (Bio-Rad, Bradford, 1976). A bovine serum albumin (BSA) 

protein standard curve was used to quantify the amount of TSP present in each extract. 

The standard curve was prepared with seven different concentrations: 1.0 µg, 2.0 µg,    

4.0 µg, 6.0 µg, 8.0 µg, 10 µg and 12 µg BSA.                      

For N. benthamiana plants, infiltrated with GFP-HFBI, 6.77 g of fresh leaf tissue 

were collected 4 days post infiltration (dpi). The tissue was frozen using liquid nitrogen 

and manually homogenized by grinding until a fine powder was obtained. Then protein 

extraction buffer (3 ml per gram of fresh tissue) was added and the sample was mixed 

manually. The sample was centrifuged at 20,000g for 30 minutes at 4ºC and the 

supernatant was transferred into a new tube. The previous step was repeated and the 

extracted protein was kept on ice and immediately used for purifying GFP-HFBI by the 

aqueous two-phase system (ATPS) method (Linder et al., 2004).  

2.7 Aqueous two phase system  

The GFP-HFBI recombinant protein was purified by aqueous two phase system 

(ATPS) (Linder et al., 2004) as follows: The total soluble protein extracted from leaf 

tissue of transiently transformed N. benthamiana plants was pre-warmed at 24ºC for      

10 minutes and mixed with the surfactant Agrimul to a final concentration of 8% (w/v). 

The sample was mixed by vortexing and rotated gently on an ORBITRON rotator 

(Boekel Scientific, Model 260250) at room temperature for 10 minutes. The tube was 

then incubated at 24ºC for 1 hour and subsequently centrifuged at 3000g for 5 minutes at 
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24ºC. The upper clear phase, containing the GFP-HFBI recombinant protein was then 

transferred to a new tube and isobutanol (400 μl isobutanol per 1 ml upper phase) was 

added. The sample was gently mixed by inversion and rotated on an ORBITRON rotator 

at room temperature for 10 minutes. After this, the tube was centrifuged at 3000g for       

5 minutes at 24ºC. Three layers were observed; the upper and middle phases were 

discarded and the bottom phase containing the GFP-HFBI recombinant protein was 

transferred to a new tube. Two aliquots of 80 µl each were mixed with 5X reducing 

sample buffer and stored at -80ºC prior to sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis. The remaining sample was divided in aliquots of 

10 µl to be used as GFP standard in dot blot analyses.   

2.8 Protein quantification 

Quantification of the recombinant proteins was performed using the immunodot 

blot technique. Briefly, each extracted sample was serially diluted three times using 1X 

PBS. Later, 2 µl of each undiluted sample and from the three serial dilutions were spotted 

in triplicate onto a nitrocellulose membrane in an 8 x 12 format (Bio-Rad). Five different 

concentrations of purified GFP-HFBI were also spotted in triplicate: 4 ng, 8 ng, 12 ng,   

16 ng and 20 ng. After loading the standards and the samples, the membranes were 

blocked overnight at 4ºC with 1X TBS-T containing 3% (w/v) powdered skim milk. The 

membranes were then moved to hybridization tubes and incubated for 1 hour at room 

temperature with 1 µl of mouse monoclonal anti GFP primary antibody (Living Colors® 

A.v. monoclonal antibody (JL-8), Clontech) diluted 1/5000 in 1X TBS-T containing    

3% (w/v) powdered skim milk. The membranes were then washed three times for          

15 minutes with 1X TBS-T and then incubated for an hour at room temperature with a 
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horseradish peroxidase (HRP) - conjugated goat-anti mouse IgG secondary antibody 

(Bio-Rad) diluted in 1/3000 in 1X TBS-T containing 3% (w/v) powdered skim milk. 

Finally, the membranes were washed three times for 10 minutes with 1X TBS-T 

containing 3% (w/v) powdered skim milk and visualized using the enhanced 

chemiluminescence (ECL) detection system (GE Healthcare, Mississauga, Canada) 

according to the manufacturer’s protocol, and scanned using a ChemidocXRS (Bio-Rad). 

Scanned membranes were analyzed using TotalLab TL 100 software (Nonlinear 

Dynamics, Durham, USA). The GFP standard was used to generate a standard curve 

which was used to extrapolate the amount of recombinant protein in each sample.  

Quantification of GFP-HFBI, extracted by ATPS, was performed by SDS-PAGE 

and Coomassie staining. Briefly, an aliquot of GFP-HFBI was serially diluted using      

1X PBS. Undiluted GFP-HFBI and six dilutions were separated on a                           

10% polyacrylamide gel and visualized by GelCode
TM

 blue stain reagent (Thermo 

Scientific) staining. The gel was scanned and analyzed by Totallab TL100 Software 

Array V 2008. A BSA protein standard curve (0.5 µg, 0.15 µg, 1.0 µg, 2.0 µg, 3.0 µg and 

4.0 µg BSA) was used as reference to quantify the amount of GFP-HFBI present.  

2.9 Confocal microscopy 

A Leica TCS SP2 confocal laser scanning inverted microscope (Leica 

Microsystems, Wetzlar, Germany) equipped with a 63X water immersion objective was 

used to examine the subcellular localization of GFP in the different tissue samples and 

seeds of stable transgenic plants of N. tabacum. To visualize GFP fluorescence, 

excitation with a 488 nm argon laser was used and its emission was detected at           
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500-530 nm. Chlorophyll autofluorescence was also detected with emission at 630-680 

nm. Collected images were analysed using the Leica Application Suite for Advanced 

Fluorescence (LAS AF) (Leica Microsystem, V2.3.5 build 5379). 
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3 RESULTS  

3.1 Generation of stable transgenic N. tabacum plants 

Previous studies using transient expression assays have demonstrated that ELP and 

HFBI fusion tags possess the ability to enhance the accumulation levels of recombinant 

proteins when targeted to the ER (Conley et al., 2011b; Joensuu et al., 2010; Conley et 

al., 2009a). Furthermore, it was shown that they induce the formation of PBs, which 

seems to be the key mechanism to increase accumulation levels of recombinant proteins 

in plants (Conley et al., 2011b; Joensuu et al., 2010). 

Although transient expression systems are fast and effective, generating stable 

transgenic plants still remains one of the long-term goals for producing recombinant 

proteins in plants. Therefore, the first objective of this project was to generate stable 

transgenic plants of N. tabacum expressing ER-targeted GFP, GFP-HFBI and GFP-ELP 

recombinant proteins to evaluate the effect of ELP and HFBI tags on the accumulation 

levels of GFP.  

To achieve this, plant expression vectors previously constructed to produce and 

target the three recombinant proteins to the ER (Figure 3) were used for Agrobacterium-

mediated transformation of leaf discs. Cultivars I64 and 81V9 of N. tabacum were 

transformed and twenty four independent transgenic plants for each combination of 

construct and cultivar were regenerated (Table 1). All transgenic plants showed a normal 

phenotype compared with nontransgenic plants.  
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3.2 Quantification of recombinant proteins in stable transgenic lines of              

N. tabacum 

Once the different transgenic lines were obtained, protein extraction and 

quantification of recombinant proteins were carried out for each of the twenty four 

independent transformants to estimate accumulation levels of the different recombinant 

proteins in each transgenic plant. This was done to compare GFP accumulation levels in 

cultivars I64 and 81V9, both transformed with GFP-HFBI, and between the ELP and 

HFBI fusion constructs, both transformed into cultivar I64. 

Before starting to analyze protein levels of the transgenic plants, a GFP-HFBI 

standard protein was generated. For this, Agrobacterium-mediated transient expression 

was used to produce GFP-HFBI recombinant protein in N. benthamiana plants. The 

recombinant protein was purified from infiltrated leaf tissue using ATPS and quantified 

using SDS-PAGE (Figure 4). Standards of 4, 8, 12, 16, 20 and 24 ng of GFP-HFBI per µl 

were prepared and used to create a standard curve for extrapolating concentrations of 

GFP in transgenic plants.  

Protein extractions of transgenic plants were quantified and recombinant protein 

levels were determined using immunodot blotting and a GFP antibody (Figure 5).  

Aliquots for each original extract were saved and used for total soluble protein (TSP) 

quantification.  

Transgenic plants of cultivars I64 expressing GFP were first analyzed. These plants 

had accumulation levels ranging between 0.01% and 1.2% of recombinant protein per 

TSP (Table 2).  In general, most plants had low levels of accumulation (under 0.1% of 
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Figure 4. Quantification of purified GFP-HFBI by SDS-PAGE analysis. 

GFP-HFBI extracted by ATPS was serially diluted (1/2, 1/4, 1/8, 1/16 and 1/32), 

separated on a 10% SDS-PAGE, and subsequently stained with GelCode
TM

 blue stain 

reagent. Using the  BSA 1 µg standard and 1/16 dilution of ATPS extract, the 

concentration of purified GFP-HFBI was calculated to be 1.6 µg/µl. Arrow, GFP-HFBI 

(32.7 kDa). M, protein marker.  
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Figure 5. Quantification of recombinant proteins by immunodot blotting. 

Immunodot blot was performed with GFP antibody. Left, standard of purified           

GFP-HFBI. Each concentration was loaded in triplicate. Right, leaf tissue samples. After 

protein extraction, each sample was serially diluted (1/2, 1/4 and 1/8) and 2 µl of each 

dilution were loaded in triplicate. Results for four different samples are shown.  
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Table 2. Accumulation levels of ER-targeted GFP protein in N. tabacum cv. I64 stable 

transgenic plants. 

Twenty four independent transformants were evaluated. The quantity of recombinant 

protein present in each sample was calculated as the mean of three technical replicates for 

a particular dilution. 

Plant 

Recombinant protein    

[% per TSP] 
Standard deviation 

[x 10
-4

]
a
 PBs

b
 

 

1 0.014 ±0.35 A 

2 0.018 ±1.13  A 

3 0.022 ±8.23  A 

4 0.031 ±0.35 ND 

5 0.031 ±0.09 A 

6 0.032 ±1.04  A 

7 0.041 ±1.45  ND 

8 0.049 ±0.56 A 

9 0.054 ±0.56 A 

10 0.060 ±1.31  A 

11 0.074 ±0.99 ND 

12 0.090 ±1.49  ND 

13 0.106 ±11.2  ND 

14 0.112 ±11.2  A 

15 0.227 ±4.16  A 
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Table 2. continued. Accumulation levels of ER-targeted GFP protein in N. tabacum cv. 

I64 stable transgenic plants. 

 

16 0.237 ±13.9  P 

17 0.321 ±2.85  P 

18 0.354 ±7.07  P 

19 0.457 ±17.5 ND 

20 0.460 ±9.68  A 

21 0.631 ±8.73  ND 

22 0.810 ±15.1  ND 

23 1.142 ±14.3  ND 

24 1.201 ±3.18  P 

    

a, Standard deviation of the mean value of three technical replicates.  

b, Presence (P) or absence (A) of PBs in stable transgenic lines determined by confocal 

microscopy analysis. ND, not determined. 

Dotted line separates transgenic lines without PBs from those with PBs. 

Bolded rows correspond to the plants shown in pictures from Results section.  
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recombinant protein per TSP). 

Analysis of the protein quantification results obtained from stable transgenic plants 

of cultivar I64 expressing GFP-ELP revealed that these plants had accumulation levels 

ranging between 0.02% and 2.1% of recombinant protein per TSP (Table 3). Compared 

to the plants expressing GFP, most of the plants had higher levels of recombinant protein 

accumulation (Figure 6).  

Most transgenic plants of cultivar I64 and 81V9 expressing GFP-HFBI had 

accumulation levels ranging between 0.01% and 2.5% of recombinant protein per TSP 

(Table 4 and 5). Only a single transgenic plant of the cultivar 81V9 had accumulation 

levels of 5.2% of recombinant protein per TSP. Overall however, no obvious differences 

were found between these two cultivars (Figure 6).  

When comparing GFP-ELP transgenic lines to GFP-HFBI lines, all in cultivar I64, 

the distribution of accumulation levels was overall higher in lines transformed with GFP-

HFBI.  

A comparison between transgenic plants expressing GFP and transgenic lines 

expressing GFP-ELP and GFP-HFBI, showed that transgenic plants expressing GFP 

presented the lowest levels of accumulation of the recombinant protein (Figure 6). 

Therefore, these finding suggests that the fusion tags increase the accumulation levels of 

the recombinant protein in transgenic plants.  

3.3 Protein body formation in stable transgenic plants of N. tabacum 

To begin the evaluation of the sub-cellular localization of ER-targeted GFP, GFP-HFBI  
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Table 3. Accumulation levels of ER-targeted GFP-ELP protein in N. tabacum cv. I64 

stable transgenic plants. 

Twenty four independent transformants were evaluated. The quantity of recombinant 

protein present in each sample was calculated as the mean of three technical replicates in 

dot blot for a particular dilution.  

Plant 
Recombinant protein    

[% per TSP]  
Standard 

deviation [x 10
-4

]
a
 

PBs
b
 

 

1 0.020 ±19.7  A 

2 0.031 ±1.95  A 

3 0.043 ±16  A 

4 0.074 ±11.8  A 

5 0.085 ±2.48  A 

6 0.094 ±19.7  ND 

7 0.106 ±0.1 ND 

8 0.108 ±59.3  A 

9 0.126 ±6.06  A 

10 0.193 ±0.42 ND 

11 0.210 ±0.12 P 

12 0.224 ±2.19  P 

13 0.236 ±8.43  P 

14 0.303 ±0.52 P 

15 0.325 ±0.17 P 
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 Table 3. continued. Accumulation levels of ER-targeted GFP-ELP protein in N. tabacum 

cv. I64 stable transgenic plants. 

 

16 0.404 ±1.12  P 

17 0.599 ±53.5  P 

18 0.715 ±0.35 ND 

19 0.813 ±0.08 P 

20 0.877 ±1.31  ND 

21 1.085 ±11.2  A 

22 1.449 ±9.38 ND 

23 1.722 ±52.6  ND 

24 2.100 ±25.9  P 

    

a, Standard deviation of the mean value of three technical replicates.  

b, Presence (P) or absence (A) of PBs in stable transgenic lines determined by confocal 

microscopy analysis. ND, not determined. 

Dotted line separates transgenic lines without PBs from those with PBs. 

Bolded rows correspond to the plants shown in pictures from Results section.  
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Light green bars, plants without PBs with accumulation levels between 0.01 - 0.2 % of 

recombinant protein per TSP. Dark green bars, plants with PBs with accumulation levels 

between 0.2 - 5.2% of recombinant protein per TSP. Gray bars, plants where presence or 

absence of PBs were not determined. Each column represents the mean value of three 

technical replicates, and error bars indicate the standard deviation of the mean. Dotted 

line separates plants without and with PBs and shows that plants had protein 

accumulation levels of at least 0.2% of recombinant protein per TSP before PBs could be 

visualized. Arrows identifying transgenic plants which were analyzed by confocal 

microscopy. 

 

 

 

 

Figure 6.  Distribution N. tabacum transgenic plants expressing GFP, GFP-ELP and 

GFP-HFBI recombinant proteins. 



45 

 

 

 



46 

 

Table 4. Accumulation levels of ER-targeted GFP-HFBI protein in N. tabacum cv. I64 

stable transgenic plants. 

Twenty four independent transformants were evaluated. The quantity of recombinant 

protein present in each sample was calculated as the mean of three technical replicates in 

dot blot for a particular dilution.  

 

Plant 
Recombinant protein   

[% per TSP] 
Standard 

deviation [x 10
-4

]
a
 

PBs
b
 

 

1 0.018 ±1.75  A 

2 0.100 ±5.41  A 

3 0.122 ±2.81     A 

4 0.149 ±3.43 ND 

5 0.169 ±7.57 A 

6 0.172 ±2.11 ND 

7 0.219 ±5.59  ND 

8 0.232 ±4.81  ND 

9 0.255 ±2.72  ND 

10 0.294 ±1.70  ND 

11 0.349 ±0.17 P 

12 0.451 ±9.65  ND 

13 0.510 ±11.7  P 

14 0.553 ±6.15 P 
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Table 4. continued. Accumulation levels of ER-targeted GFP-HFBI protein in               

N. tabacum cv. I64 stable transgenic plants. 

 

15 0.779 ±0.13  P 

16 0.782 ±9.36  P 

17 0.999 ±0.45  ND 

18 1.514 ±0.16  P 

19 1.684 ±1.13  P 

20 1.754 ±0.95  P 

21 1.935 ±7.99  ND 

22 2.141 ±0.53 P 

23 2.271 ±0.23  ND 

24 2.521 ±0.15  P 

    

a
, Standard deviation of the mean value of three technical replicates.  

b
, Presence (P) or absence (A) of PBs in stable transgenic lines determined by confocal 

microscopy analysis. ND, not determined. 

Dotted line separates transgenic lines without PBs from those with PBs. 

Bolded rows correspond to the plants shown in pictures and Table 6 from Results section.  
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Table 5.  Accumulation levels of ER-targeted GFP-HFBI protein in N. tabacum cv. 81V9 

stable transgenic plants. 

Twenty four independent transformants were evaluated. The quantity of recombinant 

protein present in each sample was calculated as the mean of three technical replicates in 

dot blot for a particular dilution.  

 

Plant 
Recombinant protein 

[% per TSP] 
Standard deviation 

[x 10
-4

]
a
 

PBs
b
 

 

1 0.102 ±3.42 ND 

2 0.136 ±0.03 ND 

3 0.179 ±0.14 ND 

4 0.196 ±0.03 ND 

5 0.218 ±4.38  ND 

6 0.225 ±1.46  P 

7 0.263 ±3.08  P 

8 0.294 ±4.88  P 

9 0.351 ±2.90  P 

10 0.357 ±6.13  P 

11 0.397 ±5.52  P 

12 0.404 ±6.70  P 

13 0.776 ±17.1  P 

14 0.808 ±12.9  ND 
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Table 5. continued. Accumulation levels of ER-targeted GFP-HFBI protein in               

N. tabacum cv. 81V9 stable transgenic plants. 

 

15 0.846 ±1.13  P 

16 1.0 ±6.82  ND 

17 1.051 ±11.4 P 

18 1.098 ±11.5  ND 

19 1.171 ±15.6  P 

20 1.212 ±29.8  A 

21 1.371 ±11.3  ND 

22 2.066 ±13.3  P 

23 2.507 ±23.3  ND 

24 5.226 ±12.7  P 

    

a
, Standard deviation of the mean value of three technical replicates.  

b
, Presence (P) or absence (A) of PBs in stable transgenic lines determined by confocal 

microscopy analysis. ND, not determined.  

Dotted line separates transgenic lines without PBs from those with PBs. 

Bolded rows correspond to the plants shown in pictures and Table 6 from Results section.  
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and GFP-ELP recombinant proteins, confocal laser scanning microscopic analyses were 

carried out on some of the stable transgenic plants. In total, three leaf samples per plant 

were analyzed including one young leaf, one medium sized leaf and one old leaf.  The 

plants that were analyzed are identified in Figure 6 by an arrow, but only select 

representative images are shown in this thesis. 

When analyzing transgenic plants of cultivar I64 expressing GFP (fifteen plants), 

fluorescence was detected (Figure 7A, 7C and 7D), indicating that GFP was being 

expressed. However, fluorescence levels varied among plants, ranging from very low 

fluorescence (Figure 7C) to high levels of fluorescence (Figure 7D). The accumulation 

levels visualized by confocal microscopy corresponded to those determined by protein 

quantification (Table 2). Therefore, in plants with low GFP accumulation levels (below 

0.1%) a low fluorescent signal was detected and leaf cells were barely visible. As 

untransformed plants showed no evidence for fluorescence, the observed fluorescence in 

GFP transgenic lines can be attributed to the expression of the GFP construct (Figure 

7B).   

Analysis of plants with higher accumulation levels of GFP showed a strong 

fluorescence signal that allowed the visualization of cells and a fluorescent reticulated 

pattern which is characteristic of the ER network (Figure 7E), indicating expected 

localization of the recombinant protein. Although GFP (without tag) was expected to be 

localized to the ER, surprisingly, some plants showed formation of very small spherical 

particles with a diameter of 0.2 – 0.5 µm, with very few larger particles that were up to 2 

µm in size, which could be PBs (Figure 7F). No differences were observed between 

young, medium and old leaves in a particular plant.  
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A. Overview of a simplified plant cell cross-section expressing ER-targeted GFP 

protein. Plant cells possess a large central vacuole that pushes the cytosol and organelles 

to the periphery of the cell, creating a visible GFP outline around it. ER showed in light 

green. B. Leaf cells from a wild type cultivar I64 N. tabacum plant. No fluorescence was 

observed. C. Low levels of fluorescence in leaf cells from transgenic plant number 3 

(Table 2, 0.022% recombinant protein per TSP) of cultivar I64 expressing GFP targeted 

to the ER. D. Fluorescent leaf cells from transgenic plant number 18 (Table 2, 0.354% 

recombinant protein per TSP). E. Close-up of the area in the white panel in picture D 

showing in detail the reticulated pattern characteristic of the ER. Arrowhead, ER 

reticulated pattern. F. View of small spherical particles found in some leaf cells of plant 

number 18.  Arrowhead, PBs. All pictures were acquired with the same gain settings. Red 

autofluorescence of chloroplasts is observed in all pictures. 

 

 

 

Figure 7.  Leaf tissues from stable transgenic N. tabacum I64 plants expressing ER-

targeted GFP. 
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Analysis of seventeen transgenic plants of cultivar I64 expressing GFP-ELP 

showed a very different fluorescence pattern compared to plants expressing GFP. Leaf 

cells contained PBs which varied in size and numbers between the analyzed plants 

(Figure 8A and 8B). These PBs ranged from 0.5 – 1.0 µm in diameter to large bright 

spheres of the same size or larger than chloroplasts (2.0 – 5.0 µm diameter) (Figure 8C 

and 8D). In these plants, the simultaneous visualization of PBs and ER was difficult due 

to the brightness of the large PBs. No obvious differences were observed between leaves 

of different ages. As for the GFP transgenic lines, plants with different levels of 

fluorescence were identified and again fluorescence levels and the presence and size of 

PBs levels correlated well with accumulation levels of the recombinant protein (Table 3, 

Figure 8).   

Analysis of twenty eight transgenic plants expressing GFP-HFBI from cultivars 

81V9 and I64 (fourteen plants for each transformed cultivar), showed similar results to 

the ones obtained for plants expressing GFP-ELP. Fluorescent cells with abundant PBs 

were observed in different transgenic plants (Figure 9A and 9B). As in the other 

transgenic lines, no obvious differences were observed between the different leaf ages. 

Nevertheless, the size and frequency of these PBs were also variable between transgenic 

plants. Most plants had PBs with a diameter of 0.5 – 2.0 µm (Figure 9B). Plants with 

higher levels of accumulation also had larger PBs ranging from 2.0 – 3.0 µm (Figure 9). 

No obvious differences were found between the two transformed cultivars.  

A comparison between the frequency and sizes of the observed PBs in plants with 

different accumulations levels of GFP-HFBI further supported the idea that the 

characteristics of the HFBI tag were very similar in the two evaluated cultivars (Table 6).  
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A. Leaf cells from cultivar I64 transgenic plant 14 (Table 3, 0.303% recombinant protein 

per TSP) expressing GFP-ELP recombinant protein. Formation of protein bodies is 

evident. Arrowhead, PBs. B. Close-up of the area in the white rectangle in picture A 

showing protein bodies in detail. C, D. Observed PBs with a diameter between 0.5 µm – 

5 µm. Due to the size and brightness of the PBs, the ER is only faintly visible. 

Arrowhead, ER reticulated pattern. Arrow, small PBs. E. Leaf cells from cultivar I64 

transgenic plant 12 (Table 3, 0.224% recombinant protein per TSP) expressing GFP-ELP 

recombinant protein show formation of PBs. Arrowhead, small PBs. F. Close-up of 

picture E showing protein bodies in detail. PBs heterogeneous in size are observed. 

Arrowhead, ER reticulated pattern. Arrow, PBs. All pictures were acquired with the same 

gain settings 

 

 

 

Figure 8.  Leaf tissues from stable transgenic N. tabacum I64 plants expressing          

GFP-ELP show numerous protein bodies. 
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A. Leaf cells from cultivar 81V9 transgenic plant 11 (Table 5, 0.397% recombinant 

protein per TSP) expressing GFP-HFBI recombinant protein. Formation of protein bodies 

is evident. B. Close-up of the area in the white rectangle in picture A allowing to see 

protein bodies. PBs had an average size between 0.5 - 2.0 µm. C. Leaf cells from cultivar 

81V9 transgenic plant 19 (Table 5, 1.171% recombinant protein per TSP) expressing 

GFP-HFBI recombinant protein. Formation of protein bodies is evident. D. Close-up of 

picture C allowing to visualize protein bodies. Clusters of PBs homogeneous in size are 

observed. Due to the size and brightness of the PBs, the ER is only faintly visible. E. 

Close-up of the area in the white rectangle in picture D allowing to visualize PBs in more 

detail. Arrowhead, PBs. All pictures were acquired with the same gain settings. 

 

 

 

Figure 9. Leaf tissues from a stable transgenic N. tabacum 81V9 plant expressing      

GFP-HFBI induces the formation of protein bodies. 
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Table 6. Frequency and size of PBs present in leaf cells of N. tabacum cv. 81V9 and        

cv. I64 stable transgenic plants with different levels of accumulation of GFP-HFBI. 

 

Analyzed plants
a
 Protein bodies Protein body size 

 
Absence

b
 Presence Small

c
 Large

d
 

     I64 GFP-HFBI - 0.553% recombinant 

protein per TSP (plant 14). 
0 100 97% 3% 

 
    

I64 GFP-HFBI - 1.684% recombinant 

protein per TSP (plant 19). 
0 100 37% 63% 

 
    

81V9 GFP-HFBI – 0.776% recombinant 

protein per TSP (plant 13) 
0 100 87% 13% 

 
    

81V9 GFP-HFBI - 1.171% recombinant 

protein per TSP (plant 19). 
0 100 48% 52% 

     
a
, In total, five leaves per plant were sampled. Two leaf discs per leaf were collected 

and analysed by laser scanning confocal microscopy. Ten cells were analysed per 

leaf disc, for a total of one hundred cells. 

b
, Cells with a bright fluorescent ER reticulated pattern. 

c
, PB diameter <1.0 µm. 

d
, PB diameter >1.0 µm. 
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PBs were present in 100% of the cells in each plant. However, large PBs (>1.0 µm) were 

more frequent in cells of plants with higher accumulation levels of the recombinant 

protein. 

When comparing confocal results obtained for transgenic plants expressing GFP-

HFBI and GFP-ELP, PBs in plants expressing GFP-HFBI were smaller and more 

homogenous in size (0.5 – 3.0 µm) (Figure 9) than the ones observed in plants expressing 

GFP-ELP (0.5 – 5.0 µm) (Figure 8). Furthermore, most of the analyzed stable transgenic 

plants that formed PBs regardless of the cultivar and the construct had high numbers of 

PBs in guard cells of stomata. Sometimes, having more PBs than their surrounding 

epidermal cells (Figure 10).  

A comparison of the confocal laser scanning microscopy results and the obtained 

accumulation levels for the different analyzed stable transgenic lines revealed a 

relationship between PB formation and recombinant protein accumulation. Essentially, 

higher accumulation levels of recombinant protein were associated with the presence of 

PBs (Figure 6, Tables 2-5). 

Based on these findings, all transgenic lines were divided into two different classes 

according to the accumulation levels and presence of PBs. The first class represents 

plants with low accumulation levels, ranging between 0.01% and 0.2% of recombinant 

protein per TSP, and absence of PBs. These plants showed low fluorescence levels where 

cells were barely visible or only the outline and ER of the cells was visible. The second 

class represents plants with higher protein accumulation levels, starting at 0.2% of 

recombinant protein per TSP, and presence of PBs. Plants in this class showed bright and  
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A, B and C. Protein bodies in guard cells from cultivar 81V9 transgenic plant 18 (Table 

5, 0.354% recombinant protein per TSP) expressing GFP-HFBI. All pictures were 

acquired with the same gain settings. 

 

Figure 10. Guard cells from leaf tissue of a stable transgenic plant of N. tabacum   

expressing GFP-HFBI contain protein bodies. 
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and clearly visible cells. Furthermore, the characteristic reticulated pattern of the ER was 

visible and PBs were formed in almost every cell. Furthermore, PB frequency and size 

increased with accumulation levels (Table 6). According to the analyses, 0.2% of 

recombinant protein per TSP would be the threshold level needed for the formation of 

PBs. 

Based on the two different classes, 58.33% of the transgenic plants of cultivar I64 

expressing GFP had low accumulation levels of the recombinant protein (Table 2, Figure 

6). 41.66% of plants of cultivar I64 expressing GFP-ELP had low accumulation levels 

(Table 3, Figure 6), whereas from transgenic lines from cultivars I64 and 81V9 

expressing GFP-HFBI, 25% and 16.6% respectively, had low accumulation levels (Table 

3 and 4, Figure 6).  

A comparison between the distributions of the transgenic lines in the two classes 

demonstrated that the plants expressing GFP had the lowest accumulation levels and most 

transgenic plants were part of the low accumulation class, followed by transgenic plants 

expressing GFP-ELP. Transgenic plants of cultivars I64 and 81V9 expressing GFP-HBFI 

had the highest numbers of plants outside the lower level accumulation category. 

In general, these findings demonstrate that the two tags increase the accumulation 

levels of the recombinant protein and are associated with the formation of PBs in the 

different transgenic plants. However, PBs can be also formed in plants without the use of 

these tags if a certain level of accumulation of the recombinant protein is reached.  
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3.4 Effect of a viral suppressor of gene silencing on accumulation levels of 

recombinant protein and PB formation in stable transgenic plants 

In all the stable transgenic lines generated in this study various transgenic plants 

had low accumulation levels and in some plants no fluorescence was detected. The 

presence of plants with such low accumulation levels is frequently explained by 

positional effects of transgene insertion in the genome or silencing mechanisms of the 

plant (Schubert et al., 2004). The latter is usually attributed to post-transcriptional gene 

silencing (PTGS), a ribonucleic acid (RNA) based silencing mechanism that can be 

activated by plant pathogens, transposons and transgenes (Fagard and Vaucheret, 2000).  

Plant pathogenic viruses have evolved strong PTGS suppressors that can act at 

different levels of the silencing pathway. One of the best characterized suppressors, 

expressed by members of the Tombusvirus family, is the p19 protein. p19 has been 

successfully used in transient expression assays as a strategy to increasing the yield of 

several recombinant proteins (Havelda et al., 2003; Fischer et al., 2004). 

To evaluate if GFP-HFBI transgenic plants had low accumulation levels due to an 

active PTGS mechanism, transgenic plants with low accumulation levels (plants 2 and 3 

in Table 4, plant 2 in Table 5) were transiently transformed with an Agrobacterium strain 

expressing the p19 gene from CymRSV (Sylhavy et al., 2002).  

Analysis of recombinant protein accumulation of infiltrated and non-infiltrated leaf tissue 

four days after infiltration showed that in two transgenic plants (plants 2 and 3 in Table 4) 

there was an increase in the accumulation levels of the recombinant protein in the 

infiltrated areas of the leaf (Figure 11A, 11B and 11C). Furthermore, confocal 
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microscopy analysis of infiltrated leaf tissue samples revealed an increase in the level of 

fluorescence and showed the formation of PBs in one plant (Figure 11D and 11E). 

Therefore, this data is consistent with the idea that in certain cases, low accumulation 

levels of the recombinant protein in stable transgenic plants may be attributed to PTGS. 

Assays in plant 3 (Table 4) are not shown but accumulation levels without p19 had an 

average of 0.12% of recombinant protein per TSP (standard deviation of the mean 1.00 x 

10
-1

) and with p19 had an average of 0.24% of recombinant protein per TSP (standard 

deviation of the mean 2.75 x 10
-4

). 

Stable transgenic plants with higher accumulation levels of GFP-HFBI were also 

transiently transformed with p19 (plant 11 in Table 4 and plants 9 and 11 in Table 5). 

Comparison of the recombinant protein accumulation of infiltrated and non-infiltrated 

leaf tissue did not reveal an increase in the accumulation levels of the recombinant 

protein in infiltrated areas of the leaf (data not shown). However, confocal microscopy 

analysis of infiltrated leaf tissue showed an increase in frequency and size of PBs (Figure 

12). Interestingly, this increase was mostly notable in the guard cells of the stomata, 

where bright and large PBs were found. This finding is interesting because it implies that 

more p19 find its way to the guard cells than to other epidermal cells. It is important to 

note that Agrobacterium penetrates the epidermal cells trough stomata. This should be 

documented in the literature.  

3.5 Analysis of GFP expression in seeds 

Once the expression of the different recombinant proteins was confirmed in 

transgenic plants and formation of PBs was observed, I wondered if PBs were also  
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A. Accumulation levels of recombinant protein with and without the p19. The 

experiment was performed with three different plants but only results of one assay are 

shown (Table 4, Plant 2, 0.1% of recombinant protein per TSP). Each column represents 

the average of two technical replicates. Error bars represent the standard deviation of the 

mean. B. View of leaf cells without p19. C. View of leaf cells with p19. An increase in 

GFP fluorescence levels was observed. D, E. formation PB in leaf cells with p19. All 

pictures were acquired with the same gain settings. Red autofluorescence of chloroplasts 

is observed in all pictures. 

 

 

 

 

Figure 11. Effect of p19 silencing suppressor over a stable transgenic plant of cv. I64 

with low levels of accumulation of GFP-HFBI. 
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A.View of leaf cells from cultivar 81V9 transgenic plant 9 (Table 5, 0.351% of 

recombinant protein per TSP) without p19. PBs are present in the cells. Arrowhead, small 

PBs B. View of leaf cells with p19. The observed PBs are larger, compared with PBs in 

picture A. C. Close up to protein bodies present in guard cells. All pictures were acquired 

with the same gain settings. 

Figure 12. Effect of the p19 silencing suppressor in a stable transgenic plant of cv. 

81V9 with higher accumulation levels of GFP-HFBI. 
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induced in tobacco seeds because in dicot plants proteins are accumulated in PSVs 

(Peters and Stöger, 2011). Therefore, seeds from N. tabacum wild type plants of cultivars 

81V9 and I64, and various of the transgenic plants expressing GFP, GFP-HFBI (seeds 

from plant 19, Table 5 and plant 11, Table 4) and GFP-ELP (seeds from plant 11, Table 

3) were analyzed by laser scanning confocal microscopy.  

Confocal microscopy analysis of seeds from wild type plants of cultivars I64 and 

81V9 did not show any fluorescence, demonstrating that none of the organelles present in 

the seeds autofluoresce under the established confocal parameters (data not shown).  

Confocal microscopy analysis of the seeds from transgenic plants expressing GFP 

recombinant protein showed bright fluorescent endosperm, where individual cells could 

be identified (Figure 13B). A close-up view of some of these cells showed the presence 

of numerous round organelles of different sizes. According to their shape and size, they 

might be PSVs or oil bodies, which are common in tobacco seeds (Peters and Stöger, 

2011; Kawakatsu et al., 2010; Tzen et al., 1993) (Figure 13B and 13C).  

Confocal microscopy analysis of seeds from transgenic plants expressing GFP-

HFBI (Figure 14A) and GFP-ELP (data not shown) also showed a bright fluorescent 

endosperm, where individual cells were clearly visible. A close-up view of some of these 

cells not only showed the presence of numerous round black organelles, surrounded by a 

fluorescent signal but also the presence of some small bright fluorescent particles that 

resemble PBs (Figure 14B).    
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A. Overview of a simplified mature tobacco seed cross section showing the main parts of 

the seed. Modified from ‘The Seed Biology Place’ (http://www.seedbiology.de). B. View 

of seed. Arrowhead, endosperm cells. C. Close-up of picture B. Presence of round 

organelles. Arrowhead, round organelles. All pictures were acquired with the same gain 

settings. 

Figure 13. Analysis of the seeds of N. tabacum cv. I64 stable transgenic plant  

expressing GFP. 

http://www.seedbiology.de/
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 A. View of seed. Arrowhead, endosperm cells. (seeds from plant 19, Table 5) B. Close-

up of picture A. Presence of spherical particles that resemble PBs. Arrowhead, 

fluorescent particles. C. Close up of picture B showing in more detail the fluorescent 

spherical particles. All pictures were acquired with the same gain settings. 

Figure 14. Analysis of the seeds of N. tabacum cv. 81V9 stable transgenic plant 

expressing GFP-HBFI. 
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4 DISCUSSION 

4.1 Elastin-like polypeptide and hydrophobin fusions improve accumulation 

levels of GFP in stable transgenic plants of N. tabacum 

The use of fusion partners for the expression of recombinant proteins in plants has 

been used as a strategy to solve two major problems: low accumulation levels and lack of 

efficient purification methods for plant made proteins (Conley et al., 2011b).  The ELP 

and HFBI fusion tags have been tested in transient expression experiments, and shown to 

increase recombinant protein accumulation levels (Joensuu et al., 2010; Conley et al., 

2009b). ELP was shown to effectively concentrate the recombinant proteins, although a 

second affinity step is needed for purifying the protein (Conley et al., 2009a). On the 

other hand, HFBI was shown to recover 90% of the protein in one ATPS step (Joensuu et 

al., 2010). ELP was shown to increase the accumulation of recombinant proteins in stable 

transgenic plants but no PBs were found (Patel, et al., 2007), while HFBI had not been 

tested in a stable plant system and neither were shown to produce PBs in stable 

transgenic plants. 

Analysis of the different stable transgenic plants of N. tabacum demonstrated that 

ELP and HFBI tags can be efficiently used in a constitutive environment. The use of any 

of the fusion tags at least doubled the amount of the recombinant protein, compared with 

the expression of the protein alone (Figure 6, Tables 2 - 5). These findings are important 

for different reasons. 

Importantly, this is the first time that the HFBI tag has been used in a stable plant 

transgenic transformation. Consequently, this is the first report showing that this tag is 
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functional in stable transgenic plants, where it positively impacts the accumulation of the 

protein of interest. Furthermore, ATPS can be effectively used for the purification of the 

recombinant protein from a crude plant extract, which is a simple and scalable 

purification system (Linder et al., 2004). This technique has been used in this study for 

the purification of GFP-HFBI to produce and purify the standard protein used for 

quantification of the GFP accumulation in the transgenic plants by immunodot blot 

technique (Figure 4).  

Additionally, no differences were found between cultivars I64 and 81V9 

transformed with the HFBI tag (Figure 6). This finding opens the possibility of using 

different cultivars with different properties that can be beneficial for the expression of a 

particular protein. I64 produces high biomass, while 81V9 cultivar is a low alkaloid 

cultivar (Conley et al., 2011a), a property that can be exploited for the expression of 

proteins that can be orally administered to humans and animals, such us vaccines. This is 

a very important aspect because if expensive purification processes can be avoided, lower 

costs of the product can be achieved (Joensuu et al., 2008; Menassa et al., 2007). 

Furthermore, these findings also agree with a previous study where the accumulation 

levels of four different recombinant proteins showed no differences between 16 different 

tested cultivars of Nicotiana plants (Conley et al., 2011a). 

In regard to the stable transgenic plants of cultivar I64 expressing GFP-ELP, this 

tag increased the accumulation levels of GFP (Figure 6). However, these plants had in 

general lower accumulation levels, compared with the GFP-HFBI plants. Therefore, it 

seems that the ELP tag may be less efficient in this cultivar (Table 3 and 4, Figure 6). In 

order to evaluate if this result is due to an interaction between the tag and cultivar I64 
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plants or due to an arbitrary accumulation of the proteins, it will be important to evaluate 

a larger group of stable transgenic plants using this cultivar. The use of a different, non-

fluorescent fusion partner would be also recommended because properties of the fused 

protein may affect the behavior of the tag. 

A comparison between the results of this study and previous studies where       

GFP-ELP was transiently expressed in N. benthamiana and N. tabacum plants without 

p19 co-expression, revealed that the accumulation levels in some of the stable transgenic 

plants were higher (0.35% GFP per TSP reported value; Conley et al., 2009a,b). This 

suggests that transient expression assays cannot predict accumulation levels in stable 

transgenic plants although they can predict the functionality of a particular construct in 

plants and allow the comparison of different constructs (Conley et al., 2011a; Conley et 

al., 2009a; Fischer et al., 2004).  However it is important to remember that these analyses 

were performed in primary transformants. Therefore, the observed distribution of 

recombinant protein accumulation in the different stable transgenic lines (Figure 6) 

reflect the typical trend of a transgenic population, where the variability in accumulation 

levels across the transgenic lines is expected and can be explained by positional effects of 

the transgene insertion within the genome, number of copies of the transgene and/or 

silencing mechanisms that can be activated in the plant to suppress the expression of the 

protein of interest (Stam et al., 1997; Finnegan and Mc Elroy, 1994).  

Despite this, the results of this study demonstrate that it is possible to generate 

stable transgenic plants of N. tabacum expressing recombinant proteins with these two 

tags, which is one of the long term goals in plant biotechnology for different reasons. 

First, the need for labor-intensive agro-infiltration for commercial large-scale production 
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can be avoided. Second, N. tabacum is usually easier to grow and it produces higher 

biomass compared to N. benthamiana, which is often used for transient transformations. 

Therefore, these characteristics and the fact that in this study plants with high 

accumulation levels of the recombinant proteins were found, indicates that it is possible 

to obtain stable transgenic plants with high accumulation levels of the protein of interest. 

For example, compared to previous reports of accumulation levels found in tobacco 

stable transgenic plants expressing different types of cellulases (Endo-1,4-β-D-glucanase, 

0.1% per TSP and cellobiohydrolase, 0.002% per TSP; Ziegelhoffer et al. 1999), a 

recombinant human erythropoietin (EPO), human interleukin-10 (IL-10) and a synthetic 

antibody against Pseudomonas aeruginosa (APA) (0.02% EPO per TSP, 0.16% IL-10 per 

TSP and 2.5% APA per TSP; Conley et al., 2011a) demonstrate that the levels found in 

this study are promising.   

However, screening a larger group of primary transformants is recommended 

because this will increase the possibility of finding plants with higher levels of 

accumulation. Furthermore, it is also important to analyze the progeny of the selected 

primary transformants to determine copy number of the transgene and establish if the 

expression and accumulation levels of the protein of interest are stable and maintained in 

these lines.  

4.2 Elastin-like polypeptide and hydrophobin fusions induce the formation of 

protein bodies in stable transgenic plants of N. tabacum 

The ER is the first gateway of the protein secretory pathway. In plant seeds, the 

endomembrane system is able to generate multiple ER-derived compartments or protein 
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bodies, primarily used to store reserve compounds, such as storage proteins, lipids, 

carbohydrates, minerals, etc. Consequently, they have an appropriate environment for 

folding, assembling, and long-term storage of massive amounts of proteins (Galili, 2004; 

Vitale and Ceriotti, 2004).  

Confocal laser scanning microscopy analyses of GFP, GFP-ELP and GFP-HFBI 

stable transgenic plants showed that ELP and HFBI tags, when targeted to the ER, 

promote the formation of multiple spherical particles in the leaves of the mentioned 

plants. A comparison between the confocal microscopy images and images of PBs 

induced by the transient expression of different fusion proteins with ELP and HFBI tags 

(Joensuu et al., 2010; Conley et al., 2009b; Torrent et al., 2009a), indicates that the 

spherical structures found in this study may be PBs. Their size and morphology are 

clearly similar. However, PBs generated in this study should be characterized in more 

detail by EM and immunogold localization of ER luminal and membrane proteins to 

determine their ER origin.  

Furthermore, HFBI and ELP tags share specific physicochemical properties with 

maize seed storage proteins (Conley et al., 2011b), hydrophobicity being one of the most 

important as it is the property that is predicted to allow for their self-assembly and 

formation of PBs, which bud from the ER (Joensuu et al., 2010).  

Analysis of the transgenic plants expressing GFP, GFP-ELP and GFP-HFBI 

recombinant proteins revealed a new important finding. A comparison between the 

accumulation levels of the recombinant protein and formation of PBs indicates that there 

is a close relationship between these two variables. Specifically, it appears that there is a 
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minimum level of accumulation of recombinant protein needed for the formation of these 

PBs in N. tabacum plants. According to my results, 0.2% of recombinant protein per TSP 

is the minimum required amount. To my knowledge, this is the first report that 

demonstrates that there is a minimum threshold value needed for the formation of PBs in 

leaves.  

PBs were found in plants expressing GFP-ELP. However, compared to the PBs 

found in plants expressing GFP-HFBI, these PBs were usually larger and more 

heterogeneous in size (0.5 – 5 µm), whereas in plants expressing GFP-HFBI they were 

smaller and more homogeneous (0.5 – 3 µm). The reason for this difference is not 

known, however it may be influenced by the fusion partner and properties of each tag. 

Therefore, further characterization of how the PBs are induced and formed by each tag in 

these plants is necessary. Immunogold localization of ER proteins, EM and proteomic 

analysis should provide information about their protein composition and the proteins 

involved in PB formation. 

With regards to the transgenic plants of cultivar I64 expressing GFP, these plants 

had the lowest levels of accumulation of the recombinant protein and the largest number 

of plants in the low level class. However, despite these results, PBs were still found in 

some transgenic plants. This is an important finding as it suggests that the ELP and HFBI 

tags are not essential for the formation of PBs, although they increase accumulation 

levels and therefore enhance the size and numbers of PBs. This result agrees with and 

confirms my previous proposal that if a recombinant protein reaches an accumulation 

level of 0.2% of recombinant protein per TSP or higher, PBs will be formed.  
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Previous studies of transient expression assays in N. benthamiana plants where 

GFP-ELP and GFP-HFBI were co-expressed with the p19 suppressor of gene silencing, 

showed the formation of PBs in agro-infiltrated leaves (Joensuu et al., 2010 ; Conley et 

al., 2009b). Although the achieved levels of these recombinant proteins were much 

higher than levels reported here, their results are similar to mine to some extent. Their 

findings, similar to this study, suggest that both of these tags have a positive effect on 

GFP accumulation levels. Furthermore, they showed formation of PBs with both of these 

tags and with the GFP protein alone in agro-infiltrated leaves, suggesting that these tags 

enhance PB formation, but that they are not an essential factor for PB formation (Joensuu 

et al., 2010; Conley et al., 2009a).   

No visible differences were found in size and number of PBs between the three 

different stages of leaf development, suggesting that the accumulation levels of the 

recombinant protein were not affected by the stage of leaf development. This result is 

potentially important due to the fact that harvesting of the recombinant product can be 

performed at once, regardless of the age or size of the leaves. However, to further 

demonstrate this, it will be important to process samples from different stages of 

development and compare their accumulation levels of the recombinant protein. 

Overall, my results demonstrate that the use of both of these tags as fusion partners 

is a good alternative for enhancing the accumulation levels of recombinant proteins in 

stable transgenic plants of N. tabacum. In this study, a plant with 5.2% of GFP per TSP 

was obtained, a significant value for stable transgenic plants. Moreover, these fusions 

induce formation of PBs in leaves, a phenomenon that happens naturally only in seeds 

and has been considered as key for long-term storage of proteins (Torrent et al., 2009a). 
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Likely, these tags increase the accumulation levels of the recombinant proteins thus 

enhancing the formation of PBs, where the proteins are protected from environmental 

factors that can be detrimental for them, such as degradation enzymes and pH 

differences, etc (Conley et al., 2011b). Furthermore, each tag provides a simple and 

inexpensive purification method that has been successfully used previously to purify 

different types of recombinant proteins (Joensuu et al., 2010; 2009; Floss et al., 2008; Lin 

et al., 2006; Scheller et al., 2004).  

It is important to mention that being able to use N. tabacum for a leaf-based system 

with these tags is an advantage because the proteins will be recovered from the leaves, 

and these plants produce a high biomass. Moreover, the use of a leaf-based system 

reduces the risk of dispersion of the transgenic product to the environment (Rymerson et 

al., 2002; Sheen, 1983). However, it should be considered that the behavior of these tags 

may change according to their fused protein. Therefore, it is recommended to test the 

recombinant protein of interest in transient expression assays and then screen a large 

group of stable transgenic plants.  

4.3 Expression of the p19 PTGS suppressor increases accumulation levels of 

GFP-HFBI in low-expressing stable transgenic plants of N. tabacum 

The observed variation in accumulation levels of the recombinant proteins in 

different stable transgenic plants was expected. This is because the generation of stable 

transgenic plants using Agrobacterium-mediated transformation can result in the 

integration of the transgene in unfavorable or favorable locations in the chromosome and 

sometimes more than one copy of the transgene are inserted. These factors will influence 
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expression levels of the protein of interest (Stam et al., 1997). However, it is also known 

that this variation can be induced by other factors, such us the activation of plant PTGS 

mechanism. PTGS is a homology-dependent RNA degradation system that was evolved 

by plants to protect themselves from invasive or mobile foreign genetic elements, 

including transposons, transgenes and viruses (Havelda et al., 2003). Therefore, if 

expression levels of the transgene are high and an overproduction of RNA occurs, this 

mechanism will silence expression of the transgene (Wroblewski et al., 2005; Rybicki, 

2009).  

Results from the agro-infiltration of p19, a known PTGS suppressor, in three      

GFP-HFBI plants with low accumulation levels of the recombinant protein demonstrated 

that some of these plants might have been silenced. This was shown by the observed 

increase in the accumulation of the recombinant protein and the fluorescence levels 

before and after the infiltration. Furthermore, in one of the agro-infiltrated plants 

formation of PBs was induced. This finding is expected, because all of the constructs 

used in this study have one of the strongest constitutive promoters for plants, the double 

enhanced 35S promoter from Cauliflower Mosaic virus (CaMV) (Kay et al., 1987), 

increasing the possibility of the activation of PTGS in transgenic plants.  

In the case of the agro-infiltrated plants with higher accumulation levels of the 

recombinant protein no difference in accumulation levels was observed, but an increase 

in number and size of the PBs was evident. An explanation for the outcome of this assay 

is not clear. More inoculations in plants with different accumulation levels may generate 

more information.    
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4.4 Analysis of seeds from stable transgenic plants reveals the presence of small 

fluorescent particles 

Confocal microscopy analysis of the seeds from stable transgenic plants expressing 

GFP showed a bright fluorescent endosperm, where individual cells containing 

fluorescent organelles, possibly PSVs or oil bodies, were clearly visible. This result is 

very interesting since CaMV 35S is a constitutive promoter that seems to be regulated 

developmentally and tissue-specifically, and usually is not active in seeds (Sunilkumar    

et al., 2002). Previous studies where expression of ER-targeted GFP under the control of 

the CaMV 35S promoter was followed during germination of stable transgenic seeds of 

N. tabacum (Hraska et al., 2008) and cotton (Gossypium hirsutum L.) (Sunilkumar et al., 

2002) are examples of this.  

In tobacco, very low levels of GFP expression were present in the dry mature seed, 

and strong green fluorescence appeared after 24h of germination (Hraska et al., 2008). In 

cotton, no fluorescence was detected during early seed embryo developmental stages, 

indicating a complete lack of promoter expression or very low levels of expression 

(Sunilkumar et al., 2002). Furthermore, hygromycin phosphotransferase (HPT) gene 

expression under the control of CaMV 35S in transgenic rice was not detected in 

developing seeds (Wasaka et al., 2009).  

In this study, confocal microscopy analysis of seeds from stable transgenic plants 

expressing recombinant proteins with or without the ELP and HFBI tags showed a bright 

fluorescent endosperm. Some individual cells showed small spherical fluorescent 

particles that resemble protein bodies with both fusion tags. This is interesting since PBs 



80 

 

are characteristics of cereal seeds. It was expected that in tobacco seeds, GFP-HFBI 

recombinant protein would be deposited in PSVs or secreted (Peters and Stöger, 2011; 

Abranches et al., 2008). 

To define the identity of these particles, further analyses have to be conducted. 

Including the use of different stains to identify and discriminate between compounds that 

are usually stored in the seeds like lipids, proteins, starch, etc. Also, the use of 

immunolabelling to specific membrane proteins could be informative to identify the 

different sub-cellular compartments naturally present in seeds. Furthermore, it is of our 

particular interest to estimate the accumulation levels of the recombinant proteins in these 

seeds, to determine if the defined threshold for the PB formation in leaves applies also for 

their formation in seeds.  
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5 CONCLUSIONS AND FUTURE STUDIES 

According to my work, the use of ELP and HFBI tags as fusions partners in stable 

transgenic plants of N. tabacum is feasible and promising. My results demonstrate that in 

a constitutive environment these tags increase the accumulation levels of the recombinant 

protein and induce the formation of PBs, a key mechanism for safe and efficient storage 

of recombinant proteins. Furthermore, the accumulation levels reported in this study 

demonstrate that stable transgenic plants have the potential for the commercial 

production of recombinant proteins. However, it is important to evaluate larger groups of 

transgenic lines because this increases the possibility of finding higher expressing lines. 

Moreover, my results were similar in two different cultivars, which further support my 

conclusions and suggest that both of these tags can be used for transformation of different 

tobacco cultivars.  

On the other hand, I found and established a threshold value for the accumulation 

of the recombinant protein that has to be reached in the plant in order to induce the 

formation of PBs. Future studies should be conducted in order to evaluate if the threshold 

value found in these transgenic lines applies to other fusion proteins and different 

expression platforms.  

Additionally, I showed that the use of a PTGS suppressor can increase the levels of 

accumulation of the recombinant protein and induce formation of PBs, however more 

experiments have to be done to have a better sense of this phenomenon. Finally, it was 

very interesting to find spherical fluorescent particles that resemble cereal seed PBs. 

Nevertheless, further experiments have to be done to establish their identity and 

formation process in tobacco seeds.  
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Appendix A Statistical analysis - Normality test. The statistical analysis was performed 

using Minitab 15. The Kolmogorov-Smirnov normality test (Lilliefor’s test) 

demonstrated that the data estimated for all the transgenic lines does not have a normal 

distribution (P < 0.010). 

 

Transgenic lines KS 

  

I64 GFP 0.262 

I64 GFP-ELP 0.243 

I64 GFP-HFBI 0.219 

81V9 GFP-HFBI 0.232 
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Appendix B Statistical Analysis - Kruskal-Wallis test. The statistical analysis was 

performed using Minitab 15. The Kruskal-Wallis test demonstrated that at least one of the 

generated transgenic lines was significantly different from the other transgenic lines (α < 

0.001, X
2
 = 16.266). 

 

Kruskal-Wallis Test  

Treatment             N    Median      Ave Rank       Z 

I64 GFP              24   0.09834       31.6    -3.44 

I64 GFP-ELP           24   0.23076       44.3    -0.86 

I64 GFP-HFBI      24   0.48124       57.3     1.79 

81V9 GFP-HFBI     24   0.59035       60.8     2.50 

Overall            96                 48.5 

 

H = 16.54  DF = 3  P = 0.001 

H = 16.54  DF = 3  P = 0.001  (adjusted for ties) 
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Appendix C Statistical Analysis - Wilcoxon-Mann-Whitney test. The statistical analysis 

was performed using Minitab 15. The Wilcoxon-Mann-Whitney test demonstrated that 

I64 GFP transgenic lines were significantly different from the I64 GFP-ELP, I64 GFP-

HFBI and 81V9 GFP-HFBI transgenic lines (n=24; standard error is represent with error 

bars; significantly different at *P < 0.1; **P < 0.05). 
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Appendix D Statistical Analysis - Wilcoxon-Mann-Whitney test. The statistical analysis 

was performed using Minitab 15. The Wilcoxon-Mann-Whitney test demonstrated that 

I64 GFP-HFBI transgenic lines were not significantly different from the 81V9 GFP-

HFBI transgenic lines. The Wilcoxon-Mann-Whitney test demonstrated that I64 GFP-

HFBI and 81V9 GFP-HFBI transgenic lines were significantly different from the I64 

GFP-ELP transgenic lines (n=24; standard error is represent with error bars; significantly 

different at *P < 0.1; **P < 0.05). 
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