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1 INTRODUCTION 

Heterologous proteins are proteins that are produced outside their natural host system 

(Desai et al. 2010). Protein production in plants is a good alternative for animal, 

bacterial or yeast production systems because plants are cost-effective, and 

contamination risks are lower because plant pathogens do not infect humans. Certain 

plants like tobacco can also produce a lot of biomass in a very short time (Peyret & 

Lomonossoff 2013). Other advantages are that recombinant proteins accumulate at 

high levels and posttranslational modifications like glycosylation are possible (Kusnadi 

et al. 1997). 

The research about plant-produced proteins is in the spotlight, and the development has 

been significant. Transient expression and utilization of Agrobacterium have promoted 

gene delivery technology. There is an increasing interest in pharmaceutical proteins 

produced in plants. The main categories are antibodies, therapeutic enzymes, subunit 

vaccines and virus-like particles (VLPs) (Lomonossoff & D´Aoust 2016). VLPs are 

like viruses but without the infection ability. However, they are still able to elicit an 

immune response making them perfect vaccine candidates (Marsian & Lomonossoff 

2016). Taliglucerase alfa was the first plant-produced biopharmaceutical approved by 

The US Food and Drug Administration in May 2012. It is an enzyme for treatment of 

Gaucher disease, and it is produced in genetically engineered carrot cells (Fox 2012). 

Makatsa et al. (2021) demonstrated in their research the use of plant-derived 

recombinant proteins in the fight against the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2). They developed a serological assay and showed that 

recombinant SARS-CoV-2 proteins enable a robust detection of SARS-CoV-2-spesific 

antibodies. Antibody responses to SARS-CoV-2 can be detected by serological assays 

and it is crucial when studying immunity to the virus. 

The research was conducted from October 2018 to May 2019 at the Gerbera laboratory 

of the University of Helsinki. The HPLC experiment was done in May 2021. The topic 

of the thesis was given directly by prof. Teemu Teeri as it was going to be investigated 

and well suited for a master’s student. 
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2 LITERATURE REVIEW 

2.1 Stable and transient gene expression 

There are two ways to produce heterologous proteins in plants: stable transformation 

and transient expression (Peyret & Lomonossoff 2013). Stable transformation involves 

the integration of the gene of interest into plant nuclear DNA (Magori & Citovsky 

2011). Although it is a time-consuming approach and not suitable for the rapid 

screening of constructs, it has the advantage of potential large-scale production. 

Transient expression is a quick way to produce high amounts of recombinant proteins 

because it does not involve the integration process. It can be performed using modified 

plant viruses or agroinfiltration using Agrobacterium tumefaciens (Peyret & 

Lomonossoff 2013). Other methods to produce transient gene expression are particle 

bombardment, protoplast transformation and microinjection, but they are also time-

consuming, so agroinfiltration is more widely used (Bashandy et al. 2015). Transient 

gene expression has many advantages over stable transformation. In addition to it 

reducing the time needed to produce proteins, it is also simple and easy to perform, and 

the gene expression can be measured directly after agroinfiltration (Wydro et al. 2006). 

Because the genes are not heritable by transient expression, increasing the production 

means more infiltration, so maximizing the expression is essential (Lomonossoff & 

D´Aoust 2016). 

RNA plant viruses are the base for many vectors used for transient expression. They 

include Cowpea mosaic virus (CPMV), which is a bipartite comovirus (Sainsbury & 

Lomonossoff 2008). RNA viruses are used because they can replicate fast and spread 

throughout the plant. However, using replicating RNA viruses has disadvantages like 

restrictions on the size of the insert and complexity of the expressed proteins. Because 

the vectors can move throughout the plant, there are also concerns about genetic 

drifting and problems with biocontainment (Peyret & Lomonossoff 2013). To 

overcome these problems, Sainsbury and Lomonossoff (2008) developed a method 

based on a non-replicating version of CPMV RNA-2. It became the base of the pEAQ 

vector series (Sainsbury et al. 2009). 
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2.1.1 RNA silencing and the silencing suppressor P19 

Transient expression of genes may be significantly limited by RNA silencing 

(Johansen & Carrington 2001). It is a highly conserved defense system among most 

eucaryotic organisms. In plants, RNA silencing is known as posttranscriptional gene 

silencing (PTGS) (Lakatos et al. 2004). In higher plants, PTGS has a role in protecting 

the whole plant. It can be triggered by a viral infection or transgene expression (Silhavy 

et al. 2002). The PTGS pathway can be divided into three steps. First, double-stranded 

(ds) RNA accumulation induces RNA silencing, and viral dsRNAs are converted into 

small interfering RNAs (siRNAs) by DICER-LIKE proteins. Second, siRNAs are 

amplified, and finally, antiviral RNA-induced silencing complex (RISC) is assembled 

and targeted viral RNAs (Burgyán & Havelda 2011). 

By using RNA silencing suppressors, the limitations caused by RNA silencing can be 

overcome (Johansen & Carrington 2001). One of many RNA silencing suppressors and 

lots of studied is the 19 kDa protein (P19) of tombusviruses (Csorba et al. 2015). P19 

functions by specifically binding 21-25 nucleotide (nt) long dsRNA molecules 

generated in PTGS and synthetic 21 nt ds siRNAs with 2 nt 3’ overhanging ends. 

Hence, P19 inhibits the movement of mobile silencing signal and prevents the forming 

of RISC (Silhavy et al. 2002). 

There are many studies about the ability of P19 to enhance the transient expression 

levels of heterologous protein. In Lombardi et al. (2009) study, the goal was to enhance 

the production of HIV-1 Nef protein. They agroinfiltrated tobacco plants, and by using 

the combination P19 with Nef, they obtained 4.4-fold increase of Nef yield compared 

with Nef alone. Boivin et al. (2010) attempted to improve the yield of IgG1 protein. 

Their study demonstrated 2-fold increase in IgG1 production when P19 was infiltrated 

together with the expression vector compared to the expression vector alone. 

Mohammadzadeh et al. (2015) showed in their experiment that co-infiltration with P19 

resulted in significantly higher expression levels of the HCVpc-HBsAg fusion protein 

than without P19. 
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2.2 pEAQ vectors 

pEAQ vectors are easy and quick expression vectors made for transient expression 

developed by Sainsbury, Thuenemann and Lomonossoff (2009). pEAQ vectors were 

designed to be modular, which allows the insertion of multiple expression cassettes, 

including the silencing suppressor P19, into a single plasmid. pEAQ vectors are small 

binary vectors utilizing the backbone of pBINPLUS vector which was originally 

constructed by van Engelen et al. (1995). Sainsbury et al. (2009) determined that three 

regions of pBINPLUS were essential for a functioning binary vector: the transfer DNA 

(T-DNA) region, the origin of replication OriV, and a segment containing the 

neomycin phosphotransferase (NPT) II gene, the ColEI replication origin providing 

higher copy number in Escherichia coli, and a replication-essential locus TrfA for 

promoting replication. The vector size was reduced by removing more than 7 kb of 

non-essential sequence from the backbone. 

CPMV RNA-2 was termed CPMV-hypertranslatable (HT) because high expression 

levels were result of enhanced translation instead of viral replication. It involves 

inserting the desired gene between the modified 5’-untranslated region (UTR) with the 

U162C mutation, and the 3’-UTR from CPMV-RNA-2. It was shown that modified 5’-

UTR provided at least 10-fold increase in GFP levels than obtained with unmodified 

5’-UTR (Sainsbury & Lomonossoff 2008). After cloning the wanted gene into the 

CPMV-HT system, it had to be transferred into the binary vector with Cauliflower 

mosaic virus 35S promoter and nopaline synthase (nos) terminator. It was a quite time-

consuming procedure, so it was improved (Sainsbury et al. 2009). 

pEAQ-HT vectors are expression vectors already containing the CPMV-HT cassette, 

and they are developed by Sainsbury et al. (2009). pEAQ-HT vectors were created to 

remove a two-step cloning procedure needed with pEAQ vectors. pEAQ-HT vectors 

include a construct containing a polylinker between a modified CPMV RNA-2 5’-

untranslated region (UTR) and the 3’-UTR (Figure 1). The polylinker allows direct 

insertion of a gene of interest into the CMPV-HT cassette and the fusion of an N- or 

C-terminal Histidine (His) tag. The modified 5’-UTR also contains an additional 

mutation (A115G) which promotes higher expression levels than the modified 5’-UTR 

with only the U162C mutation. 
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Traditional restriction enzyme-based cloning might cause a bottleneck for high 

performance expression systems, so Sainsbury et al. (2009) created three Gateway-

compatible pEAQ-HT destination vectors to ease this problem. The double-mutated 

(A115G/U162C) 5’UTR is included to these vectors for maximizing the expression. 

The expression is allowed for an unfused protein, a protein with N- or C-terminal His-

tag by pEAQ-HT-DEST1, pEAQ-HT-DEST2 or pEAQ-HT-DEST3, respectively 

(Figure 1). 

 

Figure 1. Diagrammatic representation of pEAQ-HT, pEAQ-HT-DEST1, pEAQ-HT-

DEST2 and pEAQ-HT-DEST3 vectors and HT expression cassettes. The backbones 

are the same for all the vectors. CmR is chloramphenicol resistance gene, ccdB is E. 

coli lethal gene. Adapted from Sainsbury et al. (2009) and Peyret & Lomonossoff 

(2013).  

 

2.3 Agrobacterium-mediated gene transfer 

Agrobacterium is a gram-negative soil bacterium genus that includes many species, of 

which most are pathogens. A. tumefaciens is the most used species for gene transfer, 

and it causes crown gall disease in nature. If the plant is infected, its water and nutrient 

flow is interfered by the formation of galls on the plant stem. A. tumefaciens can infect 

most of the dicotyledonous plants in nature and many monocotyledonous species under 

laboratory conditions (Tzfira & Citovsky 2000). 
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Agrobacterium is the only known organism that can naturally transfer its DNA to the 

host plants (Tzfira & Citovsky 2000). Bacterial tumor-inducing (Ti) plasmid is an 

essential part required for gene transfer between Agrobacterium and a plant cell. Ti-

plasmid has multiple regions with specialized tasks (Gelvin 2003). Especially two 

regions are required for plant genetic transformation: T-DNA and virulence (vir) region 

(Tzfira & Citovsky 2000). T-DNA sequences are defined by their right and left borders 

(Gelvin 2003). Vir genes located in vir region encode proteins that make T-DNA move 

(de la Riva et al. 1998). 

Gene transfer from Agrobacterium to a plant cell is a complicated series of events. It 

begins with signal perception when Agrobacterium notices chemical signals from the 

activation of the host plant’s defense mechanism. The main phenolic compound 

emitted by the host plant and regulating the virulence is acetosyringone (AS). 

Agrobacterium responds by changing the activation of its virulence system, and vir 

genes become transcriptionally activated (Lacroix & Citovsky 2013). Signal perception 

also induces the attachment of Agrobacterium to the host cell, which is a requirement 

for gene transfer (Citovsky et al. 2007). Activation of vir region produces a single-

strand (ss) copy of T-DNA. ssT-DNA is produced by cutting it from its border 

sequences, and it is called T-strand. Agrobacterium transports T-strand through a type 

4 secretion system to the host cytoplasm, where it is actively transported to the nucleus 

with the help from both bacterial effector proteins and plant proteins (Gelvin 2010). 

Nuclear pores have multiple physical and molecular barriers that T-strand must 

conquer before entering the nucleus. Agrobacterium uses the interaction between 

nuclear localization proteins from vir genes and importing α protein, which leads T-

strand to proceed through the nuclear pore (Dafny-Yelin et al. 2008). For stable 

transformation, the second strand of T-DNA must be synthesized before integration 

can happen (Lacroix & Citovsky 2013). For transient expression, the non-integrated T-

DNA remains transiently present and can be transcribed (Kapila et al. 1997). 
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2.3.1 Agroinfiltration 

Agroinfiltration is a technique initially developed by Kapila et al. (1997). It is a simple 

and efficient method to induce transient expression on plant cells (Wydro et al. 2006). 

This can be done with vacuum or syringe infiltration. Vacuum infiltration was 

developed for species that cannot achieve sufficient results with syringe infiltration. 

Before vacuum infiltration, leaves are submerged into Agrobacterium suspension 

containing the gene of interest. When the plant is exposed to the vacuum, the air is 

drawn out from the interstitial space of the leaves. After that, the vacuum is released, 

and Agrobacterium suspension can enter the leaves (Chen et al. 2013). 

 Syringe infiltration is done with a syringe without a needle. First, a small slit is made 

with a sharp blade on the abaxial side of the leaf. Then Agrobacterium suspension 

containing the target gene is injected into the leaf with a syringe (Figure 2). The 

expression can be detected only a couple of days after infiltration (Chen et al. 2013). 

AS is a crucial element in the infiltration suspension buffer because it induces vir gene 

expression (Kanneganti et al. 2006). 

Figure 2. Agroinfiltration using a needless syringe. Agrobacterium suspension 

spreading inside the leaf is easily detectable. 

 

2.4 G2PS1, 2 and 3 in polyketide synthases in Gerbera hybrida 

Gerbera (Gerbera hybrida) belongs to the Asteraceae family, and besides being an 

important ornamental species, it is also a model plant for secondary metabolism and 

flower development (Teeri et al. 2006). Plant secondary metabolites are compounds 

that are not essential in life functions like growth and reproduction. Instead, they have 

a significant role in the plant’s adaptation to the environment (Bourgaud et al. 2001). 
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Type III polyketide synthase (PKS) superfamily includes enzymes mainly found in 

plants but also in bacteria. Type III PKSs catalyze synthesis of several secondary 

metabolites in plants including chalcones, pyrones and stilbenes (Austin & Noel 2003). 

Gerberin, parasorboside and 4-hydroxy-5-methylcoumarin (HMC) are polyketide 

derivates produced in gerbera and they have a role in defending a plant against 

phytopathogenes and herbivores. Three PKSs specifically expressed in gerbera are 

involved in synthesis of these compounds: gerbera 2-pyrone synthase 1 (G2PS1), 

G2PS2 and G2PS3 (Pietiäinen et al. 2016). 

G2PS1 is accountable for the biosynthesis of 6-methyl-4-hydroxy-2-pyrone 

(triacetolactone, TAL) which is a precursor of gerberin and parasorboside aglycones 

(Figure 3, part A). G2PS1 performs two condensation reactions between acetyl-CoA 

and malonyl-CoA (Eckermann et al. 1998). G2PS2 and G2PS3 also produce TAL from 

the same starter substrates. In addition, they are responsible for the biosynthesis of 

HMC and 4,7-dihydroxy-5-methylcoumarin (DHMC) (Figure 3, part B). DHMC is an 

unreduced precursor of HMC formed in tobacco (Pietiäinen et al. 2016). 

Figure 3. A. A pathway of G2PS1-3 producing TAL. Polyketide reductases (PKR) are 

needed to generate gerberin and parasorboside aglycones. B. Biosynthesis of DHMC 

and its reduction to HMC by PKR. Adapted from Pietiäinen et al. (2016). 
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3 RESEARCH OBJECTIVES 

Research objectives are to subclone the genes of interest (G2PS1, G2PS2 and G2PS3) 

into pEAQ-HT-DEST1 and pEAQ-HT-DEST2. Next, by analyzing with western blot, 

we aim to see if the expression levels are higher with these vectors compared with 

pK2GW7 derived expression vectors. With ELISA assay, the aim is to quantify the 

amount of protein we can obtain with these vectors. Finally, we aim to observe TAL 

and DHMC in tobacco leaves by HPLC. 

Previously used pK2GW7 derived expression vectors designed for stable 

transformation work reasonably well, but pEAQ-HT vectors provide high yields of 

recombinant protein through high translational efficiency. Tobacco and petunia should 

produce TAL and DHCM when G2PS1, 2 or 3 is expressed, but both have not yet been 

observed at the same time. Improved expression levels could reveal the missing 

compounds. This is important because if the synthesis could get started under 

agroinfiltration, co-transformation with reductases can lead to gerberin, parasorboside 

and HMC biosynthesis, hence proving function. 

 

4 MATERIALS AND METHODS 

4.1 Plant material 

Tobacco (Nicotiana benthamiana) plants were used for infiltration. Plants were 

germinated from seeds in a soil containing peat and vermiculite in ratio 1:1. Plants were 

grown in a growth room at the temperature of 24 °C, the photoperiod was 16 hours, 

and the humidity was 65 %. Plants were watered twice a week with soluble fertilizer 

SUBSTRAL VitaPlus containing 6 % N, 1.3 % P and 5 % K. The infiltration was done 

when plants were 6-weeks old and at a 10-leaf stage. 
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4.2 Plasmid minipreps 

To get the entry plasmid DNA, plasmid minipreps from entry vectors pHTT832, 

pHTT839 and pHTT836 were made using GenElute™ Plasmid Miniprep Kit (Sigma-

Aldrich, Saint Louis, Missouri, USA) and following Experienced User Protocol from 

User Guide. Optional 500 µl Optional Wash Solution was included, and Elution 

Solution was reduced to 80 µl. After that, the concentrations from 1.5 µl purified 

plasmid DNA were measured using NanoDrop™ Lite Spectrophotometer (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). Then plasmids were tested on 0.8 

% agarose gel (appendix 1) electrophoresis with 0.5x TBE buffer (appendix 1) (1 h, 

200 V). 2 liters of 1x TBE buffer with 80 µl EtBr (2.5 mg/ml) was added to the 

electrophoresis machine so that the gel was completely covered. Plasmids were 

digested in 1x FastDigest Green Buffer (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA), MQ water and restriction enzymes, loaded into wells and added 

λ-PstI into own well as a size standard. 

 

4.3 Gateway LR cloning to pEAQ-HT-DEST1 and 2 

Both the entry vectors made in pDONR221 and the pEAQ-HT-DESTX destination 

vectors have kanamycin resistance as the bacterial selectable gene, and that is why the 

entry vector must be first linearized. pK2GW7 derived expression vectors were used 

as references and they already had all genes cloned into them by prof. Teemu Teeri. 

The names of entry vectors and expression vectors with corresponding genes are shown 

in Table 1. pEAQ-HT-DESTX derived expression vectors are produced in Gateway 

LR reaction described in 4.3.3. 

 

 

 

 

 



17 

 

Table 1. Entry vectors and expression vectors with corresponding genes. 

Gene Entry vector in 

pDONR221 

pK2GW7 derived 

expression vector 

pEAQ-HT-DEST1 

derived expression 

vector 

pEAQ-HT-DEST2 

derived expression 

vector 

G2PS1 pHTT832 pHTT842 pATU1 pATU11 

G2PS2 pHTT839 pHTT847 pATU2 pATU12 

G2PS3 pHTT836 pHTT846 pATU3 pATU13 

 

 

4.3.1 Linearization of the entry plasmid 

Enzyme for linearization was selected to cut the backbone of the entry plasmid but not 

the gene of interest between the attL sites. The total volume of 30 µl was made for each 

construct, including 3 µl of 10x Fast buffer (clear) (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA), 1000 ng of entry vector according to concentration, MQ water 

according to DNA volume and 0.6 µl of PvuII enzyme. The components were added 

together and incubated for 30 minutes at 37 °C. Next, the mixtures were incubated for 

10 minutes at 65 °C to inactivate the enzyme. Plasmids were tested on 0.8 % agarose 

gel electrophoresis (described in 4.2) to check that enzyme does not cut the insert. 

Linearization of pHTT832 was done twice. On the first time, the total volume was 15 

µl, the plasmid was used 500 ng and the enzyme was Pvu1. Gateway LR reaction to 

pEAQ-HT-DEST1 (described in 4.3.3) was done with this first plasmid. Second 

linearized pHTT832 was extracted from the gel (described in 4.3.2), and it was used in 

LR reaction with pEAQ-HT-DEST2 (described in 4.3.3). 

 

4.3.2 Isolation of the linear plasmid from gel 

Linear plasmids were isolated from the gel by using GelJet™ Gel Extraction Kit 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA). Purification protocol A: 

DNA extraction from the gel using centrifuge was followed. Optional steps were not 

used, and elution was made into 25 µl of TE (appendix 1) instead of Elution buffer. 

Concentrations were measured with NanoDrop™ Lite Spectrophotometer. 
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4.3.3 Gateway LR reaction 

For each reaction, 150 ng of one entry plasmid and 150 ng of one destination vector 

were needed according to Table 1. Gateway™ LR Clonase™ Enzyme Mix (Invitrogen 

Corporation, Carlsbad, California, USA) was used for LR reaction. The total volume 

of 10 µl was made for each construct, including 2.5 µl of pEAQ-HT-DEST1/2 in TE, 

5.5 µl of entry plasmid in TE and 2 µl of LR clonase. The exception was pHTT832 

entry vector with pEAQ-HT-DEST1 destination vector. Volumes for that reaction were 

the same except entry plasmid in TE was 3 µl and TE was 2.5 µl. The components were 

added together and incubated for 3 hours at room temperature. Then 1 µl of Proteinase 

K was added to each reaction, and they were incubated for 10 minutes at 37 °C. 

Competent DH5α E. coli cells were used for kanamycin resistance selection. DH5α 

cells were recovered from -80 °C and thawed on ice for 15 minutes before use. 5 µl of 

DNA products produced in LR reaction were added to each DH5α cell tube, mixed and 

incubated on ice for 30 minutes. A heat shock at 42 °C for 30 seconds was given to the 

tubes, and after that, the tubes were returned to the ice. 900 µl of SOB (appendix 1) 

(650 µl of SOB to pHTT832 in pEAQ-HT-DEST1) was added into the tubes and 

incubated for 30 minutes at room temperature. Next, the tubes were spun in a 

microcentrifuge for 5 minutes at 2500 xg, the supernatant was discarded, and the 

remaining drop in each tube was resuspended. The cells were plated on Petri dishes 

containing LB medium (appendix 1) with 50 µg/ml kanamycin and grown overnight at 

37 °C. 

Pure cultures were made on LB plates with 50 µg/ml kanamycin. The plates were 

divided into six sections, and four big and two small colonies from each construct were 

transferred to the new plate. The plates were incubated overnight at 37 °C, and the 

clones were tested with restriction enzymes using STET protocol. 

 

4.3.4 STET protocol 

Boiling prep for plasmids from E. coli, called STET protocol, was used for checking 

the clones. 50 µl of STET buffer (appendix 1) was pipetted in Eppendorf tubes, and the 

tubes were placed on ice. Avoiding any agar, a fair amount of bacteria was scraped 
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from the plate and resuspended in STET buffer by vortexing. Single colonies were left 

on the plates so that further propagation of the clones was possible. Next, 4 µl of 

lysozyme (10 mg/ml in water) was added to each tube, and the tubes were boiled in a 

water bath for 50 seconds. After that, the tubes were spun for 10 minutes at 17000 xg. 

The sticky pellet was removed, 50 µl of cold isopropanol was added to the tubes and 

incubated for 10 minutes at -20 °C. Then the tubes were spun for 10 minutes in a cold 

room, the supernatant was removed, 500 µl of cold 70 % ethanol was added to each 

tube, and the tubes were spun for 1 minute. Ethanol was removed, and the pellets were 

dried in a vacuum for 5 minutes. After that, the pellets were resuspended in 20 µl of 

TE for a minimum of 20 minutes. 

4 µl of suspension was used for testing the preps in the gel (described in 4.2) with 

RNase in 5x TD (10 µl of 10 mg/ml stock into 1 ml of 5x TD). The proper enzymes 

were used for digestions. Two promising clones from each plasmid were selected, new 

pure cultures were made on LB plates with 50 µg/ml kanamycin, and the plates were 

incubated overnight at 37 °C. Minipreps were prepared, DNA concentrations were 

measured, and plasmids were checked in the gel (described in 4.2) with more restriction 

enzymes. After that, one was discarded, and the other was selected as an accepted 

plasmid. They were given names (Table 1), and the strains were stored in glycerol at   

-80 °C. 

 

4.4 Transformation of expression plasmids to Agrobacterium 

Expression vectors produced in Gateway LR reaction were transformed into 

Agrobacterium tumefaciens strain C58C1(pGV2260). Before the transformation, 

competent A. tumefaciens cells were prepared by prof. Teemu Teeri using the following 

procedure. Fresh pure culture of C58C1(pGV2260) was made on an LB plate 

containing 100 µg/ml rifampicin and 100 µg/ml carbenicillin and incubated for 3 days 

at 28 °C. A single colony was inoculated with 1 ml of LB medium and grown overnight 

at 28 °C with shaking. Then, 1 ml of the overnight culture was inoculated with 50 ml 

of LB medium and shaken at 28 °C 5-6 hours until OD600 reached 0.500. The cells were 

cooled on ice and pelleted for 10 minutes at 1600 xg at 4 °C. After that, the cells were 

resuspended in 15 ml of ice-cold 20 mM CaCl2, pelleted again, and resuspended in 750 
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µl of ice cold 20 mM CaCl2. The suspension was kept on ice overnight, 250 µl of cold 

87 % glycerol was added, mixed well, divided into 100 µl aliquots, frozen in liquid N2, 

and stored at -80 °C. 

 

4.4.1 DNA transformation into Agrobacterium 

Competent Agrobacterium cells were recovered from -80 °C and thawed on ice for 15 

minutes. 100 ng of expression plasmids were added to the tubes, mixed, and kept on 

ice for 5 minutes. The tubes were frozen in liquid N2, thawed in a 37 °C water bath for 

5 minutes, and taken on the ice. 1 ml of LB medium was added to the tubes, and they 

were kept on a bench for 30 minutes to express the selectable markers. Then, the cells 

were centrifuged for 5 minutes at 4900 xg, the supernatant was discarded, and the cells 

were resuspended in the remaining ca. 100 µl. The suspensions were plated on selection 

plates containing LB with 100 µg/ml rifampicin, 100 µg/ml carbenicillin and 100 

µg/ml kanamycin. The plates were incubated for 3 days at 28 °C. From each plate, two 

colonies were picked, made new pure cultures, and incubated for 3 days at 28 °C. One 

colony from each plate was inoculated with 5 ml of LB medium, and new pure cultures 

were made from the same colonies. Inoculations were grown overnight at 28 °C, and 

pure cultures were grown 3 days at 28 °C. Plasmid minipreps were made from 

inoculations and checked on the gel as described in 4.2. The names of accepted 

constructs are shown in Table 2. pK2GW7 derived expression vectors in 

Agrobacterium were already made by prof. Teemu Teeri. 

Table 2. DNA constructs for agroinfiltration. 

Gene pK2GW7 derived 

expression vector in 

Agrobacterium 

pEAQ-HT-DEST1 derived 

expression vector in 

Agrobacterium 

pEAQ-HT-DEST2 derived 

expression vector in 

Agrobacterium 

G2PS1 TAT842 TATU1 TATU11 

G2PS2 TAT847 TATU2 TATU12 

G2PS3 TAT846 TATU3 TATU13 
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4.5 Agroinfiltration 

pEAQ-HT-DEST vectors already contain the silencing suppressor 35S-P19 in the 

plasmid, but pK2GW7 derived vectors do not. Thus, they must be coinfiltrated with 

Agrobacterium strain P19 = C58C1(pGV2260, pBin61-P19). 

Pure cultures were made from all expression vectors in Agrobacterium and P19 and 

grown 3 days at 28 °C. From fresh pure cultures, a single colony was inoculated with 

5 ml of LB. Inoculations were grown overnight at 28 °C with shaking. 2 ml Eppendorf 

tubes were filled with inoculations, the tubes were spun for 10 minutes at 4900 xg, the 

supernatant was discarded, and the pellets were resuspended in 800 µl of Mg-MES-AS 

buffer (appendix 1). After that, 150 µl of suspension was diluted to 2.85 ml of Mg-

MES-AS buffer, OD600 was measured and adjusted to 0.500. Then the suspensions 

were kept at room temperature for 3 hours. 

TAT842, TAT847 and TAT846 were mixed with P19 in ratio 1:1. Infiltration was done 

on the abaxial side of the two uppermost N. benthamiana leaves. A small cut was made 

on the leaf using a sharp blade, and the suspension was infiltrated with a 1 ml plastic 

syringe without a needle. The plants were kept in the growth room, and samples were 

collected two days and seven days after infiltration. The samples were taken using a 

cork bore which was punched through the leaf. The leaf disk was 5.5 mm in diameter, 

and one sample contained two leaf disks. Control samples were taken similarly from 

uninfiltrated leaves. The samples were placed into Eppendorf tubes and stored at -20 

°C until analyzed. The infiltrated and sampled leaves were also cut off and stored at     

-20 °C until analyzed with HPLC. 

 

4.6 Western blotting 

4.6.1 Preparation of plant protein extracts 

The leaf samples were taken from the freezer and placed in a box with dry ice. 100 µl 

of Extraction buffer Exp7.5 (appendix 1) was added to each tube, the samples were 

ground with a small pestle, and the tubes were placed on ice. Next, the tubes were spun 

for 5 minutes at 17000 xg at 4 °C. Protein concentration was measured from the 
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supernatant using Bradford assay. 195 µl of MQ water was pipetted into wells of the 

96-well flat bottom plate, and 5 µl of the sample was added. 5 µl of Extraction buffer 

was used for blank samples, and 200 µl of MQ water only was used in the last sample. 

50 µl of Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories Inc., 

Hercules, California, USA) was added to the wells and mixed well with a pipette. 

Absorbance was measured at 595 nm against an Exp7.5 blank using iMark™ Microplate 

Absorbance Reader (Bio-Rad Laboratories Inc., Hercules, California, USA). Next, 

protein concentration was calculated by assuming 1 A595 = 8 µg protein, so 8 * A595 = 

amount of protein in 5 µl of the sample. Then was calculated how much sample 

corresponds to 5 µg of protein using formula 5 / (µg of protein in 5 µl) * 5. The resulted 

number was corrected for 4xSB (appendix 1) multiplying by 4/3, and that was the 

volume of the gel sample (5 µg of soluble protein). 

 

4.6.2 Running the gel 

Bio-Rad’s ready-made gel (Bio-Rad Laboratories Inc., Hercules, California, USA) was 

used for running the gel. The comb and the tape from the bottom were carefully 

removed, and the gel was assembled in the gel gasket. Running buffer (appendix 1) 

was used to fill the gasket, rinse the wells using a syringe, and fill the lower container. 

1/3 volume of 4xSB was added to each sample, they were heated at 98 °C for 5 minutes, 

and the debris was spun down. The samples were loaded in the gel along with Bio-

Rad’s Precision Plus Protein Standard (Bio-Rad Laboratories Inc., Hercules, 

California, USA), and the gel was run for 30 minutes at 200 V. After that, the gel 

cassette was cracked open, and the gel was placed on a box. 

 

4.6.3 Transfer of the proteins to the membrane 

The gel was shaken for 10 minutes in Transfer buffer (appendix 1). Blotting was done 

on Amersham™ Hybond-ECL membrane (GE Healthcare, Chicago, Illinois, USA). A 

sheet of nitrocellulose membrane was cut to size to fit the gel. Eight slightly smaller 

pieces of filter paper were cut, of which four were wet with Transfer buffer. They were 

placed on a lower plate of Bio-Rad Trans-Blot Turbo Tray and checked for bubbles 
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with a roller pin. The membrane was wet in Transfer buffer, placed on the filter paper 

stack, checked for bubbles, and then the gel was placed on the membrane. Another 

stack of four filter papers was wet in Transfer buffer and placed on the gel, checked for 

bubbles, and placed the tray in the Trans-Blot Turbo machine (Bio-Rad Laboratories 

Inc., Hercules, California, USA). Blotting was run for 30 minutes at 25 V, 1.0 A. After 

the blotting, the membrane was moved into the box with tap water. 

 

4.6.4 Ponceau S staining of the membrane 

Ponceau S staining was optional, but it was used for checking both equal loading and 

even transfer. Water was poured off, ca. 100 ml of Ponceau S (appendix 1) was added 

into the box, shaken for 10 minutes at room temperature, and then the stain was poured 

back to the bottle. Excess stain was rinsed away with tap water, ca. 75 ml of water was 

added into the box and shaken for 15 seconds. The above step was repeated to remove 

the background, and then excess water was removed from the membrane with a paper 

towel. The membrane was placed on a glass plate, quickly photographed, and placed 

back into the box with tTBS (appendix 1). 

 

4.6.5 Blocking of the membrane and antibody incubations 

The membrane was washed with tTBS for 5 minutes at room temperature. tTBS was 

poured off, 25 ml of Blocking buffer (appendix 1) was added and shaken for 1 hour. 

After that, the membrane was washed with 100 ml of tTBS for 10 minutes. Primary 

antibody was prepared by diluting 4 µl of Rabbit anti-2PS antibody in 10 ml of 

Blocking buffer. The membrane was carefully rolled and placed in a 50 ml Falcon tube 

with a protein side facing the center of the tube. Primary antibody was added, and the 

tube was placed in the roller overnight at 4 °C. 

The membrane was transferred back to the box, rinsed with tTBS and washed 3 x 10 

minutes with 100 ml of tTBS. Secondary antibody was prepared by diluting 1.25 µl of 

HRP-linked Anti-rabbit IgG in 10 ml of Blocking buffer. The membrane was incubated 

with it for 1 hour at room temperature. Then the membrane was washed 4 x 10 minutes 
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with 100 ml of tTBS. A double-layered plastic sheet was cut to size clearly larger than 

the membrane, and it was placed in the film cassette. ECL™ western Blotting Detection 

Reagent (GE Healthcare, Chicago, Illinois, USA) was used, and 200 µl of ECLA 

solution was mixed with 200 µl of ECLB solution. The membrane was taken from 

tTBS, dried between paper towels, and placed on a glass plate. 400 µl of reagent was 

pipetted on the membrane and spread evenly using a roller pin. The surface of the 

membrane was dried, and the membrane was placed between the plastic sheets in the 

film cassette. The cassette was closed and taken to the film developing room with a 

box of Amersham Hyperfilm ECL (GE Healthcare, Chicago, Illinois, USA). Two 

exposures were made: 2 seconds and 2 minutes. 

 

4.7 Sandwich ELISA 

Sandwich enzyme-linked immunosorbent assay (ELISA) was used to quantify the 

antigen levels. The first antibody was prepared by diluting 20 µl of α-2PS IgG C3 (4.8 

mg/ml) in 10 ml of Coating buffer (appendix 1). An ELISA plate was pre-coated with 

100 µl of Coating buffer with the first antibody to each well and incubated for 3 hours 

at 37 °C. Next, the plant protein extracts were prepared. The leaf samples were taken 

from the freezer and placed on ice. 200 µl of PVP-PBST buffer (appendix 1) was added 

to the tubes, and the samples were ground with a small pestle. The tubes were spun for 

5 minutes at 17000 xg at 4 °C. Protein concentration was measured from the 

supernatant using Bradford assay as described in 4.6.1. The absorbance values were 

converted to µg protein by multiplying with 8. 

After 3 hours, the coated ELISA plate was washed with PBST (appendix 1) 3 x 3 

minutes. Next, a dilution series of the samples with ¼ intervals was made. 100 µl of 

PVP-PBST was pipetted to the dilution wells 2, 3 and 4. 100 µl of the undiluted sample 

was pipetted to the dilution well 1. 33 µl of the undiluted sample was pipetted to the 

dilution well 2 and mixed well with a pipette. 33 µl of the diluted sample from well 2 

was pipetted to the dilution well 3 and mixed well with a pipette. 33 µl of the diluted 

sample from well 3 was pipetted to the dilution well 4, mixed well with a pipette and 

removed 33 µl from well 4. The plate was incubated overnight at 37 °C. 
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The plate was washed with PBST 3 x 3 minutes. The second antibody was prepared by 

diluting 16 µl of α-2PS IgG-Prx 2 (450 µg/ml) in 10 ml of Antibody buffer (appendix 

1). 100 µl of Antibody buffer with the second antibody was pipetted to each well, and 

the plate was incubated for 3 hours at 37 °C. After that, the plate was washed with 

PBST 3 x 3 minutes. 100 µl of the peroxidase substrate TMB-ELISA was pipetted to 

each well, and the plate was incubated for 30 minutes at room temperature. Absorbance 

at 655 nm was measured with Bio-Rad’s iMark Microplate Reader (Bio-Rad 

Laboratories Inc., Hercules, California, USA) operated through the computer. Next, 

100 µl of 2 M H2SO4 was pipetted to each well, and absorbance at 450 was measured 

with the plate reader. 

 

4.8 HPLC 

High-performance liquid chromatography (HPLC) was used to analyze secondary 

metabolites. The leaves were taken from the -20 °C freezer, placed the tubes on a liquid 

nitrogen and crushed the tissue with a glass rod. 5 times of volumes of methanol was 

added and the tubes were sonicated in a dish sonicator for 15 minutes. After that, the 

tubes were centrifuged for 10 minutes at 3220 xg, 1 ml of sample was moved to an 

Eppendorf tube and centrifuged for 10 minutes at 17000 xg. 700 µl of the supernatant 

was taken in HPLC ampules and HPLC was run with appropriate compounds using 

Agilent 1100 machine (Agilent technologies, Santa Clara, California, USA). Detection 

was done at 210 nm and 280 nm. 
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5 RESULTS 

5.1 Gateway LR reaction 

Constructs were made by Gateway LR reaction. The constructs were digested with 

appropriate enzymes shown in Figure 4, part A and tested in 0.8 % agarose gel 

electrophoresis. Gene fragments from the gel picture were the same as the expected 

fragments (Figure 4, part B), which shows that the constructs were correct and Gateway 

LR reactions were successful. DNA concentrations of accepted plasmids are shown in 

Table 3. 

Table 3. Names and DNA concentrations of accepted pEAQ-HT-DEST1/2 derived 

expression vectors. 

 

 

 

 

 

 

 

Expression plasmid Concentration, ng/µl 

pATU1 100 

pATU2 205 

pATU3 148 

pATU11 177 

pATU12 140 

pATU13 102 
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Figure 4. A. Expected fragments and enzymes used for digestion. B. Gel picture of 

enzyme digestions of constructs. Arrows show the accepted plasmids of each construct. 
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5.2 Western blotting 

Western blot analysis was made with 2 seconds and 2 minutes exposures. The signal 

was already strong enough at 2 seconds exposure to get the results. TATU constructs 

showed stronger signal from each sample compared to TAT constructs (Figure 5). 

Bands are shown very clearly, and they are visible for each sample. Samples collected 

on day 7 showed higher expression levels than samples collected on day 2. Constructs 

made with pEAQ-HT-DEST1 and 2 showed relatively similar results between each 

other. 

Figure 5. Western blot analysis, 2 seconds exposure. Samples collected at day 2 are 

marked as 1 and samples collected at day 7 are marked as 2. Correct sized bands are 

shown at above 37 kD from all the samples. 

 

5.3 ELISA 

Quantitative results were not obtained from ELISA. The signal was saturated, so the 

only thing we could get from those was that pEAQ-HT vectors provided a lot more 

protein than comparative vectors. 

 

5.4 HPLC 

TAL was visible in all samples and results presented in Figures 6, 7 and 8 are from 

detection at 210 nm. Uninfiltrated and empty agro were used as a comparison and the 

samples were also compared with reference TAL peak at the retention time 4.047 

minutes (Figure 9). The samples were between 4.571- 4.607 minutes, so they can be 
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confirmed as TAL. G2PS2 and 3 should also produce DHMC, and the expected peak 

should have been at 9.405 minutes, but it was not seen in any of the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. G2PS1 constructs show TAL, detection at 210 nm. A. TAT842 4.594 min, 

B. TATU1 4.582 min and C. TATU11 4.588 min. 
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Figure 7. G2PS2 constructs show TAL, detection at 210 nm. A. TAT847 4.594 min, 

B. TATU2 4.595 min, C. TATU12 4.571 min. 
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Figure 8. G2PS3 constructs show TAL, detection at 210 nm. A. TAT846 4.595 min, 

B. TATU3 4.591 min, C. TATU13 4.607 min. 
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Figure 9. A. Uninfiltrated control, detection at 210 nm (Mamunur Rashid), B. Empty 

agro, detection at 210 nm (Mamunur Rashid), C. TAL 10 µg/ml 4.047 min, detection 

at 210 nm. 
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6 DISCUSSION 

Western blotting showed results as expected, and results can be considered quite 

reliable as it was done twice, and results did not change between them. All the pEAQ-

HT derived constructs showed higher expression levels than comparative pK2GW7 

derived constructs. Obviously more testing would be required for more demanding 

purposes, but twice was enough for this work. ELISA was also done twice, and even 

though we did not get quantitative data as it was supposed to, it did provide information 

about pEAQ-HT vectors’ better performance over comparative vectors. The second 

time two extra dilutions were done for TATU1 and TATU11, but it was not enough. 

More dilutions would have been required for finding the correct range of values for the 

signal, and only after that it would have been possible to analyze data for quantitative 

results. DHMC was not shown in this experiment, and the samples had been in the 

freezer for two years, so the results from HPLC might not be reliable. Even though all 

the aims were not met, western blotting and ELISA clearly showed improved 

expression with pEAQ-HT vectors, thus confirming earlier studies’ results about 

pEAQ-HT vectors providing higher expression than comparative binary vectors. 

Love et al. (2012) reported the first successful Bovine papillomavirus vaccine 

candidate produced in plants. They used a pEAQ-HT based system, and by transient 

expression, they obtained 4-fold higher yields than the basic level needed for economic 

production. Sun et al. (2011) demonstrated in their study that pEAQ-HT vectors also 

work for stable high-level expression of proteins. By producing recombinant human 

serum albumin in transgenic tobacco cells, they obtained 20-40 times higher yields than 

from other recombinant proteins produced with the same cell line. That indicates the 

potentially important role of pEAQ-HT vectors in improved protein production and 

could make it possible to produce pharmaceutical proteins in this system.  

Shah et al. (2013) compared transient expression vectors in their study. Their results 

showed that pEAQ-HT vectors were among two other vectors showing the highest 

expression levels.  pEAQ expression system has also been used to produce enzymes. 

Kanagarajan et al. (2012), Miaymoto et al. (2012) and Vardakou et al. (2012) all 

reported the production of high titres of enzyme by using pEAQ-HT vectors. 
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6.1 Improvements 

Even though pEAQ-HT vectors have proven to improve recombinant protein 

production, there is always room for improvement. Berthold et al. (2019) studied these 

vectors and created 15 new pEAQ-HT-DEST1-based plasmids which utilize Gateway 

technology. They were categorized into three subsets: A, B and C. Subsets A and C 

were designed for high expression of recombinant proteins. The A and B vectors allow 

the subcellular localization of proteins, providing knowledge about their function. C 

vectors were designed to allow post-translational modifications of proteins, like 

glycosylation, which are produced through the secretory pathway. After testing the 

vectors in multiple ways, Berthold et al. conclude that all the new vectors were found 

functional. 

Another improvement was shown by Norkunas et al. (2018), who aimed to improve 

expression levels delivered by pEAQ-HT vectors. They presented in their study a new 

dual vector delivery system using pEAQ-HT deconstructed vector system together with 

GUS (β-glucuronidase) reporter. After optimizing and combining the most effective 

components for transient expression by agroinfiltration, they showed 3.5-fold higher 

levels of absolute GUS protein using a new dual vector system compared to pEAQ-HT 

vector. 

Peyret et al. (2019) presented a rational design of new synthetic 5’ and 3’UTRs. These 

novel UTRs can be used as expression modulators and it was shown that synthetic 

5’UTRs outperform the modified 5’UTR of the CPMV-HT system. They also created 

novel expression vectors named pHRE and pHREAC based on their results. pHRE 

gave similar expression levels as pEAQ-HT and it is ideal for rapidly testing new 

combinations of UTRs. pHREAC was created to give maximum yield of recombinant 

protein. Peyret et al. (2019) conclude that in the future, these new vectors might 

facilitate the development of even better plant transient expression vectors. 
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7 CONCLUSIONS 

Transient expression is a popular way to produce proteins. Because there is no need to 

produce new lines like with stable transformation, transient expression is a rapid 

method. Agroinfiltration is a preferred method to induce transient expression, and 

syringe infiltration can be easily conducted. 

pEAQ-HT vectors have provided a valuable tool for both research and industrial views. 

Compared to earlier binary vectors, the smaller size does not compromise transient 

expression, and pEAQ-HT vectors are easy to use since there is no need for a two-step 

cloning process. Western blot was successful experiment and results clearly showed 

stronger signals from pEAQ-HT vector constructs. The aim with ELISA was not met, 

but it was still clearly visible that there was much more protein produced with pEAQ-

HT vectors than with pK2GW7 derived constructs. HPLC showed only TAL, and 

DHMC was not visible. Even though all the research objectives were not completely 

met, this study showed that pEAQ-HT would be a better choice over conventional 

binary plant vectors. 

 

ACKNOWLEDGMENTS 

I would like to thank my supervisor prof. Teemu Teeri for providing me a topic for this 

thesis, and for all the help for working in a laboratory with practically no previous 

experience. I would also like to thank everybody working at the Gerbera laboratory, 

who were present at the same time and took time for answering my many questions. 

 

BIBLIOGRAPHY 

Austin, M. B. & Noel, J. P. 2003. The chalcone synthase superfamily of type III 

polyketide synthases. Natural Product Reports 20: 79-110. 

Bashandy, H., Jalkanen, S. & Teeri, T. 2015. Within leaf variation is the largest source 

of variation in agroinfiltration of Nicotiana benthamiana. Plant Methods 11:47. 



36 

 

Berthold, F., Roujol, D., Hemmer, C., Jamet, E., Ritzenthaler, C., Hoffmann, L. & 

Schmitt-Keichinger, C. 2019. Inside or outside? A new collection of Gateway 

vectors allowing plant protein subcellular localization or over-expression. Plasmid 

105: 102436. 

Boivin, E. B., Lepage, É., Matton, D. P., De Crescenzo, G. & Jolicoeur, M. 2010. 

Transient expression of antibodies in suspension plant cell suspension cultures is 

enhanced when co-transformed with the Tomato Bushy Stunt Virus p19 viral 

suppressor of gene silencing. American Institute of Chemical Engineers 26: 1534-

1543. 

Bourgaud, F., Gravot, A., Milesi, S. & Gontier, E. 2001. Production of plant secondary 

metabolites: a historical perspective. Plant Science 161: 839-851. 

Burgyán, J. & Havelda, Z. 2011. Viral suppressors of RNA silencing. Trends in Plant 

Science 16: 265-272. 

Chen, Q., Lai, H., Hurtado, J., Stahnke, J., Leuzinger, K. & Dent, M. 2013. 

Agroinfiltration as an effective and scalable strategy of gene delivery for 

production of pharmaceutical proteins. Advanced Techniques in Biology & 

Medicine 1: 1. 

Citovsky, V., Kozlovsky, S. V., Lacroix, B., Zaltsman, A., Dafny-Yelin, M., Tovkach, 

A. & Tzfira, T. 2007. Biological systems of the host cell involved in 

Agrobacterium infection. Cellular Microbiology 9: 9-20. 

Csorba, T., Kontra, L. & Burgyán, J. 2015. Viral silencing suppressors: Tools forged 

to fine-tune host-pathogen coexistence. Virology 479-480: 85-103. 

Dafny-Yelin, M., Levy, A. & Tzfira, T. 2008. The ongoing saga of Agrobacterium-

host interactions. Trends in Plant Science 13: 102-105. 

de la Riva, G. A., Gonzalez-Cabrera, J., Vazquez-Padron, R. & Ayra-Padro, C. 1998. 

Agrobacterium tumefaciens: a natural tool for plant transformation. Electronic 

Journal of Biotechnology 1: 118-133. 



37 

 

Desai, P. N., Shrivastava, N. & Padh, H. 2010. Production of heterologous proteins in 

plants: strategies for optimal expression. Biotechnology Advances 28: 427-435. 

Eckermann, S., Schröder, G., Schmidt, J., Strack, D., Edrada, R. A., Helariutta, Y., 

Elomaa, P., Kotilainen, M., Kilpeläinen, I., Proksch, P., Teeri, T. H. & Schröder, 

J. 1998. New pathway to polyketides in plants 396: 387-390. 

Fox, J. L. 2012. First plant-made biologic approved. Nature Biotechnology 30: 472. 

Gelvin, S. B. 2003. Agrobacterium-mediated plant transformation: the biology behind 

the ‘gene-jockeying’ tool. Microbiology and Molecular Biology Reviews 67: 16-

37. 

Gelvin, S. B. 2010. Finding a way to the nucleus. Current Opinion in Microbiology 13: 

53-58. 

Johansen, L. K. & Carrington, J. C. 2001. Silencing on the spot. Induction and 

suppression of RNA silencing in the Agrobacterium-mediated transient expression 

system. Plant Physiology 126: 930-938. 

Kanagarajan, S., Muthusamy, S., Gliszczynska, A., Lundgren, A. & Brodelius, P. E. 

2012. Functional expression and characterization of sesquiterpene synthases from 

Artemisia annua L. using transient expression system in Nicotiana benthamiana. 

Plant Cell Reports 31: 1309-1319. 

Kanneganti, T-D., Huitema, E. & Kamoun, S. 2006. In planta expression of oomycete 

and fungal genes. Methods in Molecular Biology 354: Plant-Pathogen Interactions: 

Methods and Protocols. Totowa, NJ: Humana Press Inc. pp. 35-43. 

Kapila, J., De Rycke, R., Van Montagu, M. & Angenon, G. 1997. An Agrobacterium-

mediated transient gene expression system for intact leaves. Plant Science 122: 

101-108. 

Kusnadi, A. R., Nikolov, Z. L. & Howard, J. A. 1997. Production of recombinant 

proteins in plants: practical considerations. Biotechnology and Bioengineering 56: 

473-484. 



38 

 

Lacroix, B. & Citovsky, V. 2013. The roles of bacterial and host plant factors in 

Agrobacterium-mediated genetic transformation. The International Journal of 

Developmental Biology 57: 467-481. 

Lakatos, L., Szittya, G., Silhavy, D. & Burgyan, J. 2004. Molecular mechanism of 

RNA silencing suppression mediated by p19 protein of tomboviruses. The EMBO 

Journal 23: 876-884. 

Lombardi, R., Circelli, P., Villani, M. E., Buriani, G., Nardi, L., Coppola, V., Bianco, 

L., Benvenuto, E., Donini, M. & Marusic, C. 2009. High-level HIV-1 Nef transient 

expression in Nicotiana benthamiana using the P19 gene silencing suppressor 

protein of Artichoke Mottled Crinckle Virus. BMC Biotechnology 9: 96. 

Lomonossoff, G. P. & D´Aoust, M-A. 2016. Plant-produced biopharmaceuticals: A 

case of technical developments driving clinical deployment. Science 353: 1237-

1240. 

Love, A. J., Chapman, S. N., Matic, S., Noris, E., Lomonossoff, G. P. & Taliansky, M. 

2012. In planta production of a candidate vaccine against bovine papillomavirus 

type 1. Planta 236: 1305-1313. 

Magori, S. & Citovsky, V. 2011. Epigenetic control of Agrobacterium T-DNA 

integration. Biochimica et Biophysica Acta 1809: 388-394. 

Makatsa, M. S., Tincho, M. B., Wendoh, J. M., Ismail, S. D., Nesamari, R., Pera, F., 

de Beer, S., David, A., Jugwanth, S., Gededzha, M. P., Mampeule, N., Sanne, I., 

Stevens, W., Scott, L., Blackburn, J., Mayne, E. S., Keeton, R. S. & Burgers, W. 

A. 2021. SARS-CoV-2 antigens expressed in plants detect antibody responses in 

COVID-19 patients. Frontiers in Plant Science 12: 1-13. 

Marsian, J. & Lomonossoff, G. P. 2016. Molecular pharming – VLPs made in plants. 

Current Opinion in Biotechnology 37: 201-206. 

Miyamoto, K., Shimizu, T., Lin, F., Sainsbury, F., Thuenemann, E., Lomonossoff, G., 

Nojiri, H., Yamane, H. & Okada, K. 2012. Identification of an E-box motif 



39 

 

responsible for the expression of jasmonic acid-induced chitinase gene OsChia4a 

in rice. Journal of Plant Physiology 169: 621-627. 

Mohammadzadeh, S., Roohvand, F., Memarnejadian, A., Jafari, A., Ajdary, S., 

Salmanian, A-H. & Ehsani, P. 2015. Co-expression of hepatis C virus polytope-

HBsAg and p19-silencing suppressor protein in tobacco leaves. Pharmaceutical 

Biology 54: 465-473. 

Norkunas, K., Harding, R., Dale, J. & Dugdale, B. 2018. Improving agroinfiltration-

based transient gene expression in Nicotiana benthamiana. Plant Methods 14: 71. 

Peyret, H. & Lomonossoff, G. P. 2013. The pEAQ vector series: the easy and quick 

way to produce recombinant proteins in plants. Plant Molecular Biology 83: 51-

58. 

Peyret, H., Brown, J. K. M. & Lomonossoff, G. P. 2019. Improving plant transient 

expression through the rational design of synthetic 5’ and 3’ untranslated region. 

Plant Methods 15: 108. 

Pietiäinen, M., Kontturi, J., Paasela, T., Deng, X., Ainasoja, M., Nyberg, P., Hotti, H. 

& Teeri, T. H. 2016. Two polyketide synthases are necessary for 4-hydroksy-5-

methylcoumarin biosynthesis in Gerbera hybrida. The Plant Journal 87: 548-558. 

Sainsbury, F. & Lomonossoff, G. P. 2008. Extremely high-level and rapid transient 

protein production in plants without the use of viral replication. Plant Physiology 

148: 1212-1218. 

Sainsbury, F., Thuenemann, E. C. & Lomonossoff, G. P. 2009. pEAQ: versatile 

expression vectors for easy and quick transient expression of heterologous proteins 

in plants. Plant Biotechnology Journal 7: 682-693. 

Shah, K. H., Almaghrabi, B. & Bohlmann, H. 2013. Comparison of expression vectors 

for transient expression of recombinant proteins in plants. Plant Molecular Biology 

Reporter 31: 1529-1538. 



40 

 

Silhavy, D., Molnár, A., Lucioli, A., Szittya, G., Hornyik, C., Tavazza, M. & Burgyán, 

J. 2002. A viral protein suppresses RNA silencing and binds silencing-generated, 

21- to 25-nucleotide double-stranded RNAs. The EMBO Journal 21: 3070-3080. 

Sun, Q-Y., Ding, L-W., Lomonossoff, G. P., Sun, Y-B., Luo, M., Li, C-Q., Jiang, L. & 

Xu, Z-F. 2011. Improved expression and purification of recombinant human serum 

albumin from transgenic tobacco suspension culture. Journal of Biotechnology 

155: 164-172. 

Teeri, T. H., Elomaa, P., Kotilainen M. & Albert, V. A. 2006. Mining plant diversity: 

Gerbera as a model system for plant developmental and biosynthetic research. 

BioEssays 28: 756-767. 

Tzfira, T. & Citovsky, V. 2000. From host recognition to T-DNA integration: the 

function of bacterial and plant genes in the Agrobacterium-plant cell integration. 

Molecular Plant Pathology 1: 201-212. 

van Engelen, F. A., Molthoff, J. W., Conner, A. J., Nap, J-P., Pereira, A. & Stiekema, 

W. J. 1995. pBINPLUS: an improved plant transformation vector based on 

pBIN19. Transgenic Research 4: 288-290. 

Vardakou, M., Sainsbury, F., Rigby, N., Mulholland, F. & Lomonossoff, G. P. 2012. 

Expression of active recombinant human gastric lipase in Nicotiana benthamiana 

using the CPMV-HT transient expression system. Protein Expression and 

Purification 81: 69-74. 

Wydro, M., Kozubek, E. & Lehmann, P. 2006. Optimization of transient 

Agrobacterium-mediated gene expression system in leaves of Nicotiana 

benthamiana. Acta Biochemica Polonica 53: 289-298. 

 

 

 



41 

 

APPENDIX 1: MEDIA AND BUFFERS 

0.8 % agarose gel (300 ml) 

300 ml 1x TBE 

2.4 g agarose 

Heat in microwave until agarose is dissolved, allow to cool to 65 °C in a water bath 

and add 12 µl EtBr (2.5 mg/ml). Pour the mixture into gel tray with well comb and 

allow to solidify. 

 

10 x TBE 

108 g Tris base 

55 g Boric acid 

9 g 0.5 M EDTA, pH 8 

1000 ml RO water. Use as 0.5x TBE. 

 

TE 

10 ml 1 M Tris-Cl, pH 8 

1 ml 0.5 M EDTA, pH 8 

1000 ml RO water. 

 

SOB 

0.186 g KCl 

2.4 g MgSO4 

0.5 g NaCl 

20 g Tryptone 

5 g Yeast extract 

1000 ml RO water. Autoclave 20 min 120 °C. 

 

LB medium 

10 g Tryptone 

5 g Yeast extract 

10 g NaCl 

1000 ml RO water. For plates, add 15 g agar. Autoclave 20 min 120 °C. 
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STET buffer 

8 % sucrose   40 ml 20 % sucrose 

5 % Triton X-100   5 ml 100 % Triton X-100 

50 mM Tris-Cl, pH 8   5 ml 1 M Tris-Cl, pH 8 

50 mM EDTA, pH 8   10 ml 0.5 M EDTA, pH 8 

    100 ml RO water 

 

Mg-MES-AS buffer 

1 ml 1 M MgCl2 

1 ml 1 M MES, pH 6 

40 µl 0.5 M AS in DMSO 

100 ml RO water. 

 

Extraction buffer Exb7.5 

50 mM  Tris-Cl, pH 7.5  0.5 ml  1 M Tris-Cl, pH 7.5 

1 %  β-Mercapto ethanol  100 µl  β-ME (just before 

      use) 

  Protease inhibitors  1 tablet  Roche “Protease 

      Mini EDTA free” 

      protease inhibitor 

      cocktail 

    10 ml  MQ water 

 

4xSB 

100 mM  Tris-Cl, pH 6.9  2.5 mM  Tris-Cl, pH 6.8 

20 %  Glycerol   5.8 ml  87 % Glycerol 

4 %  SDS   1 g  SDS 

10 %  β-Mercapto ethanol  2.5 ml  β-ME 

0.2 mg/ml  Bromphenol blue  5 mg  Bromphenol blue 

    25 ml  MQ water 

    Store aliquoted at -20 ºC. 

 

10x Running buffer 

30.3 g    Tris base 
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144.1 g    Glycine 

10 g    SDS 

add 1000 ml RO water 

Dilute to 1x with RO water. 

 

Transfer buffer 

3.0 g    Tris base 

15.0 g    Glycine 

200 ml    Methanol 

add 1000 ml RO water 

 

tTBS buffer 

20 mM  Tris-Cl, pH 7.5  20 ml  1 M Tris-Cl, pH 7.5 

150 mM  NaCl   30 ml  5 M NaCl 

0.1 %  Tween 20   1 ml  Tween 20 

    1000 ml  RO water 

    Pipette Tween 20 with a cut 

    pipette tip. 

    Prepare 1 liter per gel. 

 

Blocking buffer 

5 % Nonfat dry milk powder  5 g  Nonfat dry milk 

      powder 

    100 ml  tTBS 

    Mix with magnetic stirrer for 30 

    min. 

    Prepare 50 ml per gel. 

 

Ponceau S stain 

0.2 g  Ponceau S 

5 ml  Glacial acetic acid 

200 ml  RO water 

Keep at 4 ºC, the stain can be reused several times. 
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Coating buffer, pH 9.6 

0.16 g  Na2CO3 

0.29 g  NaHCO3 

Dissolve in 90 ml sterile MQ, adjust pH to 9.6 with HCl and fill up to 100 ml with 

sterile water. 

 

10x PBS, pH 7.4 

80 g  NaCl 

2 g  KH2PO4 

29 g  NaHPO4 2H2O 

2 g  KCl 

Dissolve in 900 ml sterile MQ, adjust to pH 7.4 and fill up to 1 liter. 

Note: working solution is always 1x PBS. 

 

PBST 

Add 0.5 ml Tween 20 in 1 liter of 1x PBS. 

Note: Tween 20 is very viscous and sticky, use a tip with a cut end and mix well. 

 

PVP-PBST 

Add 1 g of PVP to 50 ml PBST. 

Mix well with stirring. 

 

Antibody buffer 

Add 250 mg dry skimmed milk powder to 10 ml PBST. 

Mix well with stirring. 


