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Abstract 
 
 
 
The first report of human growth hormone production in tobacco and 

sunflower published in 1986 established the potential for plants as efficient 

and convenient bioreactors for costly protein therapeutics. This technology 

was later named “molecular farming” and after more than 20 years, several 

protein therapeutics such as subunit vaccines, secretory antibodies and 

interferon have been successfully produced in plants. In this report we 

explored the possibility of using tobacco and cassava for the production of 

cyanovirin-N (CV-N), a mannose-binding lectin isolated from the 

cyanobacterium N. ellipsosporum in 1997 which is currently considered one 

of the most promising candidates for anti-HIV microbicide development. We 

made use of transient and stable transformation techniques to express CV-N 

in both tobacco and cassava and we evaluated the in vitro anti-HIV activity of 

transgenic plant extracts. Factors such as codon-optimization, protein 

aggregation and directing protein accumulation to specific cellular 

compartments appear to play an important role in determining protein levels 

and stability. Whereas tobacco has been frequently employed for molecular 

farming experiments, this is the first report on the use of cassava as a 

bioreactor for a protein therapeutic. 
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Riassunto 

 
Nel 1986, la possibilita’ di utilizzare le piante come bioreattori efficienti ed a 

basso costo per la produzione di sostanze terapeutiche di tipo proteico fu 

confermata con la sintesi in piante di tabacco e di girasole dell’ormone umano 

della crescita. Questa tecnologia e’ stata successivamente denominata 

“molecular farming” e, a distanza di piu’ di 20 anni, numerose molecule 

terapeutiche di tipo proteico quali i vaccini a subunita’, anticorpi secretori e 

interferone sono state prodotte con successo in planta.  

In questo studio, abbiamo esplorate le possibilita’ nell’utilizzo del tabacco (N. 

tabacum) e della cassava (M. esculenta) quali specie vegetali adatte alla 

produzione della proteina cyanovirin-N (CV-N), una lectina legante il 

mannosio isolata nel 1997 dall’estratto del cianobatterio N. ellipsosporum. Al 

momento, la protein CV-N e’ considerata uno dei migliori candidati proteici 

per lo sviluppo di una sostanza microbiocida anti HIV.  

Abbiamo fatto uso di tecniche di trasformazione vegetale sia transiente che 

stabile utilizzando sia tabacco che cassava e abbiamo valutato in vitro 

l’attivita’ anti HIV degli estratti vegetali transgenici. Fattori quali il “codon-

optimization”, l’aggregazione proteica e il targeting subcellulare sembrano 

ricoprire un ruolo importante nel determinare i livelli di accumulo e la stabilita’ 

della proteina ricombinante. 

Sebbene la specie N. tabacum venga spesso utilizzata per esperimenti di 

molecular farming, il nostro e’ il primo studio in cui si fa uso della specie M. 

esculenta quale bioreattore per una proteina dalle proprieta’ terapeutiche. 
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Abbreviations 
 
 
 
 

AIDS acquired immunodeficiency syndrome 
(k)bp (kilo) base pair 
CBA carbohydrate-binding agent 

CLSM confocal laser scanning microscopy 
(r)CV-N (recombinant) cyanovirin-N 
(g)DNA (genomic) deoxyribonucelic acid 
eGFP enhanced green fluorescent protein 
ELISA Enzyme-Linked ImmunoSorbent Assay 
FEC friable embryogenic callus 

HAART highly aggressive anti-retroviral therapy 
HIV human immunodeficiency virus 

IPTG isopropyl β-D-1-thiogalactopyranoside 

KDEL tetrapeptide consisting in lysine, aspartic acid, glutammic 
acid and leucine residues 

MPAO maize polyamine oxidase 
MS Murashige-Skoog salts for plant in vitro culture medium 

NOS nopaline synthase 
NNRTI non-nucleoside reverse transcriptase inhibitor 

nptII gene encoding neomycine phosphotransferase for 
resistance to hygromycin B 

NRTI nucleoside reverse transcriptase inhibitor 
ORF open reading frame 
PBS phosphate buffer saline 

(RT-)PCR (reverse transcription-) polymerase chain reaction 
PDP plant-derived pharmaceuticals 
POD horseradish peroxidase 

psRbCS 
chloroplast signal sequence derived from P. sativum 

ribulose-1,5-bisphosphate carboxylase/oxygenase, small 
subunit 

PTM post-translational modification 
PVX potato virus X 
RER rough endoplasmic reticulum 

(r)RNA (ribosomal) ribonucleic acid 
RuBisCo ribulose-1,5-biphosphate carboxylase/oxygenase 
SAMS S-adenosylmethionine synthase 

SIV simian immunodeficiency virus 
T-DNA A. tumefaciens transfer DNA 
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1. Introduction 

1.1 The current status of the AIDS epidemic 

 
AIDS in third-world and developing countries has truly become an 

epidemic of gigantic proportions. 90 % of all people who become infected with 

HIV today live in developing countries. At the end of the year 1999, 34.3 

million adults and children were estimated to be infected with HIV (Kaul et al.,  

2000). According to the latest HIV update, released by the Joint United 

Nations programme on HIV/AIDS (UNAIDS), this figure decreased to 33.2 

million in 2007. Nevertheless, approximately 2.5 million people were newly 

infected with the virus in 2007 and 2.1 million people died of AIDS-related 

illnesses (UNAIDS AIDS epidemic update, 2007). Sub-Saharan Africa 

remains the most affected region, accounting for more than two-thirds (68%) 

of all people infected with HIV and for more than three quarters (76%) of all 

AIDS-related deaths in 2007. Unlike other regions, the majority of people 

(61%) living with HIV in sub-Saharan Africa are women. Within this region, 

Southern Africa is worst-affected; national adult HIV prevalence exceeded 

15% in eight Southern African countries in 2005 (figure 1). This preliminary 

information clearly indicates how urgent it is to address the AIDS problem in 

third world and developing countries. 

Many industrialized nations have developed efficient medical and 

prevention strategies to cope with the HIV epidemic. However, it has been 

recently acknowledged that developing countries have fundamentally different 

needs, capabilities and resources than most industrialized nations (UNAIDS 

epidemic report, 2000). Prevention and containment policies have been 

marginally successful and, due to the high cost of drug production and 

transportation, developing and third world countries have limited access to 

HAART. 
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Furthermore, the development of an effective vaccine against HIV infection 

has not been successful, even though many resources have been invested in 

reaching this ultimate and highly desirable goal (Nabel, 2001; Burton, 1997). 

 

 
Fig. 1  Estimated adult (15–49 years) HIV prevalence rate (%) globally 
and in sub-Saharan Africa, 1990–2007. Source: UNAIDS epidemic 
update, 2007. 

 

 

Amongst the many examples, the pharmaceutical company Merck has 

recently halted unsuccessful phase II clinical trials for what had formerly been 

considered a very promising vaccine candidate. Furthermore, the vaccine 

candidate appears to have partially contributed to a higher probability of HIV 

infection compared to the placebo control (Cohen, 2007). 

 

1.2 The structure and infection cycle of HIV 

 
HIV belongs to a subfamily of the Retroviridae, namely the lentiviruses 

which are characterized by long etiological incubation times. Three major 

types of lentiviruses have been characterized in primates: SIV and among 

humans, HIV-1, the predominant type in the world, and HIV-2, primarily found 

in West Africa and India (Hutchinson, 2001).  HIV carries a diploid single-

stranded RNA genome (9.2 kb for each strand) contained within a 

nucleocapsid composed of protein p24. The capsid also includes enzymes 
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necessary for early replication events such as integrase, a protease and 

reverse transcriptase. The nucleocapsid is in turn surrounded by a layer of 

matrix protein and finally by a lipid membrane from which heavily glycosylated 

integral membrane proteins, gp120 and gp41, protrude (Hutchinson, 2001; 

Haseltine, 1991). 

 

 
Fig. 2  The overall structure and main components of HIV. Source: www.msu.edu. 

 

 The replicative cycle of HIV presents several stages (summarized in 

figure 3) that can be considered as suitable targets for inhibitory intervention 

(De Clercq, 1995). HIV initiates infection of a susceptible host cell (such as a 

T-lymphocyte) by binding to the CD4 receptor and the co-receptor present on 

the surface of the cellular membrane (virus adsorption; stage 1). The viral 

proteins responsible for this interaction are gp120 and gp41, protruding from 

the viral envelope. Following HIV-cell recognition, a membrane fusion is 

triggered that ultimately leads to the release of the viral single-stranded RNA 

genome into the cytoplasm where it undergoes reverse transcription into a 

proviral DNA (stages 2 and 3). This process is catalysed by the enzyme 

reverse transcriptase (RT), which is a current target of intervention through 

the use of two main classes of pharmaceuticals, namely nucleosidic and non-

nucleosidic RT inhibitors (NRTIs and NNRTIs).  

Following its synthesis, the proviral DNA is transported to the nucleus and is 

integrated in the cellular genome in a process catalysed by the enzyme 
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integrase (stage 4). Activation of integrated viral DNA expression leads to the 

production of all viral components in the form of polyproteins, which are then 

processed by the viral protease, yielding functional viral components (stage 

5). Due to the importance of this maturation step, protease inhibitors are 

amongst the most potent types of antiviral medications. Finally, virion 

assembly occurs at the cell surface and the mature virions bud from the 

infected cell (De Clercq, 1995).  

 

 

 

 

 

 
Fig. 3  The main stages of HIV infection: 1) When HIV successfully contacts the host 
cell’s CD4 receptor and co-receptor (CCR5 or CXCR4, depending on the virus’ 
tropism) fusion of the viral and cellular membranes occur, leading to 2) the 
disassembly of the nucleocapsid and the release of the viral RNA genome in the 
cytosol. 3) Following reverse transcription, 4) the newly-synthesised proviral DNA is 
transported to the nucleus and stable integrated in the cell’s genome. 5) 
Transcription of the viral DNA leads to RNA molecules that will serve as both 
genomes and mRNAs for viral protein synthesis. 6) Finally, mature virions are 
assembled that bud from the surface of the host cell. Images are not to scale. 
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1.3 The quest for alternative strategies 

 

At present, there exist 14 compounds which have been formally 

approved for the treatment of HIV infection (6 NRTIs, 3 NNRTIs and 5 HIV 

protease inhibitors), and all of them are produced by chemical synthesis (De 

Clercq, 2000). Due to the fact that therapies utilising these pharmaceuticals 

are generally beyond the reach of populations that are most exposed to HIV 

infection, there is a strong interest to identify and isolate natural compounds 

with anti-HIV activity. Furthermore, the rapid spread of the AIDS epidemic and 

the appearance of new HIV strains with enhanced resistance to the currently 

available drugs will require the use of innovative compounds and strategies 

with diverse mechanisms of anti-HIV activity (Bedoya et al.,  2001).   

Over the past two decades, screening programmes performed by 

several institutes worldwide, including the U.S. National Institute of Health, 

have identified numerous natural compounds that in some cases show very 

potent anti-HIV activity in vitro, ranging from inhibition of virus-cell recognition 

to retardation of mature virion assembly (Vermani and Garg, 2002; De Clercq, 

2000). This may open alternative strategies for the development of 

therapeutic programmes to tackle HIV infection more effectively. 

One strategy that could potentially revolutionize the prevention and 

treatment of AIDS involves the use of microbicides, gels or creams that could 

be applied to oral, rectal and/or the vaginal mucosa prior to sexual 

intercourse that can inhibit HIV infection. The implementation of such 

compounds is particularly interesting given that women, especially in sub-

Saharan Africa, are amongst the most exposed to the virus. A self-

administered and possibly invisible microbicide could empower women who 

find it difficult to impose other prophylactic measures such as condoms on 

their sexual partners (UNAIDS, 2007). There exist several potential 

microbicidal candidates that are currently being evaluated for their anti-HIV 

efficacy and that present different mechanisms of action, ranging from the 
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direct inactivation of the virus to the inhibition of key steps in the viral 

infectious cycle. The characteristics an ideal microbicide should possess are 

listed in table 1. Overall, we can group the current microbicidal candidates in 

3 main categories (Balzarini, Van Damme, 2007): 

 

Properties of an ideal anti-HIV microbicide 

Strong activity against all viral strains Resistance to acidic vaginal pH 

Broad activity against other sexually-transmitted 

pathogens 
Stable at high temperatures 

Virucidal activity Odourless, colourless and tasteless 

Maintenance of activity in the presence of seminal fluid Compatible with latex use 

Effective against cell-free and cell-bound HIV Easy to use 

No adverse effects on tissue integrity Cost-effective 

No effect on vaginal commensal flora Readily available 

Preferable contraceptive action Acceptable to all sexual partners 

Table 1.  Characteristics of the ideal microbicidal compound. Adapted from Balzarini, Van 
Damme, 2007. 

 

• Non-specific: detergents, surfactants and buffering agents fall in 

this category. Detergents and surfactants aspecifically destroy 

the viral envelope while buffering agents help to maintain the 

acidic pH of the cervicovaginal fluid which is important for innate 

immunity against several pathogens. However, as observed for 

the surfactant nonoxynol (N-9), this can lead to the extensive 

damage of the vaginal and uterine mucosa, therefore leading to 

an increase in viral susceptibility, a highly undesirable effect 

(Fichorova et al.,  2001). 

• Moderately specific: anionic polymers that target virus 

adsorption and fusion can be grouped in this category. They are 

characterized by a limited general toxicity, but are required in 

high amounts to prevent infection by cell-bound HIV. 

Furthermore, bacterial sulphatases present in the vaginal 

ecosystem could convert these molecules to uncharged or 
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lesser charged compounds, thus reducing their anti-viral effect 

(Balzarini, Van Damme, 2007). 

• Highly specific: these compounds would preferentially block viral 

infection in its earliest stages i.e. adsorption, fusion or 

uncoating. For example, there exist monoclonal antibodies that 

target the CD4 receptor and chemokine analogues such as 

PSC-RANTES (Kawamura et al.,  2004) that target the co-

receptors involved in successful viral infection. On the other 

hand, several compounds have been isolated that specifically 

inhibit viral entry by binding to gp120 and/or gp41. 

Carbohydrate-binding agents (CBAs) are amongst the most 

promising, given that both gp120 and gp41 are heavily 

glycosylated to allow enveloped viruses such as HIV to escape 

recognition and clearance by the immune system; 

approximately 50% of gp120’s glycosylated residues are of the 

high-mannose type (Poignard et al.,  2001; Leonard et al.,  

1990). 

 

1.4 Cyanovirin-N, a candidate for microbicide devel opment 

 

The protein cyanovirin–N (CV-N; figure 4) appears to meet many of the 

previously listed requirements for an ideal microbicide. CV-N is an 11 kDa 

monomeric non-glycosylated protein isolated from the cyanobacterium Nostoc 

ellipsosporum during an extract-screening procedure for anti-HIV activity 

carried out at the U.S. NCI Natural Products Repository in the late 1990s 

(Boyd et al.,  1997). CV-N presents no significant homology (< 30%) or 

similarity to any known protein (though internally CV-N displays a high degree 

of duplication i.e., it consists of two domains with a high degree of similarity in 

both the primary and tertiary structures; Gustafson et al.,1997) which is 
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responsible for the domain-swapping phenomenon observed in CV-N dimers 

(Figure 5; Botos et al.,2002). The most significant level of internal homology is 

in the loops defined by the cystine couples 8-22 and 58-73 involved in 

disulfide bond formation (Figure 4).  

 

 
 
Fig. 4   Amino acid and DNA sequence of native CV-N, as isolated from N. ellipsosporum. 
The asparagine residue boxed in green is part of a putative eukaryotic glycosylation motif. 
The proline residue boxed in red plays an important role in domain-swapping and 
aggregation of CV-N monomers. Cysteine residues involved in disulfide bond formation are 
boxed in yellow . Adapted from Boyd and co-authors (1997). 

 

 

 
Fig. 5    The domain-swapped CV-N dimer, rich in β-strand regions. The dimer is 
formed with the sequence-defined domains A (dark blue) and B (light blue) from the 
first molecule and domains A' (orange) and B' (yellow) from the second molecule. AB' 
and A'B are considered pseudo-monomers (Botos et al.,  2002).       
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CV-N possesses striking biophysical properties in terms of protein stability. In 

fact, multiple freeze-thaw cycles, dissolution in organic solvents, treatment 

with high salt concentration, detergents, H2O2 and boiling do not cause a 

significant loss in overall protein structure or activity (Boyd et al.,  1997).    

It has been demonstrated that CV-N blocks HIV infection in its very early 

stages. CV-N acts as a virucide because it irreversibly inactivates various T- 

and M-tropic laboratory-adapted strains of HIV-1 and SIV by high-affinity 

binding to the glycosylated moities of gp120, prior to completion of viral entry 

(Botos et al.,  2002; Botos and Wlodawer, 2003).   

It has been shown that CV-N preferentially recognises α 1,2-linked mannose 

residues within N-linked oligosaccharides and that the elimination of high-

mannose oligosaccharides from gp120 abrogates CV-N binding to gp120 

(Shenoy et al.,  2001). The interaction of CV-N with gp120 ultimately 

abolishes HIV infectivity since it prevents effective binding of gp120 to the 

CD4 receptor, membrane fusion and ultimately viral entry. 

 CV-N appears to be only slightly cytotoxic (continuous exposure for 48 

hrs to 9000 nM in HIV cell-based assays; Boyd et al.,  1997) and furthermore, 

it was recently shown that the topical application of E. coli-derived 

recombinant CV-N (rCV-N) in a gel formulation can prevent infection in 

macaques exposed intrarectally to a chimeric SIV-HIV virus (Tsai et al.,  

2004). In addition, the topical application of a 2% rCV-N medication showed 

no adverse effects for up to 12 hours post gel application. 

Taking these data into consideration, CV-N appears to be a very 

promising and interesting candidate for microbicide development. 

Nevertheless, it is important to consider that not only must a compound be 

effective and safe to use; non-scientific reasons such as production costs and 

accessibility are equally important in determining the success of a candidate 

microbicide molecule, especially so when the targets for intervention are 

populations in developing and third-world countries with scarce access to 

sophisticated production technology such as bacterial and yeast fermenters 
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or animal cell-culture facilities. The production of recombinant proteins of 

pharmaceutical interest such as CV-N in plants, a technology recently defined 

as “molecular farming”, may be instrumental in fulfilling the need for 

pharmaceutically active and cost-effective compounds. Furthermore, 

choosing a plant such as cassava (M. esculenta) to do this would allow local 

production of valuable therapeutics. In fact, cassava is an important tropical 

staple crop plant that is predominantly grown in Africa, South America and 

Asia, world areas (especially sub-Saharan Africa) where malnourishment is 

frequently associated with infectious diseases such as cholera, hepatitis B 

and C and AIDS. 

 

1.5 Plants as bioreactors for therapeutic proteins 

 
Traditionally, large-scale recombinant protein production has made 

use of microbial fermentation (using both yeasts and bacteria) and 

mammalian cell lines but all of these systems present several disadvantages 

in terms of cost, scalability of production, safety and environmental impact 

(Table 2; Fischer et al.,  2004).  

During the last two decades, mounting evidence has shown that transgenic 

plants are an attractive alternative platform for the inexpensive production of 

valuable protein products such as diagnostic reagents, vaccines, and drugs. 

Plant-based production is on the agricultural scale and has no need for 

expensive and maintenance-requiring machinery such as fermenters or 

incubators or for the skilled personnel running them. In fact, recent estimates 

show that recombinant proteins can be produced in plants at 2-10% of the 

cost of microbial fermentation and at 0.1% of the cost of mammalian cell lines 

(Twyman et al.,  2003). Plants, as higher Eukaryotes, unlike bacteria and 

yeasts, are capable of carrying out most of the PTMs occurring in animal 

cells, which are important for the correct folding and functioning of some 
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recombinant proteins. Most importantly, PDPs will not be contaminated with 

endotoxins or human pathogens (such as viruses or prion proteins) and are 

therefore safer to use than bacteria- or cell culture-derived molecules.  

 

Host Costs Production 
timescale 

Scale-up 
capacity 

Product 
quality Glycosylation Risks Storage 

costs 

Bacteria Low Short High Low None Endotoxins Moderate 

Yeast Medium Medium High Medium Incorrect Low risk Moderate 

Mammalian 
cell culture High Long Very low Very high Correct 

Viruses, 
prions and 
oncogenic 
DNA 

Expensive 

Transgenic 
animals High Very long Low Very high Correct 

Viruses, 
prions and 
oncogenic 
DNA 

Expensive 

Plant cell 
cultures Medium Medium Medium High Minor 

differences Low risk Moderate 

Transgenic 
plants 

Very 
low 

Long Very high High Minor 
differences 

Low risk Inexpensive 

Table 2. Comparison of production systems for recombinant human pharmaceutical proteins. 
Adapted from Ma et al.,  2003. 
 
 
Several proteins of mammalian origin have already been synthesised in 

plants, ranging from blood products such as human serum albumin to 

signalling molecules such as cytokines (Ma et al.,  2003). Several plant 

species such as tobacco (N. tabacum) are also capable of producing more 

complex proteins such as full size immunoglobulins, including secretory 

antibodies. In fact, antibody production in plants has proven to be so 

successful that these molecules may be amongst the first plant-derived 

pharmaceutical proteins commercially available (Table 3; Twyman et al.,  

2005).  
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Company / 
Institution 

Plant used Product Indication Clinical Stage 

Meristem  
Therapeutics  

Maize  Gastric lipase  Cystic fibrosis  Phase 2 (x2 "unformulated" 
and "formulated") 

   Maize  Lactoferrin  Gastrointestinal disorders Phase 1 
Planet 
Biotechnology 

Tobacco  slgA Prevention of tooth decay Phase 2 but already granted an  
EU licence as a medical device 

   Tobacco  ICAM1  receptor for common cold Phase 1 ready 
Prodigene  Maize  Lt-B vaccine Traveller's diarrhoea Phase 1 complete - not ongoing 
   Maize  TGE vaccine Piglet gastroenteritis Phase 1 complete - not ongoing 
   Maize  Avidin  Diagnostic use Available in Sigma catalogue 
   Maize  Trypsin  Wound care / insulin  

manufacture 
Available in Sigma catalogue 

   Maize  Aprotinin  Non clinical use No longer in Sigma catalogue 
   Maize  GUS  Non clinical use No longer in Sigma catalogue 
LSBC (in Ch.11  
bankruptcy) 

Tobacco  Vaccine  Non-Hodgkin's  
lymphoma 

Phase 1 successful in 2002 

   Tobacco  Vaccine  Feline Parvovirus "very advanced" - Status confidential 
   Tobacco  Aprotinin  Non-clinical use Was in Sigma catalogue in 2005 
Arizona State Univ. Potato Vaccine  E.coli  Phase 1 
   Potato  Vaccine  Hepatitis "B" Phase 1 
   Potato  Vaccine  Norwark virus Phase 1 
   Tobacco  Vaccine  Norwark virus Phase 1 / 2 
   Undisclosed Oral Vaccine  Undisclosed Phase 1 planned start mid '07 
Ventria 
Biosciences 

Rice  Lactoferrin  Undisclosed  Undisclosed  

   Rice  Lactoferrin  cell culture media Available from company 
   Rice  Lysozyme  Undisclosed  Undisclosed  
   Rice  Lysozyme  For research purposes Available from company 
Biolex  Lemna  Alpha 

Interferon 
Hepatitis "B" & "C"  
and Cancer 

Phase 1 ( x2 trials - "general" and 
"formulated dose" ) 

   Lemna     Fibrinolytic "Clot-buster" Phase 1 ready 
Cobento AS  
(formerly  
Cobento Biotech 
AS) 

Aribidopsis Human  
Intrinsic 
Factor 

Vitamin B12 deficiency Approved Coban product launched. 
Successful 37 patient clinical trial 
cGMP production certified 

   Aribidopsis  Transcobalamin  Diagnostic / research Available from company 
Dow Agrisciences Plant cell 

non- 
nicotine 
tobacco 

Vaccine  Newcastle disease in  
poultry 

USDA Approved in Feb.06 

   Plant cell - 
tobacco 

Vaccines  "diseases of horses, 
dogs and birds" 

Undisclosed  

Protalix  Plant cell Glucocerebrosidase  Gaucher's disease Phase 1 
Guardian 
Biosciences 

Canola  Edible vaccine Coccidiosis in poultry CFIA phase 2 

/ Nexgen Biotech Oriental  
Melon 

Thyroid stimulating 
hormone receptor 

Diagnosis of Graves  
disease 

Available from company 

   Oriental 
Melon  

Viral antigens Rapid detection of  
Hantaan and Puumala 

Available from company 

CIGB (Cuba)  Tobacco Recombinant  
Monoclonal (Mab) 

Purification re-agent 
in Hep."B" vaccine  

Approved mid 2006 in Cuba 

D.Yusibov and 
others 

Spinach  Vaccine  Rabies  Phase 1 successful in 2002 

Farmacule  Tobacco  Virtonectin  Research use Available from company mid 2007 
Distribution under negotiation  

NeoRx / Monsanto  Maize  Antibody  Cancer  Phase 2 ( failed)  
Applied Biotech.  
Institute & partner 

Maize  Undisclosed Undisclosed Animal trials underway 

Sembiosys Safflower Insulin Diabetes Phase 1 trial planned for early 2008 
Chlorogen & 
partner 

Tobacco a TGF-Beta protein Ovarian Cancer Advanced animal trials  

Table 3. Plant made pharmaceuticals. Product status with regard to clinical trials updated to 
March 2006. Source: www.molecularfarming.com 
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1.5.1 Subcellular targeting to optimise CV-N accumu lation in 
plants 

 

There are several factors influencing recombinant protein yields in 

transgenic plants which include the plant species that is chosen as host and 

the use of regulated promoters. Subcellular targeting has recently emerged 

as one of the most promising tools for enhancing recombinant protein 

accumulation in plants (Schillberg et al.,  2003). Several reports have 

investigated the effects of subcellular targeting on plant-expressed 

recombinant proteins, which in some cases can be very efficient in terms of 

accumulation and/or stability of the protein product. In fact, the compartment 

in which a recombinant protein accumulates can strongly influence folding, 

assembly and post-translational modifications, all of which are key issues in 

determining protein accumulation, activity and authenticity (Twyman et al.,  

2003). This point is of relevance when considering that CV-N’s overall 

structure is maintained by two disulfide bonds, as mentioned previously. The  

cytosol is in general a strongly reducing environment that does not favour the 

stable formation of disulfide bonds (Woycechowsky et al.,  2000). For this 

reason, we do not expect untargeted CV-N to accumulate to high levels in the 

plant cytosol. Furthermore, sequestration of an overexpressed protein in 

specific cellular compartments may be of importance in case of protein 

toxicity (Corbin et al.,  2001). For these reasons, it is of great interest to test 

subcellular targeting strategies as a means of maximizing CV-N accumulation 

in plants. 

The compartments that have been successfully used for the accumulation of 

recombinant proteins in plants include plastids, the intercellular compartment 

(apoplast) and the rough endoplasmic reticulum (RER; Twyman et al.,  2003; 

Vitale, Pedrazzini, 2005).  
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Fig. 6  General structure of a plant cell. Black ovals highlight compartments 
of interest. The apoplast is defined as the intercellular space between 
adjoining cell walls. Source: www.lclark.edu. 

 
 

1.5.1.1 The secretory pathway  

Antibody expression in plants has highlighted the important role played 

by the secretory pathway in significantly increasing recombinant protein 

accumulation. In fact, it has been shown that by exploiting this pathway for 

the production of single-chain fragment variable fragments, folding and 

accumulation can be enhanced in comparison to cytosolic protein 

accumulation (Schillberg et al.,  1999). The reasons for this most probably lie 

in the abundance of chaperones and protein disulfide isomerase combined 

with a low presence of proteases in the RER. Foreign proteins can be 

engineered to enter the secretory pathway by implementing a suitable 

secretory signal peptide at their N-terminus (Rea et al.,  2004). This signal 

sequence will co-translationally direct the nascent protein to the RER, 

causing it to enter the RER lumen. In the absence of other signals, proteins 

will then traffic to the Golgi compartment and will be secreted by default. 

Apoplastic expression can be of considerable advantage for all downstream 

extraction and purification processes. This can be especially appreciated in 

the case of rhizosecretion which can be exploited for the continuous non-
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destructive manufacture of proteins that have been directed along the 

secretory pathway (Gleba et al.,  1999).  

The RER itself can be exploited as a protein storage compartment by 

causing retention of recombinant proteins within the endomembrane system 

(Vitale, Pedrazzini, 2005). This can be achieved by adding 4 codons at the C-

terminus of the protein of interest encoding lysine, aspartic acid, glutammic 

acid and leucine (KDEL retention signal). This tetrapeptide is sufficient in both 

animal and plant cells to cause retention of proteins within the RER (Andres 

et al.,  1991) once they have entered the secretory pathway due to their N-

terminal secretory signal. This strategy has been successfully used for the 

accumulation of immunoglobulins, subunit vaccines and diagnostics to high 

levels in plants (Arakawa et al.,  1998; Stöger et al.,  2000; Ko et al.,  2003).  

When targeting the plant secretory pathway for recombinant protein 

production it is important to consider the N-linked glycosylation status of the 

final product. This is particularly important when the aim is to express CV-N in 

plants, since yeast-based secretory CV-N expression has indicated the 

presence of a glycosylation motif (asparagine-X-serine or asparagine-X-

threonine, with X being any amino acid except proline) highlighted in figure 4 

that is efficiently recognized by the yeast glycosylation machinery (Mori et al.,  

2002). This led to the secretion of glycosylated CV-N that showed a lower 

binding affinity for gp120 compared to native unglycosylated CV-N (Mori et 

al.,  2002). Plants are able to recognize the same sequence motif for N-linked 

glycosylation. Therefore we can imagine that secretory CV-N expression in 

plants may cause glycosylation of the final product too. Furthermore, plants 

possess specific N-glycan patterns that are not found in animal cells that may 

affect the immunogenicity of the final product. Plants contain two enzymes 

that are not present in higher animals, namely the β1,2-xylosyltransferase 

(Strasser et al.,  2000) and the core-α1,3-fucosyltransferase (Leiter et al.,  

1999), responsible for the addition respectively of xylose and fucose to the 

core glycan structure. Several reports have shown that these plant-specific N-
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glycans can be immunogenic (Lauriere et al.,  1989; Bencurova et al.,  2004). 

Nevertheless, plant-derived glycan immunogenicity may not be an issue of 

concern for proteins that do not have to be injected but only administered 

atopically, as would be the case for a CV-N-containing microbicidal paste or 

gel.  

1.5.1.2 The plastid 

 Plastids, more specifically chloroplasts, have proven to be very useful 

cellular compartments for protein accumulation due to their large size and 

number. The recent advances in the generation of transplastomic plants 

(Daniell et al.,  2005) that is, of plants whose plastids have been genetically 

modified, have provided further possibilities for high-level protein 

accumulation due high transgene copy number and absence of silencing 

mechanisms (Daniell, 2006). Nevertheless, it is also possible to promote 

recombinant protein accumulation in plastids by engineering a plastid-

targeting signal peptide at the N-terminus of a protein of interest, such as the 

signal peptide from the small subunit of RuBisCo, which is nuclear-encoded 

and plastid-targeted (Corbin et al.,  2001).  

In contrast to the secretory pathway, proteins that are targeted to the plastid 

do not  generally reach the organelle via the ER and the Golgi apparatus. 

There are some recent reports concerning proteins that are found in the 

chloroplast but also present N-glycosylated residues, indicating that passage 

through the Golgi occurred (Villarejo et al.,  2005; Nanjo et al.,  2006). 

However, these proteins remain an exception to a general ER- and Golgi-

unrelated transport mechanism to the plastid. Therefore, engineering CV-N 

accumulation in the plastid could be an interesting strategy to use since the 

produced protein would (most probably) not be N-glycosylated. This would 

avoid the open question concerning CV-N glycosylation in the plant RER 

previously discussed. At the same time, one could imagine that accumulation 

and stability of a cyanobacterial protein such as CV-N could be promoted in 

the plastidal environment, given that plastids originate from cyanobacterial 
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endosymbionts. Furthermore, sequestration of CV-N within the plastid could 

be important in case untargeted, cytosolic CV-N expression were detrimental 

to the plant. 

 

1.6 Aim of this thesis 

 

 CV-N is considered one of the best anti-HIV preventive microbicide 

candidates due to its highly specific virucidal activity and its striking 

biophysical properties. It is therefore of great interest to develop efficient and 

cost-effective large-scale production technologies for this particular protein. It 

has been shown that plants as bioreactors for therapeutic proteins can be a 

valid alternative to other organisms such as bacteria, yeast and animal cells. 

Cassava in particular may be a good production host due to its distribution 

and cultivation in countries (especially in sub-saharan Africa) that account for 

the majority of new HIV infections. Therefore, the main goal of this thesis was 

to obtain proof-of-concept for the heterologous expression of the anti-HIV 

virucidal protein cyanovirin-N in tobacco and especially in cassava by 

investigating rCV-N levels of expression and anti-HIV activity of plant-derived 

CV-N.  

 To increase the probability of obtaining signficant levels of CV-N 

accumulation in plants, we synthesised a codon-optimised gene encoding 

CV-N for expression in both E. coli and plant species. We also modified the 

gene using site-directed mutagenesis techniques with the aim of promoting 

active rCV-N deposition. It was also important for us to explore different 

subcellular targeting strategies with the aim of investigating whether rCV-N 

accumulation can be favoured in specific cellular compartments such as the 

rough endoplasmic reticulum, the apoplast and the chloroplast. Therefore, we 

modified our synthetic gene by adding subcellular targeting signal sequences 

that would direct rCV-N accumulation to specific cellular locations.  
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 We made use of transient expression assays such as virus-dependent 

overexpression to determine the feasibility of CV-N expression in the model 

plant species N. benthamiana. We proceeded with the stable transformation 

of tobacco and cassava and investigated CV-N accumulation in these plant 

species. Finally, we evaluated the anti-HIV activity of our cassava transgenic 

plant extracts in in vitro cell-based assays to determine whether cassava can 

be considered a suitable host for rCV-N production and extraction. 
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2. rCV-N gene design and protein expression in E. coli 
 
 

2.1 Obtaining a codon-optimized rCV-N-encoding gene  

 

2.1.1 Gene design 
 
 Due to the degeneracy of the genetic code, all but two amino acids, 

methionine and tryptophan, are coded for by more than one triplet. Different 

organisms often show particular preferences for one of the several codons 

that encode the same given amino acid. Given this fact, to optimize CV-N 

expression in both E. coli and plants (Nakamura, Gojobori et al.,  2000), we 

decided to synthesize our own gene encoding CV-N. The genetic sequence 

that we ultimately designed is the result of a compromise between E. coli and 

A. thaliana codon usage and is based entirely on the reported unmodified 

protein sequence (Boyd, Gustafson et al.,  1997). This procedure can be 

instrumental to increase the probability that a recombinant gene will be 

correctly expressed in both bacteria and higher Eukaryotes such as plants. 

The tables we used describing codon usage for E. coli and A. thaliana are 

illustrated in figure 7. 

We began by retro-translating the CV-N amino acid sequence to an open 

reading frame using both the E. coli and the A. thaliana preferential codon 

usage. We then compared the two sequences and produced a third sequence 

composed of codons that are expressed at high frequency in both E. coli and 

A. thaliana (shown in red in figure 8). Whenever possible, A. thaliana codon 

usage was preferred.  
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A.   

 

B.  

 
Fig. 7  Preferential codon usage tables for A) E. coli and B) A. thaliana. CD: codon. AA: one-
letter aminoacid abbreviation. FQ: frequency with which a certain codon encodes the 
corresponding aminoacid. Source: www.kazusa.or.jp/codon 
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Fig. 8  Designed rCV-N-encoding gene based on preferential bacterial and plant codon usage. CV-
N’s protein sequence is shown. Below it are the deduced back-translated DNA sequences 
considering either the A. thaliana or the E. coli preferential codon usage data. The result of the 
combination of the two deduced DNA sequences is indicated in red and corresponds to the 
designed rCV-N-encoding gene. The Asn residue which is part of the glycosylation consensus is 
highlighted in violet. 
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2.1.2 Gene synthesis 
 

 Following the design of a rCV-N-encoding gene that combines both E. 

coli and A. thaliana preferential codon usage, we proceeded with the 

synthesis of our “artificial” gene by adopting the method described in the 

report by Hoover and co-authors (2002) which is based on gene synthesis 

using overlapping primer sets.  We designed and commercially synthesised 

(Microsynth GmbH) a total of 8 primers (Table 4) 52-64 nucleotides long in 

either forward (CV1, CV2, CV3 and CV4) or reverse orientation (CV1rev, 

CV2rev, CV3rev and CV4rev) orientation, spanning the whole rCV-N gene 

and used them in a two-step PCR method consisting in gene assembly and 

amplification. For rCV-N gene assembly, we mixed equal volumes of 

oligonucleotide solutions (each at a concentration of 1 mg/ml) and diluted with 

water to a final concentration of 1 ng/µl for each oligonucleotide. The 

oligonucleotide mixture was then diluted 5-fold with the PCR solution. The 

final concentrations of components were 0.2 ng/µl for each oligonucleotide, 

20 mM for Tris–HCl (pH 8.8), 10 mM for KCl, 10 mM for (NH4)2SO4, 6 mM for 

MgSO4, 0.1% (v/v) for Triton X-100, 0.1 mg/ml for bovine serum albumin (all 

components of the Pfu Stratagene Reaction Buffer), 0.2 mM for each dNTP 

and 2.5 U for Pfu polymerase (Stratagene). We began the PCR protocol for 

gene assembly with a single 5 min denaturation step of 95°C followed by 25 

cycles of a denaturation temperature of 95°C for 30  s, annealing temperature 

of 62°C for 30 s and an extension temperature of 72 °C for 1.5 min. The last 

step in this protocol was an incubation cycle at 72°C for 10 min. For rCV-N 

gene amplification, we took 1 µl of the mixture resulting from the gene 

assembly reaction to use as the template for amplification in a standard PCR 

reaction using Pfu polymerase, with the outermost oligonucleotides CV1 and 

CV4rev as amplification primers. We used the same PCR protocol for gene 

amplification as we did for gene assembly. 



 
 
 
 

Primer Primer sequence 5’ to 3’ 

CV1 CGAGATGGATCCTCATGCTTGGAAAGTTCTCTCAGACCTGTTACAATTCTGCTATCCAGGGTTC 

CV1rev GTAACCACCGTTGGTACGTTCACAGGTAGAGGTAAGCACAGAACCCTGGATAGCAGAGTT 

CV2 AACGGTGGTTACAACACCTCTTCTATCGACCTTAACTCTGTGATCGAAAACG 

CV2rev TCGATGAAATTAGATGGCTGCCACTTAAGAGAACCGTCCACGTTTTCGATCACAGAGTTA 

CV3 CAGCCATCTAATTTCATCGAAACCTGTCGTAATACCCAGCTTGCTGGTTCTTCTGAACTT 

CV3rev TAGACACGAACTGCTGAGCACGGGTCTTACATTCAGCAGCAAGTTCAGAAGAACCAGCAA 

CV4 GCTCAGCAGTTCGTGTCTACCAAGATCAACCTTGACGACCATATCGCTAACATCGACGG 

CV4rev CAGCACATC CCATGG TG TCA TTCGTACTTAAGGGTACCGTCGATGTTAGCGATATG 

Table 4.  Oligonucleotides for rCV-N gene assembly and synthesis. For primer CV1, the BamHI restriction site used for cloning in the 
plasmid pRSETC is underlined and the start codon for translation is highlighted in bold italics. Similarly, for primer CV4rev, the NcoI 
site used for cloning is underlined and the translation stop codon is highlighted. 
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Fig. 9  Synthesis and amplification of a codon-optimized rCV-N-encoding gene. 1: PCR 
amplification of the assembled template. 2: control PCR reaction containing no assembled 
template. Samples were run on a 1.8% agarose gel.  
 

The result of our gene design and synthesis experiment is shown in figure 9. 

Following the two-step PCR procedure described above, we obtained a DNA 

fragment which showed the expected size of ca. 300 bp. To confirm that 

thefragment’s sequence corresponded to our designed rCV-N gene 

sequence, we cloned the purified PCR product in a plasmid suitable for 

propagation and expression in E. coli such as pRSETC (figure 10; InVitrogen) 

using restriction enzymes BamHI and NcoI (NEBiolabs) according to the 

manufacturer’s indications. Sequence identity of the construct rCV-pRSETC 

was then confirmed (Microsynth GmbH).  

 

2.2 rCV-N expression in E. coli 

 
 In order to obtain sufficient amounts of rCV-N protein for rabbit-derived 

polyclonal antibody production and other protein-based procedures such as 

western blot analysis and ELISA, we cloned our gene in the vector pRSETC 

which is suitable for both propagation and gene expression. Gene expression 

from pRSETC is controlled by the strong phage promoter T7 which is 

specifically recognized by the T7 polymerase.  
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We transferred our construct to an E. coli strain suitable for T7 promoter-

based protein expression such as BL21(DE3)pLysS (InVitrogen) using 

standard protocols  (Sambrook et al.,  1989).  This  strain  carries   the   DE3 

bacteriophage lambda lysogen. This lambda lysogen contains the lacI gene, 

the T7 RNA polymerase gene under control of the lacUV5 promoter, and a 

small portion of the lacZ gene. 

 

 

 
Fig. 10  Schematic representation of the pRSET family of bacterial expression vectors, which 
includes pRSETC. Cloning in frame in the multiple cloning site (MCS) leads to the T7 
promoter (P T7) – directed expression of a polypeptide which includes a histidine-tag (6xHis) 
and an extra epitope at its N’ terminus. RBS: ribosome binding site. EK: enterokinase 
cleavage site. pUC ori: plasmid’s origin of replication. Source: Invitrogen. 
 

 
The lac repressor represses expression of T7 RNA polymerase. Upon 

addition of 1 mM IPTG, expression of T7 RNA polymerase is allowed which 

ultimately leads to the expression of any gene under the control of the T7 

promoter. We grew BL21(DE3)pLysS containing our rCV-N construct under 

standard conditions (37°C, 200 rpm) in parallel to BL21(DE3)pLysS 

transformed with only the pRSETC plasmid until the bacterial populations 

both reached an OD600 between 0.4 and 0.6. We then added 1mM IPTG to 

both cultures to begin induction of rCV-N expression and monitored growth 

for 3 hours, taking 1ml samples of bacterial culture at every hour. All samples 

taken were centrifuged for 5 minutes at 2600 rpm and the pellets were 
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resuspended in 0.1 ml of 20 mM phosphate buffer pH7. The samples were 

then instantly frozen in liquid nitrogen and thawed at 43°C a total of 3 times 

each. Finally, the samples were cold-centrifuged for 10 minutes at 14000 rpm 

and the supernatants, containing the soluble protein fraction were kept 

separate from the pellets. We analysed 10 µl aliquots of both supernatants 

and pellets by SDS-PAGE using standard protocols (Sambrook et al.,  1989).  

The results of our rCV-N expression experiment in E. coli BL21(DE3)pLysS 

are shown in figure 11. The analysis of both the soluble (fig. 11A) and 

insoluble (fig. 11B) bacterial   protein   profiles   indicates   that  we    

successfully expressed rCV-N in E. coli BL21(DE3)pLysS. We have therefore 

confirmed the funtionality of our tailored codon-optimized rCV-N-encoding 

gene. The large majority of rCV-N protein can be detected in the insoluble 

protein fractions, suggesting that the overexpressed protein may have 

accumulated in inclusion bodies. This is all the more probable when we 

consider that fully-folded CV-N requires the correct formation of 2 disulfide 

bridges. Due to the strong reducing bacterial cellular environment, disulfide 

bridges are not stably maintained, thus promoting protein aggregation in 

structures such as inclusion bodies. The expected size of rCV-N considering 

the 6 histidine residues and the additional epitope that are inserted at the N’ 

terminus of any protein expressed using the vector pRSETC is ca. 15 kDa. 

The band of overexpressed protein that we detected corresponds to a size of 

ca. 20 kDa. This increase in the expected size may be explained by an 

incomplete denaturation of protein aggregates that therefore migrate more 

slowly than the fully resolved monomers would.  
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Fig. 11  SDS-PAGE analysis of the induction of rCV-N expression in E. coli BL21(DE3)pLysS 
using 1mM IPTG. Soluble (A) and insoluble (B) protein fractions from cultures transformed 
with the rCV-pRSETC construct were compared at 4 time points to cultures transformed with 
the pRSETC empty plasmid. rCV-N accumulated in a time-dependent manner, mostly in the 
insoluble protein fraction. t=0, 1, 2 or 3 hours post 1mM IPTG addition. Band sizes are 
indicated in kDa. Both gels (6% stacking, 15% resolving) were Coomassie-stained. Protein 
samples were all normalized to a total protein content of 10 µg. 
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 We extracted rCV-N from induced E. coli BL21(DE3)pLysS by 

exploiting the presence of the histidine tag at the N’ terminus (fig. 10). We 

followed and adapted the Qiagen protocol for histidine-tagged protein 

purification from bacteria using a nickel-agarose conjugate resin in denaturing 

conditions (www1.qiagen.com/HB/QIAexpressionist_EN). Briefly, the bacterial 

culture was pelletted and lysed in a 8M urea-based buffer at pH8. Following 

clarification of the lysate, we ran the slurry through a nickel-agarose resin 

equilibrated with the same buffer used for lysis. The resin was then washed 

several times with a wash buffer at pH6.3 and bound proteins were finally 

eluted in different fractions using an elution buffer at pH4.5.  

The results of the protein purification procedure are shown in figure 12. All 

elution fractions were subsequently pooled and re-ran. The bands 

corresponding to monomeric E. coli-derived rCV-N were cut out and directly 

used for the production of anti-CV-N polyclonal antibodies in rabbit 

(Eurogentec). 

 

 
 
Fig. 12  rCV-N extraction from overexpressing E. coli BL21(DE3)pLysS following IPTG 
induction. 15µl aliquots from each fraction were loaded in each lane. The gel (6% stacking, 
15% resolving) was Coomassie-stained. Protein band sizes are indicated in kDa. 
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3. Virus-driven rCV-N transient expression  
 

3.1 The PVX expression system 

 
To explore rCV-N accumulation in plants we decided to begin by 

investigating rCV-N expression transiently. When the goal is to understand 

whether the accumulation of a certain protein in plant tissue is feasible, 

transient expression methods offer several advantages over stable 

transformation and expression procedures because there is usually no need 

for time-consuming sterile tissue culture techniques and experimental data is 

available shortly after having performed the protein expression experiment.   

There exist several methods to perform transient protein expression 

experiments in plants which include protoplast transformation, agro-inflitration 

and “bombardment” of plant tissue with DNA-coated microprojectiles. Viruses 

have also been used as convenient tools for the transient overexpression of 

recombinant proteins in specific plant species (Gleba et al.,  2007). One of 

the systems best-described makes use of PVX and it is based on the 

compatible host-pathogen interaction between this virus and a susceptible 

host plant species (Roggero et al.,  2001; Escobar et al.,  2003). The 

potexvirus family is composed of filamentous virions containing a single-

stranded linear RNA genome (http://image.fs.uidaho.edu/vide/descr651.htm). 

In 1995, Baulcombe and co-workers designed DNA vectors derived from the 

PVX viral genome such as pPVX201 (figure 13), which can be efficiently used 

for transient expression of recombinant genes in a susceptible host such as 

the model plant N. benthamiana (Baulcombe et al.,  1995). The PVX-derived 

construct containing the recombinant gene to be expressed can be used 

directly to inoculate approximately 2 month-old N. benthamiana plants 

following a gentle abrasion of the leaf surface. Generally, the first infection 

symptoms are visible after 1 to 2 weeks. The infected leaves are then 

harvested and analysed for the presence of the protein of interest.  
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3.2 Constructs for PVX-mediated rCV-N expression 

3.2.1 Strategies to promote rCV-n accumulation in p lants 

3.2.1.1 Subcellular targeting for rCV-n accumulatio n 

 
 As previously mentioned, several reports have investigated the effects 

of subcellular location on plant-expressed recombinant proteins, showing that 

in some cases subcellular targeting strategies can be very efficient in terms of 

accumulation and/or stability of the final protein product. Therefore, in 

addition to synthesizing and expressing a rCV-N-encoding gene by taking 

bacterial and plant codon bias into account, we decided to modify our 

designed gene by adding subcellular targeting signals that can specify the 

location of protein accumulation in plants to evaluate which of the chosen 

targeting strategies could promote rCV-N accumulation in N. benthamiana the 

best (figure 13).  

 

 
Fig. 13  Constructs for the expression of rCV-N cloned in pPVX201 in the species N. 
benthamiana. A) refers to the untargeted CV-N construct (CV-PVX). B) targeting to the 
apoplast via the N-terminal signal sequence from Z. mays MPAO (SSApoCV-PVX). C) 
targeting to the endoplasmic reticulum via the N-terminal signal sequence from Z. mays 
MPAO and a C-terminal KDEL RER retention signal (SSApoKCV-PVX). D) targeting to the 
chloroplast via the N-terminal transit sequence from the P. sativum RuBisCo (ChlCV-PVX). 
35S: CaMV35S constitutive promoter. RdRp: RNA-dependent RNA polymerase. M1, M2, M3: 
viral movement proteins. CP: coat protein. nos ter: nopaline synthase terminator for higher 
transcription termination efficiency. ClaI/SalI: cloning sites for the insertion of the rCV-N-
encoding gene. The CP promoter which directs expression of any cloned gene is located 
between the M3 ORF and the ClaI site (not shown in this figure). 
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Primer Primer sequence 5’ to 3’ 

PVXfor GGCC ATCGAT TCTAGACATCC ATG CTT GGA AAG TTC TCT CAG 

PVXrev GGC C GTCGAC  ATT GGG TCA TTC GTA CTT AAG GGT ACC 

SSApofor GGCC ATCGAT TCT CC ATG AGT TCC TCC CCG TCC TTT GGT CTC CTG GCT GTA GCA 
GCA TTA CTC CTA GCA CTG AGC 

SSAporev TAA CAG GTC T GAG AGA ACT T TCC AAG GGC G AGGG AGC CAT GTTG TGC TAA 
GCT CAG TGCT AGG AGT AAT G   

CVApofor CTC CCT CGC C CTT GGA AAG TTC TCT CAG ACC TGT TA 

KDELrev GGC C GTCGAC  ATT GGTGACC GGG TCA AAG TTC ATC CTT TTC GTA CTT AAG GGT 
ACC GTC 

Chlfor GAGAT ATCGAT TCT CC GGATCC TC TAGAGTCCACC ATG GCT TCT ATG ATA TCC TCT 
TCA 

Chlrev CCA CAC CTG CAT GCA CTT TAC TCT TCC ACC 

ChlCVfor GGA AGA GTA AAG TGC ATG CAG GTG TGG CCC CTT GGA AAG TTC TCT CAG ACC 

Table 5  Oligonucleotides for the insertion of subcellular targeting signals in the rCV-N encoding gene. Start and stop codons for 
translation are highlighted in bold italics. The recognition site for ClaI (ATCGAT) is underlined in sequences for primers PVXfor, 
SSApofor and Chlfor. The recognition site for SalI (GTCGAC) is underlined in the sequences of primers PVXrev and KDELrev. The 
recognition site for BstEII (GGTGACC) is underlined in the sequence of primer KDELrev. The recognition site for BamHI (GGATCC) is 
underlined in the sequence of primer Chlfor. 
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Construct CV-PVX for the expression of untargeted rCV in N. benthamiana 

was synthesised by amplifying the construct rCV-pRSETC in a standard PCR 

reaction using oligonucleotides PVXfor and PVXrev (table 5) which anneal at 

the 5’ and 3’ of the gene respectively. We then inserted the resulting PCR 

product in the pPVX201 plasmid using the restriction enzymes ClaI and SalI, 

obtaining the construct CV-PVX. 

Targeting of rCV-N to the apoplast was designed using the 5’ signal 

sequence from maize polyamine oxidase. We first assembled the secretory 

signal sequence itself based on the sequence reported by Rea and co-

workers in 2004 by using primers SSApofor and SSAporev (table 5) in a PCR 

assembly reaction, using conditions previously described for rCV-N gene 

assembly (section 2.1.2). The signal sequence thus produced presented a 

ClaI restriction site at its 5’ end and included 26 bp at its 3’ end that are 

complementary to the 5’ of the rCV-N sequence. In parallel, we amplified the 

construct rCV-pRSETC with primers CVApofor and PVXrev (table 5) to obtain 

a fragment whose 5’ end would be complementary to the 3’ end of the signal 

sequence and whose 3’ end contained a SalI restriction site. Finally, we 

mixed equimolar amounts of the signal sequence and the rCV-N-derived 

fragment and amplified using primers SSApofor and PVXrev to assemble a 

full-length apoplast-targeted rCV-N-encoding gene (SSApoCV; figure 14). 

Following cloning of this product in pPVX201 using enzymes ClaI and SalI, 

we obtained the apoplast-targeted construct SSApoCV-PVX. This construct 

was then used as a template for amplification using primers SSApofor and 

KDELrev (table 5) in standard PCR conditions to insert a KDEL RER retention 

signal at the 3’ end of the apoplast-targeted construct just upstream of the 

stop codon. This tetrapeptide is sufficient to obtain protein retention within the 

RER (Andres et al.,1990) once they have entered the secretory pathway via 

their N-terminal apoplast-targeting signal. This PCR product was then cloned 

as previously described, yielding the RER-retention construct SSApoKCV-

PVX.  
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We also modified our designed gene by inserting the chloroplast signal 

sequence derived from P. sativum RuBisCo (psRbCS) at the 5’ end of the 

rCV-N gene (Liu et al.,  2000)  .To do this, we pursued the same gene 

assembly strategy described for the synthesis of SSApoCV-PVX. We first 

amplified the signal sequence itself with primers Chlfor and Chlrev (table 5) 

using the construct psRbCS-EGFP-pCL60 (J. Fütterer, Institute of Plant 

Sciences, ETH Zurich) as a template for amplification. In parallel we used 

primers ChlCVfor and PVXrev (table 5) in a standard amplification reaction to 

amplify rCV-pRSETC, obtaining a PCR fragment whose 5’ end is 

complementary to the 3’ end of the chloroplast signal sequence we previously 

amplified. We then assembled a full-length chloroplast-targeted rCV-N-

encoding gene (ChlCV; figure 14) by mixing equimolar amounts of the signal 

sequence and the rCV-N-derived fragment and amplifying using primers 

Chlfor and PVXrev. Subsequent cloning as previously described yielded the 

chloroplast-targeted rCV-N-encoding construct ChlCV-PVX. All PCRs were 

performed using Pfu DNA Polymerase (Stratagene) to minimise sequence 

errors and resulting construct sequences were confirmed (Microsynth GmbH).  

 

 

 
Fig. 14  Fragments SSApoCV (lanes 1 and 2) and ChlCV (lanes 3 
and 4) are boxed in red. MM: DNA molecular weight marker. 
Bands corresponding to 250, 500 and 800 bp are indicated. 
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3.2.1.2 rCV-N mutagenesis  

 
 In order to investigate eukaryote-based expression of CV-N, Mori and 

co-workers in 2002 performed a systematic analysis of several CV-N mutants 

expressed in yeast. Their report demonstrated that expression and activity of 

recombinant CV-N in yeast could be affected mainly by two aminoacid 

residues, namely asparagine 31 (Asn 31) and proline 52 (Pro 52; refer to the 

aminoacid sequence in figure 8). As previously discussed, Asn31 is part of a 

consensus motif for N-linked glycosylation which has been shown to be 

recognized and processed in yeast. Glycosylated yeast-derived CV-N 

presented a different pattern of activity compared to native non-glycosylated 

CV-N (Mori et al.,  2002). Unlike Asn31, Pro52 plays a more structural role. In 

fact, this residue can affect CV-N stability because it appears to promote 

aggregation of CV-N monomers (Mori et al.,  2002). This effect may 

negatively influence protein accumulation in plants because it could trigger a 

misfolded protein degradation signal in response to the formation of 

intracellular protein aggregates (Doran, 2006). 

For these reasons and following a report by Sexton and co-workers published 

in 2006 describing the expression of a mutagenized version of CV-N in 

tobacco, we decided to modify our designed rCV-N-encoding gene according 

to the indications reported in Mori et al.,  2002. We therefore substituted Asn 

31 and the Pro 52 with alanine and glycine residues respectively, using two 

rounds of site-specific mutagenesis procedures. To do this, we modified and 

adapted the Stratagene protocol for site-specific mutagenesis 

(www.stratagene.com/manuals/200518.pdf) and followed their indications 

concerning correct primer design. We designed two primer couples: N31Afor 

coupled to N31Arev and P52Gfor coupled to P52Grev to modify the Asn31 

residue to a alanine residue and the Pro52 residue to a glycine residue, 

respectively. The single primers within the primer couples are perfectly 

complementary to each other but they are in opposite orientations. Their 
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properties are summarised in tables 6 and 7 and correspond to the optimal 

parameters for the design of primers for site-directed mutagenesis. We 

performed a first round of amplification using the primer couple N31Afor and 

N31Arev on the construct rCV-pRSETC as template to substitute Asn31 with 

alanine. We began with a single 30 second denaturation step of 95°C 

followed by 16 cycles of a denaturation temperature of 95°C for 30 s, 

annealing temperature of 55°C for 1 min and an exte nsion temperature of 

68°C for 6 min. This procedure yielded a linear PCR  fragment (figure 15A) 

consisting of the full-length mutagenised construct (including the whole 

pRSETC plasmid) with the expected size of ca. 3.2 kb . We then gel-eluted 

this PCR product, digested it with the restriction enzyme DpnI to eliminate any 

traces of methylated rCV-pRSETC parental template and transformed E. coli 

with the digestion reaction to clone the intermediate mutagenised construct 

called rCV-NAla31-pRSETC. We repeated the mutagenesis procedure on this 

intermediate construct using the primer couple P52Gfor and P52Grev to 

substitute Pro52 with glycine (figure 15B). This procedure finally yielded the 

double-mutant rCV-N Ala31-Gly52–pRSETC. This new construct was sequenced 

to confirm the expected modifications (Microsynth GmbH). We then modified 

the construct rCV-N Ala31-Gly52–pRSETC to insert subcellular targeting signals 

and cloned the modified rCV-N Ala31-Gly52 ORFs in the vector pPVX201 as 

described in the previous section.  
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Primer Primer sequence 5’ to 3’ 

N31A for CGT ACC AAC GGT GGT TAC GCT ACC TCT TCT ATC GAC CTT AAC 

N31A rev GTT AAG GTC GAT AGA AGA GGT AGC GTA ACC ACC GTT GGT ACG 

P52G for GGT TCT CTT AAG TGG CAG GGA TCT AAC TTC ATC GAA ACC 

P52G rev GGT TTC GAT GAA GTT AGA TCC CTG CCA CTT AAG AGA ACC 

Table 6  Oligonucleotides for site-directed mutagenesis. The nucleotides responsible for the insertion of the mutations are highlighted in 
bold italics. Primers N31A for and N31A rev were used to modify the Asn31 residue to an alanine residue, while primers P52G for and 
P52G rev were used to modify the Pro52 residue to a glycine residue. 

 
 

 

Primer Length (nt)  Tm (°C)  GC content (%)  Mismatch (%)  

N31A for  42 78.9 50 7 

N31A rev  42 78.9 50 7 

P52G for  39 78 46 5 

P52G rev 39 78 46 5 

Table 7  Characteristics of oligonucleotides used for site-directed mutagenesis. These figures correspond to the optimal 
parameters for site-specific mutagenesis primer design reported in the Stratagene site-specific mutagenesis manual. nt: 
nucleotides. Tm: melting temperature.  
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Fig. 15  A) Synthesis of construct rCV-NAla31-pRSETC  using primers N31A for and N31A rev 
to amplify construct rCV-N-pRSETC. Lane 1: PCR using both primers N31for and N31rev. 
Lane 2: PCR using primer N31Afor only. Lane 3: PCR using N31Arev only.  B) Synthesis of 
construct rCV-N Ala31-Gly52–pRSETC  using primers P52G for and P52G rev to amplify 
construct rCV-NAla31-pRSETC. Lane 1: PCR using both primers P52Gfor and P52Grev. Lane 
2: PCR using primer P52Gfor only. Lane 3: PCR using primer P52Grev only. Both boxed 
products ran at the expected size of ca. 3.2 kb. MM: DNA molecular weight marker. Bands 
corresponding to 1000, 2000, 2500, 3000 and 3500 bp are highlighted.  
 
 
 
 

3.3 Inoculated N. benthamiana plant extract analysis 
 
 In order to compare the effects of subcellular targeting and 

mutagenesis on the accumulation of rCV-N, we inoculated 2 leaves for every 

N. benthamiana plant with the equivalent of 50µg of constructs CV-PVX, 

SSApoCV-PVX, SSApoKCV-PVX, ChlCV-PVX and of their mutagenised 

counterparts as inocula for infection (we infected at least three 

plants/construct). As controls for infection and expression, we also inoculated 

plants with the empty vector pPVX201 and with the control construct eGFP-

PVX which consists in the untargeted eGFP ORF cloned between the ClaI 
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and SalI sites in the vector pPVX201. Constructs pPVX201 (negative control), 

SSApoCV-PVX, ChlCV-PVX and their mutagenised counterparts gave clear 

and strong infection symptoms (colour-mosaic pattern, uneven leaf surface, 

overall shrivelled leaf appearance). We could also detect GFP fluorescence in 

plants infected with the construct eGFP-PVX, confirming the correct 

functioning of the PVX infection system in our experimental conditions (figure 

16).  

 

 
Fig. 16 UV microscopy analysis following inoculation of N. benthamiana 
plants with the construct eGFP-PVX. A) bright field image of a leaf 
showing severe infection symptoms. B) the same leaf observed under 
UV light for GFP fluorescence.  

 

 

We harvested leaves showing clear signs of infection at 10-14 d.p.i and 

proceeded with the detection of CV-N.  Several western blot analyses using 

the rabbit-derived polyclonal anti-CV-N antibodies that we previously 

generated did not give us conclusive evidence concerning the accumulation 

of CV-N in our extracts (data not shown). We therefore decided to use an 

indirect method such as the ELISA using a protocol designed specifically to 

detect CV-N by exploiting its binding activity to the main HIV envelope protein 

gp120, as reported in Sexton and co-workers, 2006 (figure 17). In summary, 

we prepared plant extracts by crushing 200-300mg of infected leaf material in 

200-300µl of a mild Tris-based buffer at pH 7.5 (40 mM Tris-HCl, 5mM MgCl2, 

1mM DTT). We measured total soluble protein concentration using the 

Bradford assay (Bradford, 1976) and added the equivalent of 100µg of total 

soluble protein to 96-well microtitre plates previously coated with full-length 

glycosylated gp120 (Centralised Facility for AIDS Reagents, EU Programme 
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EVA, UK) diluted in PBS (100ng of gp120/well). Following incubation with our 

rabbit-derived polyclonal anti-CV-N antibody at a dilution of 1:500 and 

donkey-derived anti-rabbit secondary antibody conjugated to POD (GE 

Healthcare) at a dilution of 1:100, we indirectly detected the CV-N-gp120 

interaction by using a POD-compatible substrate (BM Blue POD substrate, 

Roche) and we measured the absorbance of the coloured precipitate at 450 

nm.  

 

 
Fig. 17  ELISA setup for the detection of CV-N in plant extracts. The extracts were added to 
gp120-coated wells. CV-N was then detected using a rabbit-derived primary antibody, 
followed by the addition of a POD-conjugated secondary anti-rabbit antibody. Following 
addition of a colourless substrate for POD, the concentration of the resulting coloured 
precipitate was measured using a microtitre plate-reader at 450 nm. 
 

 

Since constructs CV-PVX, SSApoKCV-PVX and their mutagenised 

counterparts repeatedly failed to give detectable infection symptoms, we can 

only show and discuss data relative to the apoplast- and chloroplast- targeted 

constructs, both mutagenised and native (graph 1).  
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Graph 1  ELISA analysis of N. benthamiana leaves inoculated with 1) SSApoCV-PVX, 2) SSApo CV-N Ala31-Gly52-PVX, 3) ChlCV-PVX, 4) 
Chl CV-N Ala31-Gly52-PVX or 5) pPVX201. 6) detection following incubation with the extraction buffer only. This assay was performed 
using the equivalent of 100µg of total soluble protein. OD: optical density. nm: nanometers. Error bars indicate standard deviation. This 
experiment was repeated twice, using three technical replicates/sample. 
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Graph 2  Standard curve for ELISA using 1-100 ng of E. coli-derived rCV-N diluted in PBS detected as described in section 3.3. Points 
relative to 10, 20, 40 and 60 ng were used in graph 3 to construct a linear regression. 
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Graph 3  Linearity interval in ELISA for E. coli-derived rCV-N diluted in PBS detected as described in section 3.3. The deduced equation 
for the regression is indicated on the graph. This curve was used throughout this thesis to calculate the approximate amount of detected 
CV-N in the tested plant extracts. OD: optical density. ng: nanogram. nm:nanometer. 
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The samples prepared from CV-N-expressing constructs gave a higher 

absorbance reading compared to the controls (pPVX201-inoculated, 

incubation with the extraction buffer), indicating a significantly higher gp120 

binding activity due to CV-N accumulation in the corresponding infected 

plants. Due to an antibody-dependent background signal, the extract derived 

from material inoculated with the empty plasmid pPVX201 shows an apparent 

CV-N-dependent gp120 binding activity.  

The values calculated for the nanogrammes of detected CV-N and the 

percentage of detected CV-N with respect to total protein content in each 

tested sample are listed in table 8. These values were calculated on the basis 

of the equation describing the standard curve in graph 3. The values for 

pPVX201 are set to zero since pPVX201 is a negative control for CV-N 

accumulation. 

 

 

sample ngs of rCV-N 
activity 

detected CV-N 
 as a % of TSP 

SSApoCV-PVX 88.75 0.089 
SSApo CV-N Ala31-Gly52 -PVX 146.45 0.146 
ChlCV-PVX 118.45 0.118 
Chl CV-N Ala31-Gly52 -PVX 91.05 0.091 

Table 8 Values for detected CV-N content and fraction of detected CV-N of total soluble 
protein (TSP) for N. benthamiana leaves inoculated with SSApoCV-PVX, SSApo CV-N Ala31-

Gly52-PVX, ChlCV-PVX, Chl CV-N Ala31-Gly52-PVX and pPVX201. These values were calculated 
on the basis of the equation describing the standard curve in graph 3.  
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3.4 Additional experiments  

 

3.4.1 Transient expression of a plastid-targeted eG FP-CV-N fusion 
protein 
 

3.4.1.1 Synthesis and inoculation of construct ChlE CV-PVX 

 
 
 In the previous section we discussed strategies to promote 

recombinant protein accumulation in plants which include the implementation 

of specific signal peptides to direct protein accumulation to specific 

subcellular compartments and the modification of aminoacid residues that 

may destabilize protein structure, thereby reducing overall protein production. 

It has been shown that it is possible to promote recombinant protein 

accumulation in transgenic plants by fusing the protein of interest to another 

protein which is either a highly-expressed plant protein or a non-plant protein 

that can accumulate stably in plants, such as antibody fragments and GFP 

(Obregon et al.,  2006; Streatfield, 2007).  

We therefore decided to explore the possibility of promoting PVX-driven CV-N 

accumulation in N. benthamiana by expressing a chloroplast-targeted protein 

fusion composed of CV-N and eGFP (figure 18). To do this, we first amplified 

the construct psRbCS-EGFP-pCL60 using primers Chl for (table 5) and 

ChlEPVX rev (figure 18) to obtain a PCR fragment composed of the psRbCS 

signal peptide, followed by the full eGFP ORF. In parallel, we amplified the 

construct rCV-pRSETC with primers EChlCV for (figure 18) and PVX rev 

(table 5) to obtain a fragment consisting of the last 7 codons of the eGFP 

ORF, a linker encoding 3 alanine residues and the full non-mutagenised rCV-

N ORF. We then assembled a full-length ORF encoding a chloroplast-

targeted eGFP-CV-N fusion as previously described (section 3.2.1.1) and 

used enzymes ClaI and SalI to subclone this ORF in the plasmid pPVX201. 
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We thus obtained the construct ChlECV-PVX and used it to inoculate N. 

benthamiana plants as previously described. In parallel, we also inoculated 

two plants with the empty vector pPVX201 as a control for infection.  

 

 

 
Fig. 18  Oligonucleotides for the synthesis of construct ChlECV-PVX and map of 
ChlECV-PVX. 

 
 
 

3.4.1.2 Inoculated N. benthamiana plant extract analysis   

 

 We analysed leaves showing clear symptoms of infection coming from 

7 individual N. benthamiana plants inoculated with construct ChlECV-PVX 

and from 1 plant inoculated with pPVX201 only for the presence of both 

eGFP and CV-N accumulation. To do this, we performed a western blot 

analysis on extracts prepared from infected leaf material as previously 

described (section 3.3) by using either mouse-derived anti-GFP polyclonal 

antibodies (Molecular Probes) or rabbit-derived anti-CV-N polyclonal 

antibodies, as primary antibodies both at a dilution of 1:2000. Following 

incubation with either anti-mouse or anti-rabbit POD-conjugated secondary 

antibodies (GE Healthcare), we developed the blot in a chemiluminescent 

substrate (Amersham Pharmacia). The results of our western blot analysis 
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are shown in figure 19 and indicate the overexpression of multiple bands 

between 35 and 50 kDa clearly detected by both the anti-GFP and the anti-

CV-N primary antibodies in all ChlECV-PVX-inoculated plants except for 

plants 4 and 6. These bands were also absent in the empty vector pPVX201-

derived sample.  

 

 
Fig. 19  Western blot analysis on N. benthamiana plants inoculated with constructs ChlECV-
PVX and pPVX201. Plants 1-7 were inoculated with the construct ChlECV-PVX. E. coli-
derived CV-N was used as control for anti-CV-N antibody recognition. The samples were 
probed in parallel for CV-N accumulation using an anti-CV-N primary antibody and for eGFP 
accumulation using an anti-GFP primary antibody. Molecular weights are indicated in kDa. 
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In parallel to the western blot analysis, we also performed an ELISA as 

previously described, on pooled leaves inoculated with either construct 

ChlECV-PVX or the empty vector pPVX201. The results of this analysis are 

shown in graph 3, indicating a higher gp120-binding activity in ChlECV-PVX-

derived extracts compared to extracts prepared from pPVX201-inoculated 

plants. Based on the equation shown in graph 3, we can calculate that the 

fraction of detected CV-N corresponds to ca. 0.09% of the sample’s total 

soluble protein content. 

 

 

 
 

 
Graph 3  ELISA analysis on N. benthamiana infected leaves inoculated with either construct 
ChlECV-PVX or the empty vector pPVX201. This assay was performed using 100µg of total 
soluble protein. OD: optical density. nm: nanometers. Error bars indicate standard deviation. 
This experiment was repeated twice, using three technical replicates/sample. 
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4. Stable rCV-N expression in tobacco and cassava 

 

 In parallel to the investigation of the features of CV-N accumulation in 

plant tissue using PVX-mediated transient expression in N. benthamiana, we 

also proceeded with stable transformation for constitutive CV-N expression in 

plants. We chose to do this in two plant species, namely tobacco and 

cassava. As previously explained, we decided on cassava as the final host for 

CV-N expression and accumulation. Nevertheless, we also considered 

expression in tobacco as a means of exploring CV-N accumulation and 

activity in a model plant organism which has been frequently employed in 

molecular farming experiments. For both tobacco and cassava 

transformation, we used A. tumefaciens strain LB4404 as a vector for T-DNA 

transfer (Tzfira, Citovsky, 2006). 

 
 
 

4.1 Construct synthesis and stable plant transforma tion 

methods 

4.1.1 Construct synthesis 
 
 We chose to investigate the influence of subcellular targeting on the 

constitutive expression of rCV-N in tobacco and cassava as we did in the 

transient PVX-mediated experiments using N. benthamiana (Chapters 2 and 

3). We therefore modified the four PVX constructs previously synthesised, 

namely CV-PVX, SSApoCV-PVX, SSApoKCV-PVX and ChlCV-PVX, to 

obtain constructs suitable for stable plant transformation. We did this in the 

following way: 

• construct CV-PVX was amplified in standard PCR conditions 

using primers CAMfor and CAMrev (table 9). This procedure 
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Primer Primer sequence 5’ to 3’ 

CAM for CGAGAT GGATCC TCTAGAGTCGACCATGCTTGGAAAGTTCTCTCAG 

CAM rev GG CC GGTGACC  ATT GGG TCA TTC GTA CTT AAG GGT ACC GTC 

ApoCAM for GAGAT GGATCC TCT AGA GTC GAC C ATG AGT TCC TCC CCG TCC TTT GGT CTC C 

Table 9  Oligonucleotides for the synthesis of plant stable transformation constructs. The ATG start codon for translation is highlighted 
in bold italics in the sequence of primer ApoCAMfor. The recognition site for BstEII (GGTGACC) is underlined in the sequence of 
primer CAMrev. The recognition site for BamHI (GGATCC) is underlined in the sequences of primers CAMfor and ApoCAMfor. 

 
 

 
 
 
Fig. 20  Schematic representation of the constructs for stable transformation of tobacco and cassava. The 
transferred expression cassette between the left (LB) and right (RB) borders includes two CaMV35S (35S) 
promoters, one driving expression of the nptII gene (hygr) and the other promoting transgene expression. The 
BamHI and BstEII restriction sites are also indicated. A) construct CV-pCP. B) construct SSApoCV-pCP. C) 
construct SSApoKCV-pCP. D) construct ChlCV-pCP. APO: apoplast signal sequence. ER: KDEL retention 
signal. CHL: chloroplast signal sequence. nos: NOS 3’ terminator sequence.  
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yielded a fragment corresponding to the CV-N ORF flanked by BamHI 

and BstEII restriction sites at the 5’ and 3’ end, respectively. This 

fragment was then cloned using the above-mentioned enzymes in a 

modified pCAMBIA vector (pCAMBIA1390; www.cambia.org), 

downstream of the strong constitutive CaMV35S promoter. This 

procedure yielded construct CV-pCP. 

• construct SSApoCV-PVX was amplified in standard PCR conditions 

using primers ApoCAMfor  (table 9)  and  CAMrev.  This  procedure  

yielded  a  fragment  of the expected size, corresponding to the 

apoplast-targeted CV-N ORF flanked by a BamHI and BstEII restriction 

sites at the 5’ and 3’ end, respectively. This fragment was then cloned 

in the vector pCP, giving construct SSApoCV-pCP. 

• construct SSApoKCV-PVX was amplified in standard PCR conditions 

using primers ApoCAMfor and KDELrev (table 5). The resulting PCR 

fragment was subsequently cloned as previously described in vector 

pCP, giving construct SSApoKCV-pCP. 

• construct ChlCV-PVX was amplified in standard PCR conditions using 

primers Chlfor (table 5) and CAMrev and the resulting fragment was 

cloned as before in vector pCP, yielding construct ChlCV-pCP. 

 

All constructs were re-sequenced and used to transform A. tumefaciens strain 

LB4404 according to standard protocols. 

 

4.1.2 Transformation methods for tobacco and cassav a 
 

 We performed the stable transformation of tobacco according to the 

methods described in the report by Horsch and co-workers (1985) which are 

based on A. tumefaciens-mediated tobacco leaf-disc transformation. The leaf 

disc explants that served as the starting material for transformation derive 



 

54 
 

 

from in vitro-grown tobacco plantlets of the variety SR1 Petit Havana, 

maintained in our laboratory. Regenerating shoots were selected on 

hygromycin B (25 mg/l) and, following rooting, were transferred to the 

greenhouse. Although we performed three rounds of stable tobacco 

transformation using constructs CV-pCP, SSApoCV-pCP, SSApoKCV-pCP 

and ChlCV-pCP, we could regenerate only six lines transformed with 

construct SSApoCV-pCP.  

 Cassava transformation was performed as described in the report by 

Zhang and co-workers (2000c). Unlike tobacco, the starting material for 

cassava transformation consists in friable embryogenic callus cells (FEC; 

figure 21) that are obtained during several months of sterile culture of axillary 

bud meristematic tissue. FEC was then incubated with transformed A. 

tumefaciens LB4404 for T-DNA transfer to occur. Transformed calli were 

subsequently selected on solid media containing hygromcin B (10 mg/l) for 

several weeks. Following somatic embryogenesis, transformed plantlets were 

then transferred to rooting media and finally to the greenhouse. 

Although we attempted transformation with all of the constructs we had 

previously synthesised, due to technical difficulties we regenerated seven 

lines, all of them transformed with construct ChlCV-pCP. 

 

4.2 Tobacco and cassava stable transformant analysi s 
 

4.2.1 Tobacco 
 

4.2.1.1 Progeny segregation and gDNA analysis 

 
 As previously mentioned, we obtained a total of 6 tobacco 

regenerants, all of them transformed with A. tumefaciens carrying construct 

SSApoCV-pCP. We grew the primary transformants (T0) until they set seed 

(self-fertilization). We harvested their seeds and sowed them on solid MS 
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media containing hygromycin B (25 mg/l) to investigate the segregation 

pattern of the second generation of transformant  seedlings (T1). In all cases, 

the T1 seedling population segregated in a 3 to 1 ratio of resistant plants vs. 

non-resistant plants, confirming transgenicity of the T0 plants.  

 

 

 
Fig. 21  Schematic representation of the primary methods used to obtained transformed 
cassava. The method that we have used throughout our transformation experiments is boxed 
in red. Adapted from Taylor, Chavarriaga et al.,  2004. 
 
 
 
 
We selected one hygromycin B-resistant T1 plant/line and analysed the 

segregation pattern of their progeny (T2) too in the same way. We could 

again observe a 3:1 ratio between resistant and non-resistant plantlets, 

indicating the presence of one single active transgene locus. In the case of 

line 16, all the T2 seedlings grew on hygromycin B, indicating that the mother 

T1 plant we had chosen was in fact a T-DNA-homozygous plant. We selected 

2-3 T2 plants/line for maintenance and numbered them in the following way: 

1-2-2, 1-2-4, 4-2-1, 4-2-3, 5-1-1, 5-1-2, 9-3-1, 9-3-2, 9-3-3, 13-1-2, 13-1-6, 16-
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1-1 and finally 16-1-3, where the first number corresponds to the T0 mother 

plant, the second number to the T1 plant and the third to the T2 plant. 

We performed a PCR analysis on the selected T2 plantlets in the following 

way: we extracted gDNA using the kit Nucleon PhytoPure (GE Healthcare) 

and amplified in standard PCR conditions using two primer couples: one 

consisting of primers For 1 and NosT rev (table 10) for the detection of the 

CV-N-encoding sequence and the other consisting of primers 18S for and 18 

S rev (table 10) for the amplification of gDNA encoding the 18S rRNA as a 

control for gDNA quality. Wild-type tobacco gDNA and the construct 

SSApoCV-pCP were included as controls for amplification.  As shown in 

figure 22, we obtained a positive signal of the expected size (ca. 600 bp) for 

the presence of the CV-N insert in all reactions except for the wild-type 

control, thus confirming the transgenicity of all the selected T2 lines.  

 

 

 

Primer Primer sequence 5’ to 3’ 

For 1 TGG AAA GTT CTCT CAG ACC TGT 

Nos T rev  CCC GAT CTA GTA ACA TAG ATG AC 

18S for TGT GAT GCC CTT AGA TGT TCT GGG 

18 S rev ATC ATT CAA TCG GTA GGA GCG ACG 

SAMS for GGT GAC CAA GGT CAC ATG TTT GG 

SAMS rev  CCT TGA TGA GAA AAC CAT CTT CCA 

Table 10  Oligonucleotides for the PCR and RT-PCR analysis of 
tobacco and cassava stable transformants. 
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Fig. 22  PCR analysis of transgenic T2 tobacco plants. A) PCR using primers For 1 and 
Nos T rev for the detection of the CV-N-encoding sequence. B) PCR using primers 18S for 
and 18S rev for the detection of the 18S rRNA-encoding gDNA.  The 250, 500 and 800 bp 
ladder bands are indicated. WT: wild-type. 
 
 
 
 
 

To further characterize our transgenic T2 tobacco lines, we carried out a 

southern blot analysis on 20-30µg of gDNA extracted from the selected T2 

plants following digestion with the enzyme HindIII (which cuts once within the 

T-DNA in construct SSApoCV-pCP), according to standard protocols 

(Sambrook et al.,  1989). We included an aliquot of undigested SSApoCV-

pCP plasmid as a control for correct probe hybridization. As shown in figure 

23, in all the transgenic lines we could detect a single high molecular-weight 

band migrating at a size close to 20 kb which could not be detected in the 

wild-type gDNA sample. The DIG-labelled probe used is specific to the CV-N 

ORF. 
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Fig. 23  Southern blot analysis on T2 tobacco plantlets. The 20 kb band on the DIG-labelled 
DNA ladder is indicated. The DIG-labelled probe used is specific for the CV-N ORF. WT: 
wild-type.  
 

4.2.1.2 Transcript expression analysis 

 

 To investigate whether the selected T2 tobacco plants were correctly 

expressing the apoplast-targeted CV-N ORF, we performed a qualitative RT-

PCR analysis. We first extracted total RNA using Trizol (InVitrogen) according 

to the manufacturer’s indications, including extraction of wild-type tobacco 

RNA as a control. Following quantification of the extracted RNA and DNAse 

digestion, we used 2µg of total RNA in a reverse transcription reaction using 

the RevertAid™ First Strand cDNA Synthesis Kit (Fermentas) and then 

amplified the resulting cDNA in standard PCR conditions using two primer 

couples: For 1 and Nos T rev to detect the CV-N-encoding mRNA and 

primers SAMS for and SAMS rev (table 10) to detect the SAMS-encoding 

mRNA as a control for reverse transcription and gDNA contamination. For the 

PCR, we included a reaction with plasmid SSApoCV-pCP as a positive 

control for amplification. The results of this analysis are shown in figure 24 
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and indicate that the CV-N encoding mRNA is expressed in all the transgenic 

tobacco lines and not in wild type tobacco. 

 

 

 

 

 
Fig 24  RT-PCR analysis of transgenic T2 tobacco plants. A) RT-PCR using primers For 1 
and Nos T rev for the detection of the CV-N-encoding mRNA. B) RT-PCR using primers 
SAMSfor and SAMSrev for the detection of the SAMS-encoding mRNA. The 250, 500 and 
800 bp ladder bands are indicated. WT: wild-type. 
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4.2.1.3 ELISA on transgenic tobacco extracts 

 

 We performed an ELISA (chapter 2) on all T0 and selected T1 

transgenic tobacco plant extracts (four T1 plants for every T0 line) to 

investigate the accumulation of rCV-N in our lines. We analysed the following 

plants: 

• T0 plants: lines 1, 4, 5, 9, 13 and 16 

• T1 plants: lines 1-1 to 1-4, 4-1 to 4-4, 5-1 to 5-4, 9-1 to 9-4, 13-1 to 13-

4 and 16-1 to 16-4.  

 

 

We prepared the extracts and performed the ELISA as previously described 

in chapter 2. The results of this analysis are presented in graph 4 and show 

that all the lines tested showed a higher gp120-binding activity than wild-type 

tobacco due to CV-N expression. In table 11 we report the values for the 

nanogrammes of detected CV-N and the percentage of detected CV-N with 

respect to total protein content in each tested sample. The extract prepared 

from untransformed tobacco shows an apparent CV-N activity corresponding 

to approximately 0.08% of total protein content, probably due to an antibody-

dependent background signal. These values were calculated on the basis of 

the equation describing the standard curve in graph 3, having set the value 

for tobacco wild type-derived gp120 binding activity to zero (negative control 

reference). 
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Graph 4  ELISA analysis of T0 and selected T1 transgenic tobacco plant extracts. Values for T0 plants are indicated in orange. For 
this analysis, activity is expressed in terms of OD/µg of total protein.TSP: total soluble protein. WT: wild-type tobacco extract. Error 
bars indicate standard deviation. This experiment was repeated twice, using three technical replicates/sample. 
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Tobacco line  detected CV-N as a % of TSP  
T0 plants 
1 0.313 
4 0.323 
5 0.323 
9 0.244 
13 0.281 
16 0.176 
T1 plants 
line 1-1 0.255 
line 1-2 0.775 
line 1-3 0.523 
line 1-4 0.312 
line 4-1 0.287 
line 4-2 0.501 
line 4-3 0.491 
line 4-4 0.509 
line 5-1 0.549 
line 5-2 0.521 
line 5-3 0.383 
line 5-4 0.415 
line 9-1 0.175 
line 9-2 0.170 
line 9-3 0.696 
line 9-4 0.306 
line 13-1 0.356 
line 13-2 0.296 
line 13-3 0.384 
line 13-4 0.525 
line 16-1 0.971 
line 16-2 0.921 
line 16-3 0.393 
line 16-4 0.426 

 
Table 11  Values for the fraction of detected CV-N content as a % of total soluble protein (TSP) 
for all tested T0 and T1 transgenic tobacco lines. WT: wild-type tobacco extract. These values 
were calculated using the equation describing the standard curve for graph 3.  
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4.2.2 Cassava 
 

4.2.2.1 gDNA analysis 

 

 To confirm that the seven cassava lines obtained using A. 

tumefaciens-mediated transformation were indeed transgenic and to 

determine the number of T-DNA insertions present in each line, we performed 

a southern blot analysis on gDNA extracted from each line, including wild-

type cassava gDNA as a control. We extracted gDNA according to the report 

by Soni and Murray (1994) and digested 5-10µg of each gDNA sample with 

the enzyme HindIII. The southern blot was carried out according to standard 

protocols (Sambrook et al.,  1989). As in the case of the tobacco southern 

blot analysis, the DIG-labelled probe we used is specific to the CV-N ORF. 

We included an aliquot of undigested ChlCV-pCP plasmid in our analysis as a 

control for correct probe hybridization. The results of our analysis are shown 

in figure 25 and can be thus summarized: lines 1, 2 and 6 contain two T-DNA 

insertions while lines 4, 7 and 8 are single-insertion independent lines. The 

profiles of lines 1,2 and 6 are very similar, suggesting they may all derive from 

the same line. Line 5 failed to give a signal for the southern blot analysis but 

we could later confirm the presence of the T-DNA by using standard PCR 

methods. Furthermore, we performed a rooting and growth test on line 5 

explants on solid medium containing (20(mg/)l) hygromycin B which gave a 

positive outcome (figure 25). We are currently performing additional 

experiments using other digestion conditions to determine if lines 1,2 and 6 

are indeed clones and to further characterize line 5. 

 

4.2.2.2 Transcript expression analysis 

 
 To detect CV-N-specific mRNA expression in our transgenic cassava 

lines, we performed a RT-PCR analysis as previously described for the 
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tobacco transgenic lines. We synthesised cDNA from extracted total RNA 

from all lines and from wild-type cassava. We then amplified the cDNA 

preparation with two primer couples: For 1 and Nos T rev to detect the CV-N-  

 

 
Fig. 25  Rooting test to investigate the transgenicity of cassava line 5. Cassava line 5 (A) and 
wild-type cassava (B) explants were tested for rooting in a medium containing 20 mg/l 
hygromycin B over 3 weeks. Red arrows highlight abundant root formation in line 5 explants 
whereas wild-type cassava stems did not produce any roots. 
 

 

 
 
Fig. 26  Southern blot analysis of cassava transformants. The DIG-labelled probe used is 
specific for the CV-N ORF. WT: wild-type 
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encoding mRNA and primers SAMS for and SAMS rev (table 10) to detect the 

SAMS-encoding mRNA as a control for reverse transcription and gDNA 

contamination. For the PCR, we included a reaction with plasmid ChlCV-pCP 

as a positive control for amplification. The results for this analysis are shown 

in figure 27 and indicate that the CV-N encoding mRNA is expressed in all the 

transgenic cassava lines. We could also detect a unspecific PCR product in 

the amplification reaction of the wild-type cassava sample which ran at a 

slightly lower size than the expected product (this was repeatedly observed). 

 
 
 

 
Fig. 27  RT-PCR analysis of transgenic cassava plants. A) RT-PCR using primers For 1 
and Nos T rev for the detection of the CV-N-encoding mRNA. B) RT-PCR using primers 
SAMSfor and SAMSrev for the detection of the SAMS-encoding mRNA.  The 250, 500 and 
800 bp ladder bands are indicated. WT: wild-type. 
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4.2.2.3 ELISA on transgenic cassava extracts 

 

 We performed an ELISA on the leaf-derived extracts of all available 

cassava transgenic lines to investigate the accumulation of rCV-N. We 

prepared the extracts and performed the ELISA as previously described, 

adding the equivalent of 20µg of total soluble protein/sample (with respect to 

tobacco leaves where we made use of 100 µg of total soluble protein for the 

assay, cassava leaves contain on average less protein). 

The results of this analysis are shown in graph 5 and indicate that there is a 

high variability associated with this assay performed on cassava which is the 

cause for the wide range of the standard deviation indicated in the graph. 

In table 12 we report the calculated values for detected CV-N and the 

percentage of detected CV-N with respect to total soluble protein content. 

Most probably due to an antibody-dependent background signal, the extract 

prepared from untransformed cassava shows an apparent CV-N activity 

corresponding to approximately 0.17% of the total soluble protein content. 

Due to this high background signal, the gp120 binding activity in extracts 

prepared from lines 1, 2, 5 and 6 is not distinguishable from the one relative 

to the wild type cassava-derived extract. We therefore report these values as 

equal to zero and indicate the exact calculation in parentheses in table 12. 

 
 

cassava line  ngs of rCV-N activity  detected CV-N as a % of TSP  
1 0 (-7.6) 0 (-0.038) 
2 0 (-9.7) 0 (-0.048) 
4 8.7 0.043 
5 0 (-5) 0 (-0.025) 
6 0 (-5.6) 0 (-0.028) 
7 12.2 0.061 
8 11 0.055 

Table 12  Values for detected CV-N content in all cassava lines, having set the wild type 
cassava-related values to zero. The exact calculations for lines 1, 2, 5 and 6 are 
indicated in parentheses. Lines 4, 7 and 8 are highlighted in bold. WT: wild-type 
cassava. These values were calculated on the basis of the equation describing the 
standard curve in graph 3.  
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Graph 5  ELISA analysis of all available cassava transgenic lines. Samples were normalized to 20µg of total soluble protein. OD: 
optical density. WT: wild-type cassava extract. Error bars indicate standard deviation. This experiment was repeated twice, using three 
technical replicates/sample. 
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5. Additional experiments 

5.1 Localization of plastid-targeted CV-N in protop lasts 
 

 We decided to further investigate the dynamics of plastid-targeted rCV-

N expression by transiently expressing a eGFP-CV-N fusion targeted to the 

plastid in both cassava and A. thaliana protoplasts, with the aim of observing 

whether targeting to the plastid was occurring. The construct we used to do 

this is plasmid CHLECV-pCP and it was synthesised by excising the fragment 

encoding the psRbCS signal peptide, followed by the full eGFP and CV-N 

ORF which we had previously cloned in pPVX201 (chapter 3) and ligating it in 

the plasmid pCAMBIA 1390 (chapter 4). Construct CHLECV-pCP was then 

used for the transient transformation of cassava and A. thaliana protoplasts. 

We also included transformation with construct psRbCS-EGFP-pCL60 

(chapter 3) as a control for plastid-targeted eGFP.  

 

5.2 Methods for protoplast production 
 

 We prepared A. thaliana protoplasts from 10 day-old seedlings and 

transformed them with 50µg of plasmid CHLECV-pCP according to the 

protocol reported by Jin and co-workers (2001) which makes use of 

polyethyleneglycol (PEG) as a vector for DNA. An adaptation of this protocol 

was used to produce and transform cassava protoplasts as reported in Frey 

and co-workers (2001). We prepared cassava protoplasts from callus-like 

cells that are produced in large quantities during FEC induction but cannot be 

used to regenerate stably-transformed cassava plants (Dr. Peng Zhang, 

personal communication). Nevertheless, these cells can be easily grown on 

solid and in liquid media in large quantities, thereby providing an abundant 

and cost-effective tissue suitable for protoplast production. Interestingly, 



 

69 
 

 

although these cells are grown in the light, they do not appear to contain 

functional chlorophyll-containing chloroplasts.  

We observed transformed protoplasts using CLSM; a sample of transformed 

A. thaliana and cassava protoplasts are shown in panels 1 and 2, 

respectively. In A. thaliana protoplasts, we observed GFP fluorescence 

primarily in the cytosol, with a small fraction probably localized to the stroma 

and to the outer membrane of the chloroplast. The control construct psRbCS-

EGFP-pCL60 encoding chloroplast-targeted eGFP gave the expected result, 

with most of the GFP fluorescence located within the plastidal stroma. 

However, in cassava protoplasts, flourescence was located primarily in the 

cytosol and in the nucleus. In these protoplasts the control construct psRbCS-

EGFP-pCL60 also failed to localize to the plastid, with most of the 

fluorescence residing in the cytosol and some in the nucleus.  
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Panel 1  A. thaliana protoplasts transiently expressing chloroplast-targeted eGFP (psRbCS-EGFP-pCL60) and a chloroplast-
targeted eGFP-CV-N fusion (CHLECV-pCP). For both constructs, transgene expression is under the control of the strong 
constitutive CaMV35S promoter. BF: bright field. GFP: eGFP fluorescence. AF: chlorophyll-dependent autofluorescence. OL: 
overlay with GFP and AF. The white scalebar represents 10µm. 
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Panel 2  Cassava protoplasts transiently expressing chloroplast-targeted eGFP (psRbCS-EGFP-pCL60) and a chloroplast-
targeted eGFP-CV-N fusion (CHLECV-pCP). BF: bright field. GFP: eGFP fluorescence. The red scalebar represents 10µm. 
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6. Anti-HIV activity of transgenic cassava leaf ext racts 
 
 
 To determine the anti-HIV activity of the transgenic CV-N expressing 

lines, all transformed with construct CHLCV-pCP, we tested leaf-derived 

extracts using a highly sensitive in vitro anti-HIV cell-based assay, developed 

by the company InPheno AG (Basel, Switzerland). 

We performed tests on extracts prepared from three individual cassava plants 

(A, B and C) for every transgenic line we obtained, to investigate the 

variability between plants belonging to the same transgenic line. As controls 

we included two E. coli-derived rCV-N samples, three wild-type cassava 

extracts, two tobacco and two A. thaliana wild-type extracts. Tobacco and A. 

thaliana were included in our analysis as reference controls for cytotoxicity, 

considering the fact that both species produce a range of toxic secondary 

metabolites such as alkaloids (in the case of tobacco) and glucosinolates (in 

the case of A. thaliana; Iason, 2005). Due to the high costs associated to this 

assay, priority was given to the testing of the cassava lines over testing of the 

transgenic tobacco lines previously described. 

 

The samples tested are listed in table 13 and the outcome of the experiment 

is summarized in table 14. The original report by InPheno AG is included in 

the annex (confidential material). 
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Code Sample Code  Sample 

A1 A. thaliana wild-type plant 1 C6B Cassava line 6 plant B 

A2 A. thaliana wild-type plant 2 C6C Cassava line 6 plant C 

C1A Cassava line 1 plant A C7A Cassava line 7 plant A 

C1B Cassava line 1 plant B C7B Cassava line 7 plant B 

C1C Cassava line 1 plant C C7C Cassava line 7 plant C 

C2A Cassava line 2 plant A C8A Cassava line 8 plant A 

C2B Cassava line 2 plant B C8B Cassava line 8 plant B  

C2C Cassava line 2 plant C C8C Cassava line 8 plant C 

C4A Cassava line 4 plant A WTA Cassava wild-type plant A 

C4B Cassava line 4 plant B WTB Cassava wild-type plant B 

C4C Cassava line 4 plant C WTC Cassava wild-type plant C 

C5A Cassava line 5 plant A TA Tobacco wild-type plant A 

C5B Cassava line 5 plant B TB Tobacco wild-type plant B 

C5C Cassava line 5 plant C HCV E. coli-derived rCV-N sample 1 

C6A Cassava line 6 plant A CVX E. coli-derived rCV-N sample 2 

Table 13  Samples tested by InPheno AG for in vitro anti-HIV activity. 
 
 
 
 
 

category 1  Potent anti-HIV activity 
without direct association to 
cytotoxicity 

Extracts: HCV, CVX, C2A, 
C2B,C2C, C4A, C4B, C5A, 
C5B, C5C,C6B, C6C, C7B, 
C7C, C8B, C8C 

category 2  anti-HIV activity directly 
associated to cytotoxicity 

Extracts: TA, TB, WTA, 
WTB,C1A, C1B, C6A, C8A 

category 3  low/no anti-HIV activity Extracts: A1, A2, WTC, 
C1C,C4C, C7A, 

Table 14  Outcome of the anti-HIV cell-based tests performed by InPheno AG. 
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7. Discussion 
 

7.1 Transient PVX-driven expression of rCV-N in N. 
benthamiana 
 
  Although we have no data for the transient expression of a non-

targeted CV-N construct, we can attempt to analyse the influence of different 

signal peptides and of site-directed mutagenesis on PVX-driven CV-N 

accumulation. The results shown in graph 1 suggest that apoplast or 

chloroplast targeting of rCV-N promotes protein accumulation to the same 

extent (between ca. 0.09% and 0.1% of total soluble protein content). 

Nevertheless, the protein sequence seems to play a more significant role; 

construct SSApo CV-N Ala31-Gly52-PVX encoding a mutant version of CV-N is 

the construct that performed the best in terms of gp120 binding activity. This 

indicates that the substitution of residues Asn31 and Pro52 with Ala31 and 

Gly52 respectively may have favoured rCV-N accumulation. Furthermore, the 

elimination of the glycosylation consensus maintains the native binding 

capacity to gp120, thereby avoiding the decrease in binding affinity observed 

with glycosylated yeast-expressed rCV-N. Taken together, these observations 

suggest that the stable expression of the apoplast-targeted mutagenized 

version of CV-N  may be favoured over other constructs.  

 Additional significant information concerning the accumulation of 

transiently-expressed rCV-N in N. benthamiana came from the attempt to 

express a eGFP-CV-N fusion protein. We could detect this fusion in both 

ELISA and western blot analyses, unlike rCV-N expression from the other 

constructs which we could only determine using ELISA. This result suggests 

that, compared to the accumulation of rCV-N alone, the fusion to eGFP 

promoted protein deposition. As described in section 3.4.1.1, it has been 

shown that it is possible to promote recombinant protein accumulation in 

transgenic plants by fusing the protein of interest to another protein which is 
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either a highly-expressed plant protein or a non-plant protein that can 

accumulate stably in plants, such as antibody fragments and GFP (Obregon 

et al., 2006; Streatfield, 2007). The same strategy has been used for the 

overexpression of subunit vaccines in plants by fusing the subunit protein 

vaccine to a plant viral coat protein that is expressed at very high levels 

(Canizares et al.,  2005). 

Although we could show that rCV-N accumulation was favoured by the fusion 

to eGFP, the presence of eGFP may have affected the overall gp120 binding 

capacity. In fact, the ELISA read-out for the sample derived from inoculation 

with construct ChlECV-PVX is comparable to the read-outs previously 

obtained with the other constructs encoding only rCV-N. However, the fusion 

protein was clearly detected by western blot analysis (unlike rCV-N alone), 

suggesting that it has a lower gp120 binding efficiency compared to rCV-N 

alone and that the presence of GFP may interfere with correct CV-N gp120 

interaction. Nevertheless, the fusion protein approach may still be an 

interesting strategy to explore for rCV-N accumulation, provided that the 

fusion partner can be eliminated following synthesis. This could be achieved 

by engineering specific protease recognition sites between the fusion partner 

eg. eGFP and CV-N. This approach would promote rCV-N accumulation 

without affecting gp120 binding affinity and therefore anti-HIV activity. 

 

 The western blot analyses performed on samples inoculated with 

construct ChlECV-pCP also give us valuable insight in the efficiency of 

plastid-targeting for the fusion protein. The main protein bands that are 

recognized by both anti-CV-N and anti-GFP primary antibodies are included 

between 35 and 50 kDa. The size of the lower protein bands detected in the 

western blot analysis correlate with a correctly-processed eGFP-CV-N fusion. 

Nevertheless, we cannot rule out the possibility that the multiple bands 

correspond to partially degraded versions of the fusion protein whose sizes 

differ by only 2 or 3 kDa. 
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The size prediction for an unprocessed ie. including the psRbCS eGFP-CV-N 

is approximately 45 kDa. This correlates with the highest band in this range, 

suggesting that complete and correct targeting to the chloroplast did not 

occur. This hypothesis is supported by the observation that in both A. thaliana 

and cassava protoplasts transient expression from construct ChlECV-pCP 

yields a complex fluorescence pattern. In A. thaliana protoplasts, GFP 

fluorescence could be observed primarily in the cytosol, with a small fraction 

probably localized to the stroma and to the outer membrane of the 

chloroplast. The control construct psRbCS-EGFP-pCL60 encoding 

chloroplast-targeted eGFP gave the expected result, with most of the GFP 

fluorescence located within the plastidal stroma. However, in cassava 

protoplasts, flourescence was located primarily in the cytosol and in the 

nucleus, suggesting accumulation of mistargeted fusion protein that may 

have passively diffused across the nuclear pore complex. Interestingly, the 

control construct psRbCS-EGFP-pCL60 gave a very similar fluorescence 

pattern in cassava protoplasts, suggesting that plastid protein import 

mechanisms in this particular cell type may be severely impaired.  

Taken together, these observations build up a complex picture of the 

consequences of targeting a eGFP-CV-N fusion to the plastid in different 

plant tissues. Various factors may play a role in determining protein 

accumulation, including the kind of signal sequence used to target the fusion 

to the plastid and the strength of the constitutive CaMV35S promoter that was 

used to drive expression of the fusion protein. The high levels of expression 

associated with this promoter may have caused a saturation of plastid import 

mechanisms, thereby determining the general mistargeting of the fusion 

protein. Furthermore, mistargeting may be due to CV-N itself and to its 

remarkable stability which may reduce the efficiency with which molecular 

chaperones maintain it in a unfolded state en route to the plastid. It would be 

worthwhile to explore these different hypotheses by testing different signal 

sequences, promoters of different strengths and other fusion partners to 
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understand if the observed mistargeting phenomenon is due to these 

elements or whether CV-N alone is responsible for its own mistargeting. 

 

7.2 Stable expression of rCV-N in tobacco and cassa va 
 

7.2.1 Tobacco 
 

 rCV-N accumulation in stable transgenic tobacco lines was analysed in 

T0 and T1 plants using ELISA. All tested lines showed a significantly higher 

gp120 binding activity compared to wild-type tobacco extracts, indicating that 

accumulation of rCV-N in these lines does occur. Detected rCV-N amongst 

our T0 tobacco lines can be estimated at 0.2% to 0.3% of total protein for all 

lines. T1 lines show more heterogenous levels of detected rCV-N, ranging 

from ca. 0.2% in lines 9-1 and 9-2 to ca. 1% in lines 16-1 and 16-2 of total 

soluble protein. These results are in line with the requirement that plants for 

molecular farming should produce a target protein at a level of at least 1% of 

total soluble protein in order to be commercially viable (Fischer et al.,  2004b). 

As previously described, line 16-1 was proven to be a homozygous 

transgenic line based on the analysis of its T2 progeny. The observation that 

line 16-1 is, amongst all T1 plants and together with line 16-2, the one that 

expressed the highest levels of rCV-N may be explained by considering a 

transgene-dependent dose effect.  

The southern blot analysis performed on T2 plants is difficult to interpret. We 

have performed other analyses (data not shown) that indicate that the 

extracted gDNA used for southern blotting is not fully digested. This explains 

the presence of a unique high-molecular weight band in all transgenic lines. 

This observation is further supported by the fact that T2 lines 16-1-1 and 16-

1-2 are homozygous based on the segregation analysis described previously. 

Nevertheless, both lines present the same gDNA southern blot profile as the 
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other T2 lines. We are currently performing additional experiments using 

other digestion conditions to better characterize these lines. 

As previously discussed, although we repeated tobacco transformation three 

times with all constructs, we only obtained regenerants transformed with the 

apoplast-targeted rCV-N-encoding construct (SSApoCV-pCP). We cannot be 

certain of the biological significance, if any, of this result. Nevertheless, it 

would be important to investigate further into this matter by repeating tobacco 

transformation with all constructs, to determine if the accumulation of rCV-N 

in certain subcellular compartments such as the cytosol or the RER can have 

adverse effects on tobacco regeneration and development. 

 

7.2.2 Cassava 
 

 Unlike tobacco, the determination of gp120 binding activity using the 

ELISA on cassava presents a more complex picture. We can observe a trend 

in gp120 binding activity: cassava lines 1, 2, 5 and 6 do not have a 

distinguishable gp120 binding activity compared to wild-type cassava. 

However, lines 4, 7 and 8 (single-insertion independent lines) show a higher 

binding activity compared to wild type cassava, although the high variability 

associated with this assay performed on cassava extracts puts the 

significance of this data in question. In lines 4, 7 and 8, we detected CV-N 

levels ranging from 0.04 to 0.06% of total soluble protein (having set the 

value for wild type cassava-derived gp120 binding activity to zero; table 12). 

Nevertheless, these figures are clearly within the range of the standard 

deviation, indicating that, in this specific assay, we cannot distinguish the 

gp120 binding activity of wild type cassava extracts from the one relative to 

transgenic extracts. 

 Although the ELISA results do not provide us with much information, 

the outcome of the in vitro anti-HIV tests on cassava extracts prepared in 
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PBS is certainly encouraging. Fourteen out of twenty-one extracts from 

cassava transgenic lines showed potent anti-HIV activity accompanied by 

mild signs of cytotoxicity while only three extracts gave low or no anti-HIV 

activity. The IC50 values for these extracts are comparable to the IC50 values 

for E. coli-derived CV-N (sample1), indicating that cassava-derived rCV-N has 

a similar anti-HIV activity compared to native CV-N in this assay. Surprisingly, 

wild-type cassava extracts also showed an appreciable anti-HIV activity 

worthwhile exploring, although this was more closely associated to 

cytotoxicity. It is well-known that plants produce several lectin and lectin-like 

proteins; some have already been tested as therapeutic agents against HIV 

such as the G. nivalis lectin, the U. dioca agglutinin and concanavalin A 

(Balzarini 2005a; Balzarini et al.,  2005b; Turville et al.,  2005; Balzarini et al.,  

2004). Therefore, it is possible that the registered anti-HIV activity of cassava 

wild-type extracts is due to lectins that recognize and bind to the glycosylated 

viral surface, thereby inhibiting infection.  

 We would have expected a correlation between the gp120-binding 

activity detected using the ELISA and the in vitro anti-HIV activity measured 

using the cell-based assay. Although extracts prepared from cassava lines 1, 

2, 5 and 6 do not have a distinguishable gp120 binding activity compared to 

wild-type cassava in the ELISA, samples derived from lines 2, 5 and 6 are 

grouped in category 1 in table 14, showing good anti-HIV activity not directly 

associated to cytotoxicity. This contradiction is probably correlated to the 

variability of the ELISA in cassava which is significantly higher than the one 

observed for the assay performed on both N. benthamiana and tobacco. 

Furthermore, compared to the other plant species we used in our assays, 

cassava presents a greater background gp120 binding activity, most probably 

due to a higher degree of aspecific cross-recognition between cassava 

extract components and the polyclonal anti-CV-N rabbit-derived antibody 

used throughout this study. Nevertheless, we cannot eliminate the possibility 

that the higher background signal is due to the specific recognition of CV-N-
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like protein modules. A recent report by Percudani and co-workers (2005) 

shows how CV-N belongs to a protein family named CVNH (CyanoVirin-N 

Homology) found in filamentous ascomycetes and in the fern C. richardii. All 

CVNH proteins have a predicted fold that matches the unique fold of CV-N. 

Therefore, there is a possibility that this fold is also present in some as yet 

uncharacterized cassava proteins with lectin-like properties (this could also 

help to explain the unexpected presence of a weak band when amplifying 

wild-type cassava cDNA using CV-N-specific primers).   

Overall, the presence of proteins with lectin-like properties, whether related to 

CV-N or not, would lead to a complication in the detection of CV-N-dependent 

gp120 binding activity in the ELISA in at least two ways. Cassava-derived 

lectins could compete with CV-N for the same gp-120 binding sites, thereby 

reducing the effective amount of detected gp120-bound CV-N. However, 

considering the low specificity of the primary anti-CV-N antibody we used, 

these proteins may still be detected and therefore influence the ELISA read 

out. The use of antibodies with a high specificity for CV-N recognition would 

certainly be instrumental in solving this puzzle.   
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8. Conclusions and perspectives 
 

 

 CV-N is considered as one of the best protein condidates for 

microbicide development for the prevention of HIV infection. We explored the 

possibility of implementing plants such as tobacco and cassava as stable 

production platforms for this promising protein therapeutic. Our results prove 

that CV-N can be expressed in both plant species at concentrations ranging 

from 0.2 to 1% of total soluble protein content. Nevertheless, several issues 

must be addressed for the optimization of stability, extraction and detection of 

this protein in plant tissue. 

As previously discussed, several factors can affect constitutive expression of 

a heterologous protein in plant tissue, including promoter strength and 

specificity. It is therefore important to address these issues by testing different 

promoters with different tissue specificities to improve the levels of CV-N 

accumulation in cassava. Furthermore, targeting to compartments different 

from the ones already tested, such as the vacuole and the RER, may provide 

insight for the choice of the best subcellular compartment for CV-N 

accumulation. 

 The polyclonal antibody that we used to detect CV-N in plant extracts 

presents a significant level of aspecific recognition that greatly affects our 

ability to uniquely detect the protein. It is therefore highly desirable to 

increase the specificity of CV-N recognition by using better antibodies. 

Extraction methods for CV-N must also be optimized. It is highly probable that 

a significant fraction of expressed CV-N escapes solubilization and detection 

due to its affinity for mannose residues. Furthermore, the in vitro anti-HIV 

tests show that cassava extracts cause mild cytotoxicity. It is therefore 

necessary to explore alternative extraction procedures that would release CV-
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N from aspecific binding to plant components and reduce the presence of 

toxic metabolites in cassava-derived CV-N-containing preparations. At the 

same time, it is important that these methods do not heavily impact the overall 

cost of rCV-N production in plants. Considering CV-N’s remarkable stability, 

one possibility could be to boil the extracts. Boiling can be certainly 

considered as a cost-effective treatment and would help to both degrade the 

cytotoxic metabolites present in the extracts and to reduce the degree of 

aspecific interactions between CV-N and other plant components. 

Constitutive apoplast-targeted expression could also be an interesting 

strategy to pursue because it may significantly reduce the amount of 

downstream purification procedures necessary for the enrichment of CV-N 

preparations. 

 When performing molecular farming experiments in a crop plant such 

as cassava, it is also important to assess biosafety and containment issues to 

prevent transgenic plant material from entering food and feed chains. One 

possible strategy would be to “mark” transgenic plants by overexpressing one 

or more genes invoved in anthocyanin synthesis as reported in Lalusin and 

co-authors (2006) thereby allowing a clear discrimination between transgenic 

and non-transgenic plants. It would also be very useful to limit CV-N 

expression to the leaves of cassava plants which are not mainly used for 

food, by using promoters specific to green tissue (Coruzzi et al.,  1984). 

 Finally, we can compare the efficiency of rCV-N production in E. coli 

and in the plant species that we have used in this study. Not surprisingly, 

expression in E. coli is the most efficient in terms of CV-N accumulation. 

Besides the issues of cost-effectiveness and endotoxin contamination that 

have been previously discussed, intracellular rCV-N expression in E. coli 

results in the majority of the protein accumulating in inclusion bodies. 

Although CV-N maintains its activity even when it is extracted in denaturing 

conditions, it is highly probable that a certain fraction of protein is not in its 

correctly-folded state following purification. We also expressed rCV-N 
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localized to the periplasm by fusing the protein to a N’-terminal periplasmic 

targeting peptide as shown in the report by Mori and co-workers (1998; data 

not shown). Although we were able to express periplasm-localized rCV-N that 

could have been enriched in native conditions, the levels of expression could 

not be considered sufficient for cost-effective large-scale production. 

On the other hand, although plants tend to present lower expression levels 

compared to bacteria, their use as bioreactors does not include any risks for 

human and animal health. Furthermore, our results prove that it is possibile to 

express rCV-N at ca. 1% of total soluble protein in stably-transformed soil-

grown tobacco plants without the need for expensive protein production 

techniques such as rhizosecretion or cell culture maintenance. Cassava 

presents us with a bigger challenge concerning rCV-N expression levels that 

we need to address by implementing strategies using different elements such 

as tissue-specific promoters and possibly cleavable fusion partners to 

promote rCV-N accumulation in this specific plant species. 
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