
ABSTRACT 
 
WHITFIELD, MATTHEW BRUCE.  Integrated Bioprocessing of Native and Engineered 
Components from Tobacco (Nicotiana tabacum L.).  (Under the direction of David A. 
Danehower and R. C. Long) 
 
The bioprocessing of tobacco (Nicotiana tabacum L.) is attracting attention as a means for 

the production of transgenic proteins, as well as native proteins and secondary metabolites, 

and is doing so at a time when recent reductions in demand for conventionally produced 

tobacco have created a need for alternative crops.  Of the potentially valuable natural 

products produced by tobacco, many are sequestered on the leaf surface as cuticular wax or 

trichome exudate.  Because of the potential high value of many of these leaf surface 

components as pharmaceuticals, fragrance elements, and pesticides, as well as the known 

ease of their removal from the leaf via a simple solvent wash, procedures have been 

developed to extract these compounds in a manner that could be readily integrated into a 

tobacco bioprocessing operation.  To this end, well-established methods for the analytical 

extraction of the leaf surface chemistry have been modified to improve their suitability for 

such integration.  A battery of solvents including methanol, ethanol, isopropanol, n-propanol, 

and acetone were selected for their theorized ability to extract the components of interest as 

well as the improvements in washed tissue condition and process cost and safety they would 

likely confer relative to methylene chloride, the analytical solvent of choice.  The amounts of 

some major components (cis-abienol, α- & β-cembratrienediols, docosanol, and sucrose 

esters) extracted from tissue by sequential, timed washes with each solvent were quantified 

by gas chromatography and compared to amounts extracted by methylene chloride.  Most of 

the solvents tested extracted high levels of the components analyzed with varying degrees of 

efficiency.  Methanol, ethanol, and n-propanol were found to quickly extract levels of 



components generally comparable to those extracted by methylene chloride.  Regardless of 

any other considerations, methylene chloride and similar solvents are generally not suitable 

for extraction of components from the surface of the tobacco leaf prior to extraction of 

proteins because they cause denaturation and precipitation of proteins subsequently extracted 

from tissue, as well as tissue wilting due to disruption of cellular membranes.  All the 

solvents studied were found to have less deleterious effects on the integrity of the leaf than 

methylene chloride.  In addition, solvent effects on the extraction and crystallization of 

ribulose bisphosphate carboxylase/oxygenase (Rubisco; “Fraction 1 protein”) from washed 

tissue were studied.  Fortuitously, methanol and ethanol washed tissue were found to result in 

higher levels of Rubisco crystallization than unwashed tissue.  All other solvents, however, 

including n-propanol, were found to reduce crystallizable Rubisco.  Notably, crystallizable 

Rubisco levels in all cases were increased relative to the amounts of other soluble (“Fraction 

2”) proteins.  To generally demonstrate the effect of surface washing on transgenic proteins 

produced in tobacco, tissue from plants modified to produce bovine stomach lysozyme (BSL) 

was washed with methylene chloride and the alternative solvents.  Of the solvents tested, 

only methanol and isopropanol resulted in significant decreases in lysozyme activity in a 

total protein extract of washed tissue.  Moreover, immunoblotting of extracts from washed 

tissue indicated that the observed activity reductions may have been caused by inactivation of 

the enzyme, rather than decrease in extractability.  On the bases of surface extraction 

efficiency, Rubisco crystallization, and lysozyme activity, ethanol would appear to be the 

best choice for leaf surface extraction in an integrated bioprocess.  However, solvent 

selection would also be dependent upon the relative importance of the products affected; if 

Rubisco is of much lower value than the other products, then it may be that n-propanol would 



be a better choice.  Furthermore, it is readily apparent that solvent wash effects would need to 

be studied on a case by case basis for any other native or engineered proteins of interest.





 ii

BIOGRAPHY 
 
 

 
The author was born in Person County, North Carolina in May 1978.  After spending his 

formative years on a tobacco farm and graduating from high school in 1996, he enrolled in 

the College of Engineering at North Carolina State University.  Having received his Bachelor 

of Science degree in Chemical Engineering in 2001, the author elected to continue his 

education by pursuing a Master of Science in the Crop Science Department at North Carolina 

State University. 



 iii

ACKNOWLEDGEMENTS 

 

The author would like to express his deepest gratitude to his co-advisors, Dr. David A. 

Danehower and Dr. R. C. Long, for their guidance, criticism, and advice.  The author would 

also like to thank Dr. Robert Kelly for serving on his thesis committee. 

 

Many thanks are due to a number of people without whose help this work would never have 

been possible:  Mr. Tom Bartholomew for greenhouse support, Ms. Juliana Kwong for her 

help in the laboratory, Ms. Lesley Corbin and Mr. Stephen Burgin for technical assistance, 

Ms. Brandi Joyce for her work, the staff of the Phytotron for their efforts, Dr. Robert Rose 

for generously allowing the use of his equipment and lab space, and Dr. Sandra Allina and 

Dr. Arthur Weissinger for their advice, instruction, and assistance. 

 

The author would like to thank his parents for making this possible.  Their encouragement, 

care, and strength are the source of all he has and will accomplish. 

 

Finally, the author thanks his wife for making everything he does worth doing.  Without her 

kindness, love, and, most of all, her patience, the author would be adrift. 



 iv

TABLE OF CONTENTS 

 

LIST OF TABLES............................................................................................................. vi 
 
LIST OF FIGURES .......................................................................................................... vii 
 
LITERATURE REVIEW............................................................................................................1 
 1. Tobacco Protein Production.......................................................................................1 
 1.1. Native Protein Production.......................................................................................1 
 1.2. Transgenic Protein Production................................................................................4 
 2. Natural Products Production......................................................................................7 
 2.1. Leaf Surface Chemistry ..........................................................................................8 
 2.1.1. Tobacco leaf surface components........................................................................9 
 2.1.1.1. Tobacco diterpenoids ........................................................................................9 
 2.1.1.2. Tobacco sucrose esters....................................................................................11 
 2.1.1.3. Tobacco aliphatic hydrocarbons, fatty alcohols, and wax esters ....................12 
 2.1.2. Tobacco leaf surface analytical methods ...........................................................13 
 2.1.3. Tobacco Leaf Surface Components—Commercial Potential ............................18 
 2.1.3.1. Cembranoids ...................................................................................................19 
 2.1.3.2. Labdanoids......................................................................................................21 
 2.1.3.3. Sucrose esters..................................................................................................23 
 2.1.3.4. Other Nicotiana spp. .......................................................................................24 
 2.2. Other tobacco natural products .............................................................................25 
 3. Metabolic engineering of tobacco............................................................................26 
 References....................................................................................................................30 
 
EVALUATION OF SOLVENTS FOR THE EXTRACTION OF LEAF SURFACE COMPONENTS PRIOR TO 
BIOPROCESSING OF GREEN TOBACCO.................................................................................45 
 Introduction..................................................................................................................46 
 Materials and Methods.................................................................................................51 
 Results..........................................................................................................................54 
 Discussion....................................................................................................................56 
 References....................................................................................................................69 
 
INFLUENCE OF SOLVENT EXTRACTION OF THE LEAF SURFACE OF GREEN TOBACCO ON 
SUBSEQUENT RECOVERY OF NATIVE PROTEINS..................................................................73 
 Introduction..................................................................................................................73 
 Materials and Methods.................................................................................................74 
 Results..........................................................................................................................77 
 Discussion....................................................................................................................79 
 Conclusions..................................................................................................................87 
 References....................................................................................................................91 
 



 v

RECOVERY OF NATIVE PROTEINS AND RECOMBINANT BOVINE STOMACH LYSOZYME FROM 
GREEN NICOTIANA TABACUM L. FOLLOWING ORGANIC SOLVENT EXTRACTION OF LEAF 
SURFACE NATURAL PRODUCTS ..........................................................................................94 
 Introduction..................................................................................................................95 
 Materials and Methods.................................................................................................98 
 Results and Discussion ..............................................................................................101 
 Conclusions................................................................................................................106 
 References..................................................................................................................111 
 
APPENDIX .........................................................................................................................113 
 



 vi

LIST OF TABLES 
 

 
 
LITERATURE REVIEW 
 
 1. Summary of solvents used in tobacco leaf surface extractions................................15 
 
 
EVALUATION OF SOLVENTS FOR THE EXTRACTION OF LEAF SURFACE COMPONENTS PRIOR TO 
BIOPROCESSING OF GREEN TOBACCO 
 

1. Relative levels of leaf surface components extracted by selected solvents. ............63 
2. Cumulative levels of leaf surface components extracted by sequential  
 washes of selected solvents.....................................................................................64 

 3. Levels of leaf surface components extracted normalized to total 100%. ................65 
4. Cumulative levels of leaf surface components extracted by sequential  
 washes of methanol .................................................................................................66 

 
 
INFLUENCE OF SOLVENT EXTRACTION OF THE LEAF SURFACE GREEN TOBACCO ON 
SUBSEQUENT RECOVERY OF NATIVE PROTEINS 
 
 1. Mean protein recoveries from solvent treated tissue. ..............................................89 
 2. Solvent retention during tissue washing. .................................................................90 
 3. Percentage of protein remaining in solution after solvent spiking. .........................90 
 
 
RECOVERY OF NATIVE PROTEINS AND RECOMBINANT BOVINE STOMACH LYSOZYME FROM 
GREEN NICOTIANA TABACUM L. FOLLOWING ORGANIC SOLVENT EXTRACTION OF LEAF 
SURFACE NATURAL PRODUCTS 
 
 1. Units of lysozyme activity per gram fresh weight tissue.......................................103 

2. Densitometry data derived from lysozyme bands found in the western  
 blot loaded with equal sample volumes ................................................................104 
3. Densitometry data derived from lysozyme bands found in the western  
 blot loaded with equal sample total protein ..........................................................106 

 



 vii

LIST OF FIGURES 
 
 
 
LITERATURE REVIEW 
 
 1. α- & β- 2,7,11-cembratriene-4,6-diol.......................................................................10 
 2. α- & β- 2,7,11-cembratrien-4-ol ..............................................................................10 
 3. cis-Abienol...............................................................................................................11 
 4. Labdenediol..............................................................................................................11 
 5. Sucrose Esters ..........................................................................................................12 
 6. Hydrocarbon braching .............................................................................................13 
 7. Sclareol ....................................................................................................................22 
 8. Sclareolide................................................................................................................22 
 
 
EVALUATION OF SOLVENTS FOR THE EXTRACTION OF LEAF SURFACE COMPONENTS PRIOR TO 
BIOPROCESSING OF GREEN TOBACCO 
 
 1. Leaf disk after three sequential washes in methanol ...............................................67 
 2. Leaf disk after three sequential washes in ethanol...................................................67 
 3. Leaf disk after three sequential washes in isopropanol ...........................................67 
 4. Leaf disk after three sequential washes in n-propanol.............................................68 
 5. Leaf disk after three sequential washes in methylene chloride................................68 
 
 
RECOVERY OF NATIVE PROTEINS AND RECOMBINANT BOVINE STOMACH LYSOZYME FROM 
GREEN NICOTIANA TABACUM L. FOLLOWING ORGANIC SOLVENT EXTRACTION OF LEAF 
SURFACE NATURAL PRODUCTS 
 
 1. Western blot of treated and control tissue extracts, constant volume....................103 
 2. Western blot of treated and control tissue extracts, constant protein ....................105 



 1

Literature Review 

Integrated Bioprocessing of Native and Engineered Components from  

Nicotiana tabacum L. 

 

Tobacco (Nicotiana tabacum L.) has historically provided, and continues to provide, a 

significant source of agricultural income in the southeastern US.  Recently, demands for 

tobacco have fallen significantly, production has declined by more than 50% (USDA, 1971, 

2002), and many farming operations are seeking alternative crops and enterprises to provide 

new sources of income (Tornatzky et al., 1996).  It is possible that this need can, in part, be 

filled by growing tobacco for non-traditional purposes.  The need for new crops comes at a 

time when tobacco is attracting increasing attention as a vehicle for the production of 

marketable transgenic proteins and natural products (Danehower et al., 1999, Tornatzky et 

al., 1996).   

 

1. Tobacco Protein Production 

The development of bioprocessing operations to extract transgenic proteins, as well as native 

proteins and natural products, from genetically modified tobacco could supply the increasing 

demand for plant-derived biochemicals including native and engineered proteins and natural 

products. 

 

1.1. Native Protein Production 

Before the advent of production of foreign proteins in plants, the emphasis of most tobacco 

bioprocessing research was on the extraction and purification of ribulose 1,5-bisphosphate 
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carboxylase-oxygenase, also known as Fraction 1 protein (F1p) or Rubisco (Wildman, 2002).  

Because of its role in the photosynthetic process, Rubisco is the most prevalent single protein 

on earth.  Leaf proteins, particularly Rubisco, have long been studied as sources of nutrition 

(Pirie, 1975; Wildman, 1979; Long, 1984; Bartholomew, 1986 and references therein).  

Rubisco has the advantages of being both ubiquitous and particularly suitable for human and 

animal consumption (Wildman et al., 1977); its functional and nutritional properties are 

similar, and in some cases superior, to those of other commercially produced proteins 

including casein, soy protein, and egg white albumin (Ershoff et al., 1978; Sheen and Sheen, 

1985, 1987, 1988; Sheen, 1991).  Rubisco derived from Nicotiana species has the further 

advantage of being colorless, odorless, tasteless, and essentially free of contaminating plant 

residues when extracted and crystallized by the method developed by Wildman and 

Kwanyuen (1978, 1981).   

 

This method, specific to Nicotiana, yields a high purity, enzymatically active crystalline form 

of Rubisco suitable for use with little further processing, relative to Rubisco derived from 

other plants, such as alfalfa (Sheen, 1991).  The extraction, as originally patented (Wildman 

and Kwanyuen, 1981), begins with the pulping of tobacco leaves, usually with a blender in 

the laboratory or with a hammermill on the pilot scale.  The pulping is carried out in the 

presence of a reducing agent to limit oxidation of phenolic compounds, catalyzed by 

polyphenol oxidases (PPOs) released during the pulping process, because the products of 

such oxidation can bind proteins and, in the case of Rubisco especially, reduce the amount 

and quality of protein recovered (Barbeau and Kinsella, 1983).  2-Mercaptoethanol is often 

used as the anti-oxidant; however, sodium metabisulfite is preferred for larger scale 
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extractions for reasons of cost, safety, odor, and efficacy (Bickoff and Kohler, 1974; 

Edwards et al. 1975).  Other approaches include the use of other sources of the sulfite ion 

(particularly potassium metabisulfite if any byproducts of the extraction process are to be 

used agriculturally; Long, 2004 – personal communication), other reducing agents such as 

ascorbic acid or dithiothreitol (Knuckles et al., 1979), PPO inhibitors such as cysteine 

(Barbeau and Kinsella, 1983), and polyvinylpyrrolidone (PVP) in either solution or 

suspension depending upon molecular weight of the polymer.  PVP complexes phenolic 

compounds, creating insoluble aggregates that can be removed readily (Loomis and Battaile, 

1966) by centrifugation or filtration.   

 

Once the fibrous residue is removed, typically by fabric filtration or use of a screw press for 

larger scale operations, a green-colored solution containing a suspension of fine, pigmented 

particles, primarily cell debris, remains.  Heating this mixture to a temperature near 50°C 

encourages the coagulation of these particles (“green sludge”), easing their removal by 

centrifugation or rotary drum filtration (Long, 2004 – personal communication).  Care must 

be taken not to allow the temperature to exceed 52°C, above which Rubisco begins to 

denature (Wildman and Kwanyuen, 1981; Eckardt and Portis, 1997).  Crystallized Rubisco is 

obtained by cooling the resulting amber-colored juice, resulting after the removal of all 

pigmented material, to around 8°C for 24 hours (Wildman and Kwanyuen, 1982).  The 

protein crystals can be removed from the supernatant by centrifugation or filtration.  The 

brown supernatant remaining after this step primarily contains the “Fraction 2” proteins and 

any uncrystallized Rubisco.  A new procedure purports to crystallize Fraction 1 to 

completion, yielding a supernatant devoid of uncrystallized Rubisco (Kwanyuen et al., 
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2002).  Any soluble foreign proteins produced by the plant will typically remain in the 

Fraction 2 solution, and can be recovered by any method suitable to the protein of interest, 

such as FPLC, ultrafiltration, affinity chromatography, or even simple acid precipitation 

(Wilcox et al., 1997; Crofcheck et al., 2003; Ramírez et al., 2003).   

 

1.2. Transgenic Protein Production 

Although Rubisco recovery has been the driving force behind the development of tobacco 

protein extraction technologies, the advent of high-value transgenic protein production in 

genetically modified organisms has spawned new possibilities for foreign protein production 

in tobacco.  In the past, recombinant proteins have most commonly been produced via 

fermentation of modified microorganisms.  Many microorganisms are relatively easily 

transformed and their growth is well understood and can be precisely controlled (Bailey and 

Ollis, 1996; Fischer et al., 1999; Parekh et al., 2000).  However, there are a number of 

comparative advantages inherent in the use of transgenic plants for recombinant industrial 

and pharmaceutical protein production.  Any eukaryotic protein production system, whether 

whole plant, animal, or cell culture, is better equipped to produce eukaryotic proteins than is 

a prokaryotic system, such as E. coli (Giddings, 2001).  Particularly, protein synthesis and 

post-translational modification mechanisms in animal cells are much closer to those in plant 

cells than in bacterial cells (Gomord and Faye, 2004).  These issues may not be important for 

the production of industrial proteins if the activity of the enzyme is not important, but they 

are extremely important for pharmaceutical production of complex proteins.  Even if the 

activity of the proteins were not affected, which is highly unlikely for complex proteins like 
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antibodies, any differences exhibited from already approved pharmaceutical products would 

require significant increases in regulatory approval time (Kusnadi et al., 1997). 

 

In addition to purely technical advantages, the use of whole plants for protein production 

could provide tremendous cost and infrastructure savings over microbial fermentation or 

plant or animal cell cultures (Kusnadi et al., 1997).  In many cases, production methods for 

transgenic crops would be similar to traditional production methods for early plant growth. 

As a result, plant production would require little additional unit capitalization, and a much 

lower level of continuous maintenance, relative to that required by a fermentation production 

system (Larrick et al., 1998; Danehower et al., 1996), but would require a high level of 

management with regards to irrigation, insect control, and other agronomic factors (Long, 

2004 – personal communication).  For the above reasons, scalability is another factor in 

transgenic plant protein production.  Effecting an increase in recovered product could 

conceivably be as simple as increasing acreage produced (Daniell et al., 2001).  It has been 

estimated that the costs associated with crop production of recombinant proteins could be 

between one-fiftieth and one-tenth those associated with production in E. coli (Kusnadi et al., 

1997).  It should be recognized, however, that the cost savings in production are somewhat 

mitigated by the additional expense of plant tissue processing and protein extraction and 

purification using current technologies.  This deficiency should decrease as new, more 

efficient plant protein extraction technologies are developed.  A recent example is the use of 

foam fractionation to extract histidine-tagged proteins from tobacco (Crofcheck et al., 2003). 
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Recombinant proteins have been expressed in a wide variety of plants, including soybean, 

alfalfa, rice, and wheat, as well as Solanaceae family members such as tobacco, tomato, and 

potato (Twyman et al., 2003; Fischer et al., 2004).  Tobacco is commonly used for protein 

expression because of the relative simplicity of its modification.  Another significant 

advantage of tobacco is its large biomass production, compared to most other crop plants, 

which can result in relatively large recoveries of protein on a per acre basis (Daniell et al., 

2001).  In addition, concern about the use of food or feed crop plants as vehicles for “phyto-

pharming” provides another advantage for pharmaceutical protein production in tobacco as 

opposed to many other crop plants (Lumpkin, 2003).  Outcrossing of transgenic plants with 

edible crop plants raises the possibility that foreign proteins could unwittingly be expressed 

in the food crop, possibly resulting in allergic responses from the foreign protein.  Because 

tobacco is not a food or feed crop, and is conventionally grown in a small part of the area 

suitable for its cultivation, it has been proposed to be a better vehicle for foreign protein 

production (Twyman et al., 2003).  This factor, added to the genetic malleability, ease of 

transformation, maturity of agronomic production systems research, and a variety of 

biosynthetic pathways for secondary metabolism combine to make tobacco a very attractive 

vehicle for production of a wide range of protein and non-protein products.  Currently, 

compounds in development include anti-hepatitis B surface antigen (Ramírez et al., 2003) 

and human interleukin-10, a possible treatment for inflammatory bowel disease (Menassa et 

al., 2001).   

 

A problem of protein production in the green matter (as opposed to seeds or tubers) of any 

plant, including tobacco, is that of perishability.  Harvested transgenic tobacco would require 
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almost immediate processing to limit protein degradation.  Fortunately, the use of previously 

described Rubisco extraction techniques relatively easily yields a solution containing native 

proteins as well as any soluble transgenic proteins, which can be separated by whatever 

means is appropriate for the protein of interest.  It should be recognized, however, that any 

proteins of commercial interest that are insoluble in water or membrane bound would remain 

with the fibrous residue or green sludge, and require different procedures for recovery. 

 

This concept has been demonstrated successfully in the work of Wilcox et al. (1997) with the 

production and subsequent isolation of recombinant bovine stomach lysozyme (BSL) from 

tobacco.  In this study, KY14 plants were transformed with the gene for BSL via 

Agrobacterium.  The soluble proteins in the resulting, positively transformed plants were 

extracted in a manner similar to the Rubisco extraction method described above.  The 

resulting Fraction 2 solution was ultrafiltered through a 30 kDa membrane to remove larger 

native proteins, followed by a 1 kDa membrane to concentrate and dialyze the sample.  This 

fraction was then purified by ion-exchange chromatography on a Hyper D-S column.  The 

column was equilibrated with 0.01 M acetate and the protein eluted with 0.1 M acetate.  The 

result was a purified solution of a foreign protein derived from the Fraction 2 mixture via a 

relatively simple series of scaleable steps that could result in a working process. 

 

2. Natural Products Production 

In addition to tobacco protein extraction, another, relatively unexplored, avenue for tobacco 

bioprocessing is the extraction of marketable tobacco natural products.  A survey of the 

tobacco natural products literature yields a wide variety of potentially marketable 
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compounds, which would make valuable additions to extant tobacco protein production 

systems.   

 

2.1. Leaf Surface Chemistry 

In tobacco, many natural products occur principally, or even exclusively, on the leaf surface. 

The leaf surface of tobacco is covered with glandular, secreting trichome hairs.  The physical 

presence of these structures serves a number of purposes in nature, including affecting leaf 

wettability and microclimate as well as interfering with insect feeding (Wagner, 1991).  

Many of these same trichomes also secrete an exudate onto the surface of the leaf (Akers et 

al., 1978).   

 

Trichome exudate, possessed of a complex and varied chemistry, serves a number of 

purposes in plants.  Many of the components exuded by tobacco trichomes are important 

factors in insect and disease resistance.  Some affect insect feeding or ovipositional 

preferences (Johnson, 1979; Johnson and Chaplin, 1982; Johnson and Severson, 1982; Buta 

et al., 1993; Severson et al., 1994), while others serve to entrap insects by virtue of their 

“stickiness”; some also have antifungal or antimicrobial effects (Reuveni et al., 1987).  In 

addition to allelochemical activity, a waxy leaf surface can also be a means for reducing 

transpiration, which can improve water use efficiency.  Whatever the purpose of a particular 

leaf surface component, its secretion onto the leaf surface can be advantageous for the plant.  

Particularly for cases in which a compound has a pesticidal effect, deposition onto the leaf 

surface places the compound at the defensive perimeter of the plant where it will influence an 

invading insect or microorganism early in its interaction with the plant.  Additionally, 
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moving these compounds outside the plant’s tissue allows for the production and deposition 

of defensive chemicals, which might normally be autotoxic to the plant itself (Eglinton et al., 

1967). 

, 

2.1.1. Tobacco leaf surface components 

Tobacco leaf surface components (LSC) can be divided into three major classes of organic 

compounds:  diterpenoids, sucrose esters, and aliphatic hydrocarbons.  Minor components 

include metals, volatile components, and alkaloids, such as acylnornicotines (Wagner, 1999).  

The diterpenoids are typically the most prevalent components in tobacco LSC and can be 

divided into two subgroups: cembrane (or duvane) and labdane diterpenoids.  Diterpenoid 

production in tobacco is genetically determined; varieties can be classified according to 

whether they produce one or the other type, both, or neither type (Severson, 1985a). 

 

2.1.1.1. Tobacco diterpenoids 

The most common diterpenoids found in tobacco are the cembranoids.  This class of 

compounds is characterized by a 14-member macrocyclic ring structure. By far the most 

common cembranoid diterpenes are the cembratrienediols (or duvatrienediols) α- & β- 

2,7,11-cembratriene-4,6-diol (α- & β-CBT; sometimes α- & β-4,8,13-cembratriene-1,3-diol) 

(Figure 1) (Wahlberg and Enzell, 1984).  These compounds were originally designated α- & 

β-4,8,13-duvatriene-1,3-diol (α- & β-DVT) when first isolated from tobacco by Roberts and 

Rowland (1962), and the duvanoid nomenclature has been almost universally used in tobacco 

chemistry until recent years.  However, the structure of a compound, first purified from Pinus 

albicaulis and named cembrene by Haagen-Smit et al. (1951), was elucidated by Dauben et 
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al. in 1962 and found to have an identical ring system as the compounds extracted from 

tobacco.  The same compound was also extracted from pine roots and designated 

thunbergene by Kobayashi and Akiyoshi (1962); this nomenclature has only rarely been used 

in tobacco.  The cembranoid nomenclature, with the numbering system suggested by 

Weinheimer et al. (1979) and widely used outside of tobacco chemistry, has been adopted by 

tobacco chemists in recent years (Wahlberg and Eklund, 1992; Wagner, 1999).   

OHOH

 

Figure 1. α- & β- 2,7,11-cembratriene-4,6-diol 

 

OH

 

Figure 2. α- & β- 2,7,11-cembratrien-4-ol

 

Also present in some tobacco types, though typically in lower amounts, are the 

cembratrienemonols, typically α- & β- 2,7,11-cembratrien-4-ol (Figure 2).  The CBT-monols 

are the biosynthetic precursors to the CBT-diols (Crombie et al., 1988; Sisson et al., 1993; 

Wang et al., 2001).  Dozens of minor cembranoids have been identified in tobacco, typically 

in very low concentrations; many of these are likely to be biosynthetic intermediates or 

breakdown products (McNamara, 1988; Wahlberg and Eklund, 1992; Nugroho and 

Verpoorte, 2002). 
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The most common labdanoid diterpenes in tobacco are cis-abienol, (12-Z)-labda-12,14-dien-

8α-ol (Figure 3), and labdenediol, (13-E)-labda-13-ene-8α,15-diol (Figure 4).  Of the two, 

cis-abienol is typically present in higher concentrations, although levels of the labdanoids are 

considerably lower than the cembranoid diterpenes (Wagner, 1999).  Labdanoid diterpenes 

are characterized by a bicyclic ring system consisting of two six-member rings with an 

extended side chain.   

OH

 

Figure 3. cis-Abienol 

CH2OH
OH

 

Figure 4. Labdenediol

 

In nature, these compounds constitute one of the tobacco plant’s most important natural 

chemical defense systems.  Solvent removal and reapplication of cembratrienediols have 

been shown to have strong effects on tobacco blue mold susceptibility (Reuveni et al., 1987), 

and a good correlation has been shown between a tobacco’s blue mold resistance and the 

plant’s cembranoid production levels.  Budworm resistance in some tobacco plants can be a 

result of low levels of cembranoids, causing ovipositional nonpreference, or high levels of 

cembranoids, which interfere with larval feeding (Jackson et al., 1985a). 
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2.1.1.2. Tobacco sucrose esters 

The sucrose esters are also widely found in many tobacco accessions and are generally 

composed of six groups of (6-O-acetyl-2,3,4-tri-O-acyl)-α-D-glucopyranosyl-β-D-

fructofuranosides, in which the three acyl groups are composed of mixtures of short chain 

fatty acids with three to eight carbons, exhibiting either normal, iso, or anteiso branching 

(Figure 5).  The six groups are composed of various positional and chain length isomers of 

the fatty acids, with each of the six groups differing by one methylene (-CH2-) unit in total 

chain length, providing a wide variety of structures for these compounds.  As with 

diterpenoid production, levels of the sucrose esters seem to be genetically determined 

(Severson et al., 1985b).  Sucrose esters are another important element of tobacco pest 

resistance.  They have been shown to result in resistance either directly via toxicity, a result 

of disruption of the insect cuticle by surfactant activity (Neal et al., 1994), or to act via an 

ovipositional non-preference mechanism against several insects, including whitefly (Buta et 

al., 1993), budworm (Johnson and Chaplin, 1982), hornworm (Johnson, 1979), and green 

aphid (Johnson and Severson, 1982).  Physically, the sucrose esters may also contribute to 

insect resistance through their stickiness on the tobacco leaf which can serve to entrap 

smaller, soft-bodied insects, such as whiteflies and aphids. 
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Figure 5. Sucrose Esters (R=C3-C8 acyl group) 

 

2.1.1.3. Tobacco aliphatic hydrocarbons, fatty alcohols, and wax esters 

The waterproof barrier present on the leaf surface, though not exuded from the trichomes, is 

produced by all tobaccos and consists of alkanes, fatty alcohols, and wax esters.  The alkanes 

occur in normal, iso (2-methyl branched), and anteiso (3-methyl branched) forms (Figure 

6a,b,c), between twenty-five and thirty-six carbons in length (Severson, 1985a).  Fatty 

alcohols from sixteen to thirty carbons in length have been detected, with the most prevalent 

being 1-docosanol (Arrendale et al., 1988).  Alcohols with odd carbon numbers exhibit 

similar methyl branching variations to those exhibited by the hydrocarbons, while those with 

even carbon numbers are mostly normal (Severson et al., 1985a).  The wax esters range from 

thirty to fifty-two carbons in length and are formed from the esterification of a fatty alcohol 

with a fatty acid moiety.  The esters exhibit all methyl branching combinations possible viz., 

normal-normal, normal-iso, normal-anteiso, iso-anteiso, and the reverse of each (Arrendale et 

al., 1988).  The functions of the surface waxes in tobacco are similar to those found in most 

plants:  regulating transpirational water vapor loss, serving as a physical barrier to pests, and 

increasing resistance to light and temperature extremes (Wagner, 1999). 
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Figure 6. Hydrocarbon branching: a)normal, b)iso, c)anteiso  

alkanes:  R=Cn  alcohols:  R=CnOH   wax esters:  R=CnOCm 

 

2.1.2. Tobacco leaf surface analytical methods 

Tobacco leaf surface chemistry has been extensively studied over the past four decades, both 

because of its importance in tobacco allelochemistry, as outlined above, and because of the 

important role that many of these compounds play in tobacco and smoke flavor.  Excessively 

high levels of hydrocarbons cause smoke harshness, but their presence is necessary for a 

balanced smoke (Weeks, 1999).  The cembratrienediols, in the form of thermal oxidative 

breakdown products, are closely associated with the characteristic smoke flavor of tobacco 

and also contribute to the recognizable aroma of flue-cured tobacco (Enzell et al., 1984).  

Labdanoids, particularly cis-abienol, and certain sucrose esters have been found to be 

elements of the distinctive flavor of Oriental or Turkish and cigar tobaccos (Severson, 1985a; 

Smeeton, 1987; Nielsen and Severson, 1990). 

 

Extensive studies have been made of the levels of individual leaf surface components and 

how they vary:  by cultivar or accession; with time and plant maturity; and with stalk 

position, light intensity, light quality, fertilization levels, water stress, sucker control, and 

topping.  A wide variety of extraction methods and solvents (summarized in Table 1) have 

been used in these analyses.  These studies provide a useful starting point for evaluating the 
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solvents for green tobacco extraction in a bioprocess system designed to recover these useful 

materials. 

Table 1. Summary of solvents used in tobacco leaf surface extractions. 

Solvent References 

Acetone Reuveni et al., 1987 

Acetonitrile Lin and Wagner, 1994 

Benzene Michie and Reid, 1968 
Bailey et al., 1975 

Chloroform 

Reid, 1974 
Chang and Grunwald, 1976 
Noma et al., 1982 
Ohnishi et al., 1983 
Eklund et al., 1998 

Hexane 
Roberts and Rowland, 1962 
Zane, 1973 
Chang and Grunwald, 1980 

Isopropanol Jackson et al., 1998 

Methanol Chang and Grunwald, 1980 
Ohnishi et al., 1983 

Methylene Chloride 

Heemann et al., 1983 
Buta et al., 1983 
Jackson et al., 1985a 
Severson et al., 1984, 1985a, 1985b 
Danehower, 1987 
Schlotzhauer et al., 1989 
Sisson et al., 1993 
Goins et al., 1993 
Wang et al., 2004 

 

One of the difficulties encountered when attempting to fully extract the LSC from the leaf 

surface is that the compounds involved have a wide range of polarities and chemical 
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properties.  Chang and Grunwald (1980) used electron microscopy to examine the effect of 

methanol and hexane on extraction of leaf surface components.  They found that methanol 

removed small amounts of exposed polar compounds above the surface waxes, while hexane 

removed the nonpolar waxy layer, leaving behind exposed polar lipids.  Surface extracts with 

each solvent contained similar quantities of the cembratrienediols.  They theorized that the 

polar surface components were present both on the surface of, and imbedded in, the apolar 

surface waxes.  They also found that by using chloroform, the entire range of surface 

components could be extracted.  Severson et al. (1984) used methylene chloride for 

extraction in place of chloroform.  This solvent possesses solvating properties similar to 

those of chloroform, but extracts less internal leaf components (Wagner et al., 2004).  Since 

that time, the vast majority of tobacco leaf surface research has utilized methylene chloride 

for extraction. 

 

More widely varied than the choice of extraction solvents is the physical extraction method 

used in analytical work.  The major differences in extraction methods, other than solvent 

selection, are extraction time and the method of solvent-leaf tissue contact.  Plant 

physiological analyses, particularly those aimed at quantifying absolute levels of leaf surface 

components, employ a wash time sufficient to fully extract the leaf surface into the solvent 

used.  The studies performed by Severson et al. (1984) employed a series of four 2-second 

solvent dips.  Chang and Grunwald (1976), in analyzing leaf surface changes at different 

maturity stages, performed a single thirty-second immersion in chloroform.  Danehower 

(1987), in developing a method for the quantitative extraction of sucrose esters, demonstrated 

that two 30-second extractions were sufficient to remove over 97% of the total leaf surface 
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extract.  Four consecutive washes of 30 seconds resulted in the extraction of internal leaf 

components, most likely fatty acids.  In general, studies, including many listed above, that 

focus on chemical analyses of components or identification of novel components, which do 

not require a quantitative extraction, usually employ a wash time necessary for substantial 

removal of the constituents of interest with as little extraction of contaminating internal 

components as possible.   

 

Considerations of adequate LSC extraction and avoidance of internal leaf component 

extraction also influence the preparation of sample tissue and the method of solvent contact.  

Severson et al. (1984) performed solvent dips of whole leaves; the leaf areas were then 

determined for expression of results in terms of micrograms of LSC per cm2 of leaf surface.  

Other researchers washed leaf disks of a specified size in order to simplify measurement of 

surface area extracted.  Such extractions were usually performed by vortex agitation of leaf 

disks in solvent (Danehower, 1987; Nielsen and Severson, 1992; Jackson et al., 1985a).  

Jackson et al. (1998) performed large scale extractions of sucrose esters by dipping wire 

baskets full of leaves into vats containing isopropanol; extracted components were quantified 

by mass of extract recovered.  For chemical analyses, leaves were sometimes subdivided 

before washing (Lin and Wagner, 1994), but typically were washed whole (Reid, 1974; 

Schlotzhauer et al., 1989; Noma et al., 1982) as a precise knowledge of surface area 

extracted was not usually required.  Further, washing of intact leaves reduces the incidence of 

extract contamination by internal components leaking from the cut edges.  
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Most of the published studies used only an undifferentiated total extraction of the leaf surface 

components for analysis.  A notable exception is that of Severson et al. (1988) who used 

solvent partitioning and column chromatography to isolate large quantities of leaf surface 

components, separated by polarity.  A methylene chloride extract of young leaves was 

partitioned first with hexane, followed by aqueous methanol to yield a polar (methanol) and a 

nonpolar (hexane) fraction.  Pure compounds were obtained by Sephadex LH-20 

chromatography using chloroform:methanol as eluting solvent for further fractionation into 

individual LSC classes and even individual compounds. 

 

In general, leaf surface extraction methods are widely variable and dependent, in part, on the 

purpose the extraction serves.  Typically, the extractions seem to be designed such that 

sufficient contact is made between the surface of the leaf and the solvent and as little 

extraction of internal leaf components as possible takes place. 

 

2.1.3. Tobacco Leaf Surface Components—Commercial Potential 

Tobacco leaf surface components have a wide array of possible commercial uses, both 

related and unrelated to their in planta functions.  Tobacco cembranoids are known for their 

insecticidal (Severson et al., 1985a), fungicidal (Reuveni et al., 1987), and antimicrobial 

(Perkins and Clereszko, 1974) effects.  These effects indicate the possibility for the use of 

these compounds as natural pesticides; however, studies have shown that these compounds 

have a relatively low persistence when applied to plants (Jackson et al., 1985b), which may 

limit their usefulness in this regard.   
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2.1.3.1. Cembranoids 

More promising, perhaps, are these compounds’ bioactivity and their potential as 

pharmaceuticals.  CBT-diols extracted from tobacco have been shown to have anti-

inflammatory capabilities via the inhibition of prostaglandin biosynthesis from arachidonic 

acid (Olsson et al., 1992).  Prostaglandins function locally to encourage inflammation and are 

a target of existing non-steroidal anti-inflammatory drugs such as aspirin and ibuprofen 

(Sycha et al., 2003; Bertolini et al., 2001). 

 

Cembranoids, particularly those from tobacco, have also been shown to be neural nicotinic 

acetylcholine receptor (nAChR) antagonists (Eterovic et al., 2001) and to noncompetitively 

inhibit nAChR activity (Hann et al., 1998; Ferchmin et al., 2001).  It has been hypothesized 

that inhibition of nAChRs is part of the mode of action of antidepressant drugs.  If so, 

nAChR antagonists, including cembranoid derivatives, may be candidates for the 

development of a new class of antidepressants (Shytle et al., 2002). 

 

Further, CBT-diols isolated from cigarette smoke condensate have been shown to inhibit 

tumor production in mouse skin induced by the phorbol ester, 12-O-tetradecanoylphorbol-13-

acetate (Saito et al., 1985; Mizusaki et al., 1987).  Indeed, many cembranoid compounds, 

isolated from terrestrial and marine organisms, particularly corals and sponges, have shown 

considerable useful biological functions (Fenical, 1987; Rodríguez, 1995).  One of the 

earliest of these was sarcophytol A, which has shown considerable promise as an anti-cancer 

agent (Yamauchi et al., 1991; Morita and Hirayama, 1995).  A steady stream of newly 

discovered marine cembranoids in recent years have been shown to have significant 
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cytotoxicity against numerous cancer cell lines including lung, colon, epidermis, stomach, 

and leukemia (McMurry and Dushin, 1990; Duh and Hou, 1996; Rodríguez and Acosta, 

1997; Duh et al., 1998; Rodríguez et al., 1999; Duh et al., 1999; Fontana et al., 1999; Shi et 

al., 2002; Iwashima et al., 2002; Duh et al., 2002).  Often, the compounds exhibit broad 

spectrum activity against many types of carcinomas.   

 

One cembranoid isolated from Lobophytum cristagalli has been shown to inhibit farnesyl 

protein transferase which catalyzes the post-translational processing of Ras proteins, which 

are involved in cell proliferation and associated with many cancers.  Although the utility of 

this particular cembranoid is limited by its nonspecificity, it does indicate the possible 

existence of other compounds that could have wide applicability against many cancer types 

(Coval et al., 1996).   

 

Other cembranoids have exhibited HIV inhibitory activity (Rashid et al., 2000) and 

neuroprotective effects (Badria et al., 1998).  Cembranoids extracted from Sarcophyton 

(which are also known to be degradation products of tobacco cembranoids) have been shown 

to inhibit binding of 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), an A1 adenosine receptor 

selective antagonist, to A1 receptors in rat brains (Pham et al., 2002).  DPCPX in particular is 

known to cause neural degeneration (de Mendonça et al., 2000).  More generally, by 

inhibiting adenosine receptor antagonists, adenosine binding is up-regulated, which could be 

a means of treating neurological disorders (Poulsen and Quinn, 1998). 
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Because of their apparent usefulness, total chemical syntheses have been developed for many 

cembranoids (Tius, 1988; Takayanagi et al., 1994), including those of tobacco (Marshall et 

al., 1990; Astles and Thomas, 1997).  Notably, these syntheses are highly involved and have 

not yielded commercially viable processes.  This suggests that tobacco cembranoids might be 

attractive semi-synthetic starting materials for production of such compounds.  Another 

possibility is the synthetic chemical modification of natural cembranoids to produce 

compounds with even greater bioactivity.  Three cembranoids from Eunicea were each 

modified to produce a variety of structural analogues.  Most of the analogues retained the 

activity of their precursors, and a significant subset displayed significantly increased anti-

tumor activity (Rodríguez et al., 2001). 

 

2.1.3.2. Labdanoids 

As with cembranoids, labdanoids from a variety of natural sources have been studied for 

their biological activity.  Various studies have found labdanoid compounds with anti-cancer 

(Malochet-Grivolis et al., 1992; Lee et al., 1995; Zhou et al., 1997; Jung et al., 1998; 

Miyoshi et al., 2003), anti-inflammatory (Matsuda et al., 2002), anti-microbial (Kayser, 

2000), anti-fungal (Zhou et al., 1997), hair loss arresting (Lal et al., 1992), blood pressure 

lowering (Lal et al., 1992), and anti-atherosclerotic (Barrero et al., 1997, 1998) effects.  

Although few, if any, studies have described bioactivity in the major tobacco labdanoids, cis-

abienol and a related labdanoid, sclareol (Figure 7), have been used as substrates in the 

syntheses of other bioactive labdanoids (Jung et al., 1998).  In particular, pathways have been 

devised for the synthesis of both wiedendiol-A and -B from cis-abienol and sclareol (Barrero 

et al., 1998).  These wiedendiols are found naturally in Xestospongia wiedenmayeri, a marine 
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sponge, and can act as inhibitors of cholesteryl ester transfer protein (CETP).  CETP 

catalyzes the conversion of high density lipoproteins (HDL) to low density lipoproteins 

(LDL).  Because high LDL levels are a known risk factor in atherosclerosis, blocking this 

conversion could be a means of reducing the risk of cardiovascular disease (Coval et al., 

1995). 

OH

OH

 

 

Figure 7. Sclareol 

O

O

 

Figure 8. Sclareolide 

 

More conventionally, tobacco labdanoid compounds can be used as flavor and fragrance 

elements.  cis-Abienol, especially, could have direct application in the tobacco industry as a 

means of artificially imparting an Oriental note to tobacco blends.  Tobacco labdanoids also 

have potential as substrates in the synthesis of more valuable fragrance elements.  Sclareolide 

(Figure 8; an intermediate in the synthesis of Ambrox®) has been observed in some tobaccos 

(Schumacher, 1959; Kaneko, 1971), most recently in Prilep and Otlja, Oriental tobacco 

varieties grown in the former Yugoslavia (Stojanovic et al., 2000; Palic et al., 2002).  The 

same group also identified a similar compound (8,12-epoxylabd-14-en-13-ol) from Yaka, 

another Oriental variety (Alagić, 2002), as well as other, currently unidentified, 

epoxylabdenols from Otlja (Stojanovic et al., 2000).  A procedure has also been developed 
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for the synthesis of Ambrox® from both cis-abienol and sclareol (Barrero et al., 1993).  

Ambrox® is a substitute for ambergris, a historically important chemical useful for its 

fragrance and fixative qualities, but which is no longer commercially available.  It is the most 

sought after of the amber type odor compounds (Fráter et al., 1998).   

 

2.1.3.3. Sucrose esters 

Sucrose and glucose esters are widely recognized as having insecticidal properties in 

Nicotiana and other species.  They have shown toxicity toward soft-bodied insects, including 

aphids (Goffreda et al., 1990; Johnson et al., 2002), mites, pear psylla (Puterka and Severson, 

1995), and whiteflies (Liu et al., 1996; Nottingham et al., 1996), as well as antibiotic activity 

(Chortyk et al., 1993).  Their usefulness as biopesticides is enhanced by their strong 

specificity and their general environmental and health safety (Tornatzky et al., 1996; 

Pittarelli et al., 1993).  In the study of insecticide selectivity in the control of Bemisia 

argentifolii, the silverleaf whitefly, sucrose esters were found to reduce whitefly populations 

without affecting Encarsia pergandiella, an important whitefly parasite (Stansly and Liu, 

1997); similar effects were found in a study with the whitefly parasite Encarsia formosa 

(Bentz and Neal, 1995).  Sucrose esters are generally environmentally friendly, being quickly 

microbially degraded after application.  Because they are already generally recognized as 

safe for use as food additives (Sikes and Ehioba, 1999), there do not seem to be any safety or 

regulatory obstacles to their use on food crops (Puterka et al., 2003).  The interest in sucrose 

ester commercial applications has led to studies of their synthesis (Chortyk et al., 1996; 

Farone and Serfass, 1998; Puterka et al., 2003) and to their large scale extraction from 

Nicotiana (Jackson et al., 1998), as well as USDA and commercial patents on the use of 
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Nicotiana extracted (Pittarelli et al., 1993) and synthetic (Chortyk, 1994; Farone et al., 2002) 

sucrose esters as insect control agents.   

 

2.1.3.4. Other Nicotiana spp. 

In addition to the wide variety of compounds produced on the leaf surface of N. tabacum, the 

leaf surface composition of other Nicotiana species has also been studied.  These other 

species often produce many of the same components as tobacco, but may produce them at 

higher levels, and may produce other unique compounds not found in tobacco.  Perhaps the 

most significant example is that of sclareol, which is produced by Nicotiana glutinosa (Guo 

and Wagner, 1995).  The primary uses of sclareol are in the flavor and fragrance industries, 

as mentioned above.  Other possible uses of sclareol focus on its cytotoxic effects (Dimas et 

al., 1999) and its use as a substrate in the synthesis of other bioactive compounds, such as 

drimanes (Barrero et al., 1995).   

 

Other compounds of possible interest include the N-acyl nornicotines, a class of powerful 

plant insecticides found in Nicotiana repanda (Laue et al., 2000), and various sucrose esters 

found in a variety of Nicotiana species.  Studies of Nicotiana glutinosa have yielded several 

sucrose esters not present in commercial tobacco (N. tabacum), differing both in basic 

saccharide structure and in the length of the acyl group side chains (Arrendale et al., 1990).  

It has been shown that sucrose esters like those present in N. glutinosa, with longer acyl 

group chains than those found in N. tabacum, may have greater insecticidal potency (Puterka 

et al., 2003).  In addition, Peterson et al. (1997) found that, of a variety of synthetic sucrose 

esters, the most effective against weed seed germination had acyl groups seven or eight 
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carbons in length.  Jackson et al. (1998) examined the potential extractability of sucrose 

esters from a variety of Nicotiana species, including N. hesperis, N. langsdorfii, N. 

amplexicaulis, N. noctiflora, N. gossei, N. glutinosa, N. palmeri, and N. trigonophylla, and 

found that, although it produced less biomass than most of the other species, N. trigonophylla 

produced significantly higher concentrations of sugar esters with lower levels of other leaf 

surface compounds than any other species tested. 

 

2.2. Other tobacco natural products 

Many natural products extant in tobacco that may have commercial applications are not 

present on the leaf surface but in the leaf itself, and may also be suitable for extraction in a 

tobacco bioprocessing operation.  A survey of anticarcinogenic and antimutagenic 

compounds identified in cigarette smoke, including those already discussed, can be found in 

Rodgman and Green (2002).  Tobacco pigments include chlorophylls and carotenoids such as 

lutein, β-carotene, and zeaxanthin (Court and Hendel, 1982).  Many of these pigments are 

suitable for use as industrial colorants.  Some tobacco carotenoids are also well known as 

nutraceutical antioxidants (Tornatzky, 1996).  Solanesol is the most abundant terpenoid 

component found in tobacco, and is a precursor in the industrial synthesis of Coenzyme Q 

(Hovhannisyan, 2002).   

 

Nicotine has historically seen wide use as an insecticide, and could provide new 

opportunities in the modern pesticide market with an increased emphasis on the use of 

biopesticides (Casanova et al., 2002).  Recently, nicotine has also come under study for its 

pharmaceutical properties.  Nicotine is known to function as an nAChR agonist, and has been 
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shown to have neuroprotective effects.  Nicotine administration in mice provides both short 

and long term memory benefits (Hefco et al., 2003).  The symptoms of neurodegenerative 

diseases, including Parkinson’s disease and Alzheimer’s disease, can be ameliorated by 

administration of nicotine.  In addition, chronic administration of nicotine has been shown to 

reduce the risk of these diseases (Linert et al., 1998).  Nicotine has also been identified as a 

potential source of symptomatic relief for a number of psychiatric disorders, including 

schizophrenia, Tourette’s syndrome, and attention deficit/hyperactive disorder (Mihailescu 

and Drucker-Colin, 2000; Newhouse et al., 2004). 

 

3. Metabolic engineering of tobacco 

The successful identification and extraction of marketable native tobacco components (leaf 

surface, internal secondary metabolite, or protein) is but a starting point in the development 

of tobacco for non-traditional uses.  Every aspect of the plant should be seen as malleable.  

Foreign genes for the production of new compounds or modifications of existing compounds 

can be introduced, and levels of existing compounds can be manipulated for maximum profit 

potential (Wagner and Wang, 2001).  As discussed earlier, this effort has already begun with 

the introduction of foreign proteins into the tobacco genome.  Similar work has begun with 

regards to leaf surface chemistry as well.  Expression of novel compounds on the leaf 

surface, as with native compounds, is advantageous for a variety of reasons.  Extraction and 

purification of LSC are relatively simple on a mass basis.  Also, accumulation and storage of 

the compounds on an outer surface during growth opens the possibility for the production of 

compounds that might otherwise be autotoxic (Wagner et al., 2004).   
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Recently, Wang et al. identified trichome-specific promoters (2002) and have demonstrated 

the ability to engineer the cembratriene pathway in tobacco trichomes (2004).  In this 

pioneering work, they modified tobacco in such as way as to block the final step in 

production of the dominant CBT-diol products.  CBT-4-monols were theorized to be 

biosynthetic precursors of CBT-4,6-diols by Sisson et al. (1993) on the basis of conventional 

breeding trials in an attempt to introduce a trait for high CBT-monol production into tobacco.  

This theory was confirmed by direct manipulation of the pathways involved (Wang et al., 

2001; Wang and Wagner, 2003).  The resulting accumulation of precursor CBT-monols 

achieved in these studies are proof of the ability to exploit tobacco secondary metabolism to 

vary production of native components and indicate the possibility of producing altered or 

new components. 

 

cis-Abienol specifically and the labdanoid diterpenes in general are also of particular interest 

as a pathway for metabolic engineering of tobacco.  As discussed above, cis-abienol is a 

viable alternative to sclareol as a synthetic precursor of fragrance compounds; a useful 

manipulation might increase the relative levels of cis-abienol produced in tobacco or even 

effect its modification into a more profitable compound.  Another possibility is the 

introduction of sclareolide, known to be produced in some tobaccos, into a bioprocessing 

variety.  In fact, Wang and Wagner (2003) have shown that, since the various diterpenoid 

synthetic routes in tobacco are apparently competitive, labdanoid levels can be increased by 

the suppression of CBT-ol cyclase, which is a limiting enzyme in the synthesis of CBT-ol 

and hence of all cembranoids.  Suppression of major diterpenoid synthetic routes may also 
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upregulate the production of minor, possibly novel, compounds on the leaf surface (Wagner 

et al., 2004). 

 

Sucrose esters are another candidate for upregulation or modification for improved 

bioactivity.  Medium chain length acyl group (C7-C8) sucrose esters, such as those produced 

by Nicotiana gossei and N. glutinosa, have been shown to have far higher insecticidal 

activity than the short chain (C3-C6) esters found in N. tabacum (Buta, et al., 1993; Chortyk 

et al., 1996; Puterka et al., 2003).  Recently, the pathway for the biosynthesis of medium 

chain sucrose esters in a variety of plants, including N. gossei, N. glutinosa, and N. 

benthamiana, has been elucidated (Kroumova et al., 1994; Kroumova and Wagner, 2003).  

Once the enzymes involved in the pathway are characterized, it could be possible to modify 

N. tabacum to produce greater quantities of these more effective pesticides. 

 

The possibilities for expression of novel natural products in tobacco are just beginning to be 

explored.  Recently, foreign enzymes producing volatile fragrance-altering monoterpenes, 

including limonene, β-pinene, and γ-terpinene, have been expressed in tobacco (Tamer et al., 

2003; Ohara et al., 2003; Lücker et al., 2004).  Several trichome specific promoters have also 

been identified, allowing for the expression of marker proteins in the trichomes (Hsu et al., 

1999; Oufattole et al., 2000; Hermann et al., 2001). 

 

The study of most aspects of the leaf surface chemistry of tobacco have generally focused 

either on in planta activity of compounds or their effects on the organoleptic properties of the 

resulting tobacco or tobacco smoke.  Hence, most of the extraction methods examined here 
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share the feature of being purely analytical in nature and give little regard to the condition of 

the tissue remaining after the extraction takes place.  The purpose of the current work was to 

develop leaf surface extraction conditions with an emphasis on scalability, process 

development, and recovery of compounds.  Attention was also paid to the condition of the 

leaf tissue remaining after the extraction and its suitability for further processing for the 

isolation of native and engineered proteins, among other internal primary and secondary 

metabolites. 
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Abstract 

The leaf surface of Nicotiana tabacum L. produces a number of natural products, primarily 

trichome exudate secondary metabolites, including cembranoids, labdanoids, and sucrose 

esters, that have known or potential economic value. As work progresses in the production of 

high-value engineered proteins in transgenic tobacco, there is growing interest in developing 

methods to include an extraction of the leaf surface chemistry in tobacco bioprocessing 

operations.  Several solvents selected for their known ability to solubilize leaf surface 

components as well as their suitability for use as process solvents, including methanol, 

ethanol, n-propanol, 2-propanol, and acetone, were used to perform timed washes of the 

tobacco leaf surface.  The results of these washes, as determined by gas chromatography, 

were compared to washes of comparable tissue with methylene chloride, a solvent used in 

quantitative analytical leaf surface work that is highly effective but destructive to tissue and 

potentially hazardous.  The resulting data show that these solvents are capable, to varying 
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extents, of extracting leaf surface components to a level comparable to that of methylene 

chloride.  Analysis of these data identifies areas for possible optimization of extraction 

conditions.  The visual effects of the extractions on the remaining leaf tissue, as well as the 

effect of these procedures on recovery of extractable native and recombinant proteins, are 

also discussed. 

 

Introduction 

Nicotiana species, particularly Nicotiana tabacum L., are some of the most intensely studied 

plants in the world.  As with any plant of agricultural interest, Nicotiana genetics, chemistry, 

physiology, and agronomy have all been studied in great detail (Tso, 1990; Davis and 

Nielsen, 1999; and references therein).  Unlike other crop plants, however, the primary 

economic uses of tobacco are smoking and chewing, the products of which are influenced by 

every aspect of the leaf, from its genetics to its production and handling, and thus forms the 

genesis of the field of tobacco chemistry.   

 

Tobacco has long been seen as a potential source of commercial protein production 

(Wildman, 1979; Wildman and Kwanyuen, 1981; Bartholomew, 1986).  The single most 

prevalent, and potentially commercially important, native protein from tobacco is Rubisco.  

Rubisco (1,5-ribulose bisphosphate carboxylase/oxygenase) is ubiquitous in plants and is 

highly suitable for use as human and animal nutritional supplements and manufactured foods 

(Erschoff et al., 1978; Sheen and Sheen, 1985).  Although Rubisco has been extracted from a 

variety of plants such as alfalfa and spinach, tobacco has a particular advantage in its 

production.  Simple methods exist for the crystallization and isolation of highly pure Rubisco 
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from an aqueous tobacco protein extract (Wildman and Kwanyuen, 1981), and requires little 

further processing for use (Sheen, 1991). 

Recently, tobacco has also attracted attention as a potential vehicle for the production of 

transgenic proteins (Danehower et al., 1999).  Transgenic plants in general can provide more 

accurate reproduction of eukaryotic proteins than microbial fermentation (Giddings, 2001) 

and have the potential to be highly cost-effective, particularly with regards to process 

scalability (Larrick et al., 1998; Kusnadi et al., 1997).  Tobacco, in particular, can be simply 

and reliably transformed (Danehower et al., 1999), produces large amounts of biomass per 

acre (Daniell et al., 2001), and, in light of established Rubisco extraction protocols, can 

easily yield highly purified proteins, relative to other crop plants (Danehower et al., 1996). 

In addition to native and recombinant proteins, Nicotiana species produce a wide variety of 

other natural products, some of which could provide additional product streams in a 

bioprocessing operation.  An aspect of tobacco chemistry that has received particular study 

are the compounds that occur naturally on the plant’s leaf surface.  Many compounds 

important to both insect and disease resistance in tobacco plants are exuded from trichomes 

and are found only on the surface of the leaf (Severson et al., 1985b).  Sucrose esters (SE) 

are an element of tobacco resistance to soft-bodied insects (e.g., whiteflies and aphids) via 

insect cuticular disruption and entrapment of insects, a result of the SEs’ contribution to the 

adhesive properties of the leaf (Neal et al., 1994).  Diterpenoid components of the trichome 

exudate (principally cembranoid and labdanoid compounds, including α- & β- 2,7,11-

cembratriene-4,6-diol (CBT), α- & β- 2,7,11-cembratriene-4-ol, and cis-abienol) are factors 

in tobacco resistance to other pests, primarily insects such as hornworms, budworms 
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(Severson et al., 1985a), and aphids (Wang et al., 2004), and diseases such as blue mold 

(Reuveni et al., 1987). 

 

Tobacco leaf surface components have a wide array of possible commercial uses, both 

related and unrelated to their in planta functions.  Tobacco cembranoids are known to have 

insecticidal (Severson et al., 1985a), fungicidal (Reuveni et al., 1987), and microbial (Perkins 

and Clereszko, 1974) properties.  They also have important pharmaceutical properties, 

including tumor inhibition (Saito et al., 1985), anti-inflammatory activity (Olsson et al., 

1992), and nicotinic acetylcholine receptor inhibition (Ferchmin et al., 2001).  Tobacco 

labdanoids, particularly cis-abienol, can be used as an alternative to sclareol in the synthesis 

of the fragrance element Ambrox® (Barrero et al., 1993).  cis-Abienol has also been used as a 

substrate in the synthesis of wiedendiols, which are cholesteryl ester transfer protein 

inhibitors that may help reduce the risk of atherosclerosis (Barrero et al., 1998).  Sucrose 

esters are generally recognized as safe (GRAS) for use as multifunctional food additives (i.e., 

as stabilizers, emulsifiers, and protective fruit coatings) (Sikes and Ehioba, 1999; Puterka et 

al., 2003) and are being studied for use as safe and highly selective biopesticides (Stansly 

and Liu, 1997; Jackson et al., 1998). 

 

Most in vivo aspects of the leaf surface chemistry of tobacco have been well elucidated.  The 

work of Severson and others have established in great detail the levels of individual leaf 

surface components and how they vary by accession; with time and plant maturity; and with 

stalk position, light intensity, light quality, fertilization levels, water stress, and topping 

(Severson et al., 1984, 1985a, 1985b; Danehower, 1987).  These studies and others have 
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utilized a variety of wash methods and solvents for analytical extraction of the leaf surface.  

Extraction methods include the washing of disks of varying sizes and the immersion of whole 

leaves or plants in solvent.  The choice of extraction method depends on several factors, 

including the amount of components needed for a study and the degree of extraction 

completeness and reproducibility required.  Solvents employed include chloroform (Chang 

and Grunwald, 1976), methylene chloride (Severson et al., 1984; Wagner et al., 2004), 

methanol (Chang and Grunwald, 1980), acetone (Reuveni et al., 1987), acetonitrile (Lin and 

Wagner, 1994), hexane (Chang and Grunwald, 1980), and benzene (Michie and Reid, 1968).  

One of the more commonly used extraction solvents, methylene chloride, has been found by 

other workers to efficiently and quantitatively extract the widely varying components on the 

leaf surface without dehydrating the leaf during washing and without extracting internal leaf 

components to the extent of many other solvents, and has thus achieved general acceptance 

in the past few years for analytical leaf surface work (Severson et al., 1984; Wagner et al., 

2004).   

 

Because methylene chloride has become the de facto standard for tobacco leaf surface 

washes, there has been little published data regarding the extraction efficiencies of other 

solvents or their effect on the leaf.  With the recent focus on the development of alternative 

uses for tobacco and the attendant use of the plant for the production of recombinant and 

native proteins, there is renewed interest in the development of methods for the scaleable 

extraction of tobacco natural products, including those of the leaf surface, as a secondary 

product stream.   
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Although methylene chloride is a highly efficient solvent, it would likely not be suitable for 

process use, both because of potential health risks and because of the effect it has on the leaf.  

Although methylene chloride is used industrially, and is considered safer than many other 

halogenated solvents, it is a known carcinogen in rats and mice and a possible human 

carcinogen (Kirschman et al., 1986), and presents a known inhalation hazard (Jonsson et al., 

2001).  In addition, although methylene chloride does not result in the extraction of leaf 

internal components during washing, it does appear to infiltrate the leaf and results in tissue 

wilting.  This effect is similar to that of ethyl ether on spinach leaves observed by Chibnall 

(1923; Wildman, 2002), and was also observed by Eglinton et al. (1962) during chloroform 

extracts of the cuticular waxes of some Crassulaceae species.  It appears that methylene 

chloride causes the same plasma membrane disruption discussed by Chibnall, which allows 

the leaves to rapidly dehydrate upon exposure to air, but does not extract leaf water and 

internal components during washing because of its low water solubility.  For these reasons, 

methylene chloride would certainly be an impurity in washed leaves (requiring further 

processing for removal in an integrated bioprocess), would probably cause difficulty in tissue 

processing and extraction as a result of wilting, and may interfere with the solubility, 

extractability, and activity of proteins of interest (Chapter 3).  In addition to any direct effect 

methylene chloride may have on leaf proteins in situ during solvent washing, many proteins 

are known to suffer deleterious effects, including denaturation and precipitation, resulting 

from contact with an aqueous/organic solvent interface (Sah, 1999a, 1999b; van de Weert et 

al., 2000) as would be generated during homogenization of leaf tissue containing residual 

amounts of a water-immiscible solvent like methylene chloride.  This study, therefore, was 

conducted to identify potential process extraction solvents, determine extraction efficiencies 



 51

for each on a per component basis, ascertain requisite extraction times for each solvent, and 

observe the visual effect of the solvent washing process on the resulting integrity of the leaf 

itself.  The solvents studied were selected for their known ability to solubilize many of the 

components of interest, their suitability for process use (particularly their cost and safety), 

and their water miscibility. 

 

Materials and Methods 

Plant Material and Sample Collection 

Nicotiana tabacum L. TI-1068 plants, chosen for high cembranoid, labdanoid, and sucrose 

ester production, were grown in a greenhouse under supplemental high pressure sodium 

lighting to mimic light conditions in the field, an important factor in leaf surface chemistry 

production (Severson et al., 1985a).  Because the known high variability in tobacco leaf 

surface components (over time, with stalk position, and along the length of a single leaf), as 

well as the large quantities of tissue required for this study and the need to insure freshness of 

tissue at time of washing, precluded the procurement of uniform samples, all samples were 

taken in duplicate with one sample to serve as reference.  Preliminary studies showed that, in 

spite of the wide systematic variations in leaf surface component levels over most variables, 

total component levels varied symmetrically along the leaf midrib.  This meant that by taking 

disks in pairs from the same longitudinal points on opposite sides of the midrib, pairs of 

samples could be constructed, with each containing the same total quantity of leaf surface 

components.  Thus, one of the pair, the reference, could be subjected to a total extraction and 

used to normalize the quantities derived from the partial, sequential washes of the other. 
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Fully expanded, non-senescent leaves from the upper-third of the stalk were used for 

analyses.  For each extraction, two samples (each composed of twenty 5.08 cm disks) were 

taken, one for extraction with the test solvent, the other to serve as reference.  The two sets of 

disks were taken from opposing sides of the leaf midrib, such that each pair of samples were 

mirror images of one another.  

 

Leaf Surface Extraction 

For each extraction, one sample was placed in a 5.72 cm diameter Teflon-capped glass jar 

(250 mL) and washed with three consecutive 75 mL volumes of test solvent. Washes 

consisted of inverting the jar once per second for 15, 15, and 30 seconds, respectively.  The 

reference sample was washed in the same manner with methylene chloride to serve as a 

standard for comparison. 

 

Following each extraction, the wash solvent was transferred quantitatively into a stoppered 

Erlenmeyer flask containing anhydrous Na2SO4.  After standing for at least two hours, each 

extract was filtered through glass wool to remove the Na2SO4 and any particulates from the 

extraction, evaporated in vacuo, and the total weight of the leaf surface extract determined.  

Dried extracts were immediately re-dissolved in 25 mL of methylene chloride and stored in 

Teflon-capped amber-colored glass bottles at -20°C prior to gas chromatographic analysis. 

 

Gas Chromatography 

For each stored extract, 1 mL was transferred to a Teflon-capped test tube, to which 1 mL of 

toluene containing 50 µg each heptadecanol and heptadecane (Internal Stds.) was added, and 
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the solvent evaporated on a heater block with a N2 stream.  Each sample was then derivatized 

at 75°C for 30 minutes in 200 µL 1:1 BSTFA:DMF.  After derivatization, 50 µL 1:1 

BSA:pyridine were added, and the sample was transferred into a capped septum vial and 

analyzed immediately.  

 

Analyses were performed using an Agilent 6890N gas chromatograph by the method of 

Severson et al. with modifications (1985a).  0.5 µL of sample was injected onto a 30 m x 

0.53 mm DB-5 fused silica column, with a film thickness of 0.88 µm, using splitless injection 

with an injector temperature of 300°C, a detector temperature of 310°C, helium carrier gas 

with a linear gas velocity of approximately 28 cm/sec, and an oven temperature program of 

160 - 225°C at 10 C°/min, 225 - 245°C at 2 C°/min, and a final increase to 300°C at 10 

C°/min. 

 

Data Analysis 

From each chromatogram, peak areas were generated for major leaf surface components:  

cis-abienol, α- & β-cembratrienediols (α- & β-CBT), 1-docosanol, and the Group V 

(methylvaleric side chain) sucrose esters (SE V).  The raw peak areas were standardized 

internally on the basis of the heptadecanol peak.  Standardized sample peak areas were then 

normalized to the standardized peak areas from the reference (methylene chloride extracted) 

sample.  Thus, the component levels quantified from each consecutive wash of a particular 

sample in a test solvent were expressed as a percentage of component levels derived from a 

methylene chloride wash of the reference sample.  Percentage data were subjected to a square 

root transformation to reduce variance heterogeneity, and intra-wash, intra-component, and 
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total amounts were compared by LSD.  All significant differences between treatments and 

reference samples were also determined. 

 

Results 

Extractability 

For each leaf surface extract, peak areas from the gas chromatograms were determined and 

individual components quantitated on the basis of the internal standards.  Shown in Table 1 

are the quantities of some of the major components extracted by the test solvents.  The 

quantity of each component extracted in each wash is expressed as a percentage of the total 

weight of that component recovered in the methylene chloride total extraction of the 

reference sample.  For all solvents tested, data are presented for each sequential wash and for 

the total recovery in all three washes.  Also shown are the means of all individually 

quantified components in each wash and the total dry weight of the wash, also expressed as a 

percentage of the reference samples.  These results represent the means of five sample and 

reference tissue pairs for each solvent.   

 

Table 2 contains the same data presented in a cumulative fashion.  Generally, all solvents 

resulted in extracted amounts of all quantified components not significantly different from 

100% after three washes, which can be taken as a measure of the completeness of the 

extraction, at least as compared to methylene chloride.  The same can be said for the 

cumulative totals achieved after two extractions; in most cases only very small quantities of 

components were extracted after the second wash, typically less than 5% (Table 3).  One 

exception was isopropanol, which (although, on average, it extracted cumulative component 
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amounts similar to n-propanol after three washes) resulted in a lower extraction level after 

two washes than that of n-propanol.  Indeed, fully 8% of the component amounts extracted 

by isopropanol were extracted in the third wash, indicating that this solvent required a higher 

contact time or volume to achieve full extraction than other solvents studied. 

 

Another notable exception is that of docosanol extraction by methanol.  Table 3 shows that 

relatively large amounts of docosanol were extracted by methanol during the second and 

third washes (24% and 20%, respectively).  Relative amounts of docosanol were lower than 

the relative amounts of all other individual components extracted by methanol during the first 

wash (Table 4).  However, after the second wash the amount had risen to a level not 

significantly different from β-cembratrienediol.  After the third wash, the relative amount of 

docosanol extracted was significantly different only from cis-abienol, perhaps indicating that 

the docosanol extraction was slowly nearing completion. 

 

Also of note are the relative dry weights of the extract.  Although the first washes had higher 

weights than the subsequent washes for all solvents (Table 3), the second and third washes 

were often nearly equal in weight.  In fact, in some cases, particularly for isopropanol and 

acetone, the third wash, on average, outweighed the second.  This is in contrast, of course, to 

the generally decreasing amounts of quantified components extracted in successive washes, 

indicating the presence of a higher ratio of contaminants to components of interest in the 

third wash.  In most cases, the elimination of the third wash would substantially reduce the 

overall weight of the extract with only a small decrease in the amount of quantified 

components extracted.   
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Effect of Surface Wash on Leaf Condition 

Figures 1-5 are photographs of leaf disks taken immediately after the completion of the leaf 

surface washes.  The visible effects of the wash procedure were primarily manifested by a 

darkening in color of the tissue around the edge of the disk and surrounding any other areas 

of prior damage to the leaf.  Typically, the dark color was accompanied by a loss of turgidity.  

The extent of this darkening varied among solvents.  After methylene chloride washes, the 

entire disk was darkened in this manner and almost completely wilted (Figure 5), while after 

washing with other solvents, the darkened area was confined to a small portion of the disk 

around the edge.  The extent of the effect from isopropanol (Figure 3) and n-propanol (Figure 

4) seemed to be greater than that of methanol (Figure 1) and ethanol (Figure 2).  

 

Discussion 

In general, the solvents tested herein extracted tissue to a level of completion similar to that 

of methylene chloride.  Although the unpredictable nature of tobacco leaf surface chemistry 

precludes a truly direct comparison between solvents, all solvents yielded total recoveries for 

all components quantified by gas chromatography not significantly different from methylene 

chloride.  This would seem to indicate that, in spite of some small differences between them, 

all solvents tested would be similarly useable for a leaf surface extraction on the basis of 

extraction completeness under conditions similar to the three-wash system employed here. 

 

Of equal importance to process development, however, is the speed with which extraction 

completeness is approached, both from the standpoints of process efficiency and limitation of 
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tissue damage.  In this case, there were some interesting differences observed among the 

solvents.  As seen in Table 3, the vast majority of components quantified were extracted in 

the first two 15-second washes for all solvents, and little remained on the leaf surface to 

appear in the third wash.  In particular, acetone was notable for extracting over 90% of its 

total in the first wash, as compared to ethanol, which contained a little over 80% of its total in 

the first wash; this result was mitigated by the fact that acetone also had the lowest overall 

extraction completeness.  In both n-propanol and acetone, approximately 99% of components 

quantified were found in the first two washes.  Methanol and ethanol performed similarly 

well; better than 95% of the quantified components were extracted in the first two washes.  

Interestingly, isopropanol appeared to be one of the slower solvents tested; although it and n-

propanol had similar levels of total recovery, its cumulative total at the end of the second 

wash was significantly less than that of n-propanol.  In fact, isopropanol extracted less after 

two washes than any other solvent except acetone.  As discussed above, 8% of the total 

components extracted by isopropanol were extracted in the final wash, more than any other 

solvent (Table 3).  This indicates that isopropanol may be less useful as an extraction solvent 

if there is a desire to reduce wash time (or solvent volume) to improve process efficiency.  

Further, it is apparent from a comparison of component extraction speed and extract dry 

weight that isopropanol washes will result in a lower purity of components of interest in the 

final extract than other solvents, whether the washes are carried through the second or third 

wash. 

 

The interpretation of these efficiency data depends to a certain extent on the relative 

importance of individual leaf surface components.  The Group V sucrose esters were found 
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almost entirely in the first two washes for all solvents except isopropanol.  Both cis-abienol 

and docosanol were extracted quickly by n-propanol and acetone.  However, cis-abienol was 

extracted quickly by methanol and slowly by ethanol, with the reverse true for docosanol.  If 

one of these two solvents were to be selected, the decision might be based in part on the 

relative importance of these two components.  Furthermore, the components studied here can 

be taken, to a certain extent, as representative of different classes of compounds present on 

the leaf surface.  Docosanol, as well as being the most non-polar component studied here, 

was also the only cuticular (non-trichome exuded) component studied.  The slower speed of 

docosanol extraction by methanol is most likely a function of the higher polarity of methanol 

relative to the other solvents.  The reason for this occurrence may be related to the solubility 

of docosanol in methanol, as well as the penetrability of the cuticle by methanol; viz., the 

continued extraction of cuticular waxes after the substantially complete extraction of 

trichome exudate may be a result of wax extraction from within the cuticle itself.  In general, 

because of their low amounts, it is likely that cuticular hydrocarbons will be of less interest in 

bioprocessing than trichome exuded components.  Thus, it may be that a solvent, such as 

methanol, which extracts lower levels of the cuticular waxes relative to trichome exuded 

components, may be preferable because of the resulting higher purity of the components of 

interest. 

 

An apparent disadvantage of all these solvents over methylene chloride is that although the 

components of interest were extracted to an acceptable level, the total weights of the dried 

extracts were always substantially higher than that found after extraction with methylene 

chloride (Table 2).  This could indicate an increase in the extraction of unquantified leaf 
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surface components, the extraction of constituents from within the leaf, or abrasive removal 

of tissue during washing—any of these represents an increase in non-target compounds 

present in the extract.  However, in all cases, a considerable portion of the total extract 

weight was found in the third wash.  In particular, it can be seen that removing the third wash 

from the n-propanol extraction would result in less than a 1% decrease in total quantified 

components, while decreasing the total weight of the extract by approximately 22% (Table 

3).  Indeed, the cumulative extract weights of the quantified components after two washes 

were not significantly different from the methylene chloride extract for both n-propanol and 

isopropanol (Table 2); of course, as mentioned above, a greater portion of the components of 

interest would be lost by removing the third isopropanol wash than the third n-propanol 

wash. 

 

Extraction ability is the most obvious criterion in its selection of a solvent; however, if it is to 

be incorporated into an overall bioprocessing operation, its effect on the tobacco leaf is of 

equal importance.  As shown in Figures 1-5, the immediate effect of solvent washing on the 

leaf disks was a darkening of the tissue, sometimes accompanied by tissue wilting.  It is not 

yet known precisely what caused this phenomenon, or what its effect on leaf protein recovery 

may be.  It is readily apparent, however, that this is an indicator of the differences in how the 

solvents tested generally affected the leaf.  As noted above, methylene chloride resulted in 

this effect occurring on the entire leaf surface exposed to the solvent.  It is theorized that the 

observed effects were the result of solvent infiltration into the tissue.  If that is the case, 

residual solvent would be present in the tissue during protein extraction.  Depending upon the 

solvent used, this could have deleterious effects on the proteins extracted or on the extraction 
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process itself.  As discussed, the presence of a water immiscible solvent may cause protein 

denaturation during tissue maceration, and the presence of a solvent in the protein solution 

may also have detrimental effects on the extracted proteins. 

 

Given what is known about the deposition of cuticular wax and trichome exudate onto the 

surface of the tobacco leaf, it is perhaps surprising that the highly polar solvents used in this 

study were able to extract LSC to the extent that they did.  The leaf surface chemistry 

contains a wide variety of compounds, including non-polar waxes and more polar 

compounds, such as many of those studied here.  Chang and Grunwald (1980), through the 

use of drop-wise washes of tobacco leaves with methanol and hexane followed by electron 

microscopy of the resulting tissue, theorized that the non-polar cuticular wax formed the base 

level of the leaf surface and that the more polar trichome exudate compounds were both on 

top of and imbedded in the waxy layer.  Thus, methanol was seen to remove only the 

compounds located on top of the waxy layer, while hexane was seen to remove the waxy 

layer itself (along with the compounds on top of it) while leaving the embedded compounds 

behind.  This would seem to indicate that a solvent capable of solubilizing both types of 

compounds, such as methylene chloride or chloroform, would be ideal for leaf surface 

extractions and that highly polar solvents would only be capable of extracting the portion of 

trichome exudate compound present on the surface of the waxy layer and none of the waxy 

layer itself.  However, as opposed to the gentle, drop-wise washes performed by Chang and 

Grunwald, the extraction of leaf surface components on a process scale, and the extractions 

performed in this study, would involve larger volumes of solvent and substantially more 

agitation.  Thus, the volumes of solvent used herein were probably large enough to allow the 
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solubilization of a substantial portion of even the very non-polar cuticular waxes.  The 

resulting concentrations would have been less than 1µg/mL, likely much lower than the 

equilibrium concentrations of those compounds in the solvents tested.  Some of the 

differences among solvents, particularly the difference between n-propanol and the rest, may 

be explicable by some solvents’ greater ability to dissolve or penetrate the waxy layer to 

retrieve imbedded polar compounds.  In addition, the relatively more violent washing method 

employed here could conceivably result in some abrasive action that would allow the 

exposure of imbedded polar compounds to solvent. 

 

At this stage, it is apparent that it is possible to extract the tobacco leaf surface to a degree 

comparable to that of methylene chloride with the use of solvents that are more common, 

safer, and less expensive.  Timed extractions have shown that it may be possible to achieve 

these results with relatively quick washes.  Visual observations of washed leaf disks indicate 

that the effect of the use of these solvents on the leaf would be far less than that of methylene 

chloride.  Of the solvents studied herein, n-propanol appears to provide the quickest and most 

complete extraction of the compounds studied.  Further work is needed to determine exactly 

what effects these solvent washes have on leaf protein stability, activity, and recovery.  

Future studies might also address further optimization of extraction conditions, particularly 

wash time and solvent volume to leaf ratios. 
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Table 1. Relative levels of leaf surface components extracted by selected solvents (expressed as a percentage of components extracted from reference 
samples by methylene chloride). 

Components
cis -Abienol α-CBT† β-CBT† 1-Docosanol SE V††

Wash 1 105.3 90.4 85.3 60.1 103.3 88.1 89.6
Wash 2 14.7 20.9 11.2 16.3 14.6 12.9 29.2
Wash 3 0.0 3.5 1.3 15.0 0.0 3.0 27.3
Total 120.0 114.7 97.7 91.5 117.8 104.0 146.0

Wash 1 88.7 77.0 70.8 116.3 94.1 89.4 95.8
Wash 2 23.7 17.7 13.7 18.3 15.5 15.0 30.4
Wash 3 15.8 5.9 3.8 2.4 1.8 4.6 34.3
Total 128.3 100.5 88.3 137.0 111.4 109.1 153.7

Wash 1 94.6 97.4 89.8 92.8 91.2 93.2 83.5
Wash 2 17.6 26.4 14.1 24.4 13.7 15.7 23.0
Wash 3 0.0 4.6 1.8 0.0 0.0 1.2 31.4
Total 112.3 128.4 105.7 117.2 104.9 110.1 137.9

Wash 1 77.5 94.4 80.5 99.1 88.0 87.2 82.8
Wash 2 9.5 14.7 9.8 20.6 8.8 11.2 13.8
Wash 3 10.0 12.7 6.3 22.1 5.6 9.8 34.7
Total 97.0 121.8 96.5 141.8 102.4 108.1 131.3

Wash 1 101.1 83.5 72.6 91.8 92.1 87.9 88.2
Wash 2 9.4 10.9 6.0 10.2 5.5 7.1 29.9
Wash 3 0.0 2.9 0.5 3.8 0.0 1.0 60.4
Total 110.5 97.3 79.1 105.9 97.6 96.1 178.5

†cembratrienediol †† methylvaleryl sucrose ester group

ethanol

n- propanol

isopropanol

acetone

Average 
quantified 

components
Extract 
weight

Solvent

methanol
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Table 2. Cumulative levels of leaf surface components extracted by sequential washes of selected solvents (expressed as a percentage of components 
extracted from reference samples by methylene chloride).  

Components

SE V†

Wash 1 105.3 90.4 85.3 60.1 * 103.3 88.1 89.6
Wash 2 120.0 111.3 96.5 76.4 * 117.8 101.0 118.7
Wash 3 120.0 114.7 97.7 91.5 117.8 104.0 146.0

Wash 1 88.7 77.0 * 70.8 * 116.3 94.1 89.4 95.8
Wash 2 112.5 94.7 84.5 134.6 * 109.6 104.5 126.2
Wash 3 128.3 100.5 88.3 137.0 * 111.4 109.1 160.5

Wash 1 94.6 97.4 89.8 92.8 91.2 93.2 83.5
Wash 2 112.3 123.8 * 103.9 117.2 104.9 108.9 106.5
Wash 3 112.3 128.4 * 105.7 117.2 104.9 110.1 137.9

Wash 1 77.5 * 94.4 80.5 * 99.1 88.0 87.2 82.8
Wash 2 87.1 109.2 90.2 119.7 96.8 98.3 96.6
Wash 3 97.0 121.8 96.5 141.8 * 102.4 108.1 131.3

Wash 1 101.1 83.5 72.6 * 91.8 92.1 87.9 88.2
Wash 2 110.5 94.5 78.6 * 102.1 97.6 95.0 118.1
Wash 3 110.5 97.3 79.1 * 105.9 97.6 96.1 178.5

†cembratrienediol †† methylvaleryl sucrose ester group * different from 100% (p=0.05)

ethanol

n- propanol

isopropanol

acetone

Solvent
Average 

quantified 
components

methanol

Extract 
weightα-CBT† β-CBT†cis -Abienol 1-Docosanol
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Table 3. Levels of leaf surface components extracted normalized to total 100%.   

Components
cis -Abienol α-CBT† β-CBT† 1-Docosanol SE V†

Wash 1 87.8 80.3 87.7 56.5 87.3 83.9 62.8
Wash 2 12.2 16.7 11.0 23.8 12.7 12.5 19.8
Wash 3 0.0 2.9 1.4 19.7 0.0 3.6 17.4

Wash 1 68.9 75.2 76.9 83.3 84.5 81.4 63.5
Wash 2 18.7 17.7 18.2 14.6 14.1 14.3 19.5
Wash 3 12.3 7.1 5.0 2.1 1.4 4.3 21.3

Wash 1 84.9 75.9 84.8 78.6 86.9 85.3 61.3
Wash 2 15.1 20.5 13.5 21.4 13.1 13.7 16.8
Wash 3 0.0 3.6 1.8 0.0 0.0 1.0 21.9

Wash 1 77.9 78.3 83.6 75.7 86.2 82.5 63.0
Wash 2 9.6 11.7 10.5 12.6 8.8 9.5 10.2
Wash 3 12.5 10.0 6.0 11.6 5.0 8.0 26.8

Wash 1 93.3 87.2 92.5 86.8 94.4 92.2 49.4
Wash 2 6.7 10.0 7.0 9.6 5.6 6.8 16.7
Wash 3 0.0 2.8 0.5 3.6 0.0 1.0 33.8

†cembratrienediol †† methylvaleryl sucrose ester group

Total 
quantified 

components
Extract 
weight

Solvents

methanol

ethanol

n- propanol

isopropanol

acetone
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Table 4.  Cumulative levels of leaf surface components extracted by sequential washes of methanol (expressed as a percentage of components 
extracted from reference samples by methylene chloride).   Quantities within a particular wash level (i.e., row) marked with different lowercase letters 
represent significantly different relative component amounts (p≤0.05). 

Components

cis -Abienol α-CBT† β-CBT† 1-Docosanol SE V†

Wash 1 105.3 a 90.4 a 85.3 a 60.1 b 103.3 a
Wash 2 120.0 a 111.3 a 96.5 ab 76.4 b 117.8 a
Wash 3 120.0 a 114.7 ab 97.7 ab 91.5 b 117.8 ab

†cembratrienediol †† methylvaleryl sucrose ester group

Solvent

methanol
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Figure 1. Leaf disk after three sequential washes in methanol 

 

Figure 2. Leaf disk after three sequential washes in ethanol 

 

Figure 3. Leaf disk after three sequential washes in isopropanol 
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Figure 4. Leaf disk after three sequential washes in n-propanol 
 

 

Figure 5. Leaf disk after three sequential washes in methylene chloride 
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Influence of Solvent Extraction of the Leaf Surface of Green Tobacco on Subsequent 

Recovery of Native Proteins 

 
 
 
Introduction 

The development of bioprocessing operations to extract transgenic proteins, as well as native 

proteins and natural products, from genetically modified tobacco (Nicotiana tabacum L.) 

could provide a much needed supplement to conventional tobacco production, while 

supplying the increasing demand for plant-derived biochemicals including native and 

engineered proteins and other natural products (Danehower et al., 1999).  Many potentially 

marketable natural products produced by tobacco occur on the leaf surface as part of the 

cuticular wax or are produced by trichomes and exuded onto the surface.   

 

The leaf surface of tobacco is a concentrated source of a variety of cuticular and exuded 

natural products, several of which have commercial potential, including cis-abienol, sucrose 

esters, and 1-docosanol (Wagner, 1999).  Although these compounds alone likely cannot be 

profitably extracted from tobacco, their extraction in an extant bioprocessing operation 

centered around recovery of native and/or transgenic proteins could provide additional 

revenue streams for such an operation. 

 

Therefore, the intent of this study was to determine the effects of previously developed leaf 

surface extraction methods on the extractability of native leaf proteins in general, and on 

crystallizable Rubisco (Fraction 1 protein) in particular.  The determination of these effects 
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should allow the optimization of these extraction procedures to permit maximal protein 

extraction from leaf surface extracted tissue. 

 

 
Materials and Methods 

Plant Material  

Nicotiana tabacum L. var. TI-1068 plants were grown in the Southeastern Plant Environment 

Laboratory under metal halide lights using a 12-hour photoperiod.  Because the known high 

variability in tobacco protein concentration (over time, with stalk position, and along the 

length of a single leaf) as well as the large quantities of tissue required for this study and the 

need to insure freshness of tissue at time of washing precluded the procurement of uniform 

samples, all samples were taken in duplicate, with one sample to serve as reference.  

Preliminary studies showed that, in spite of the wide systematic variations in protein levels 

over most variables, total levels varied symmetrically along the leaf midrib.  This meant that 

by taking disks in pairs from the same longitudinal points on opposite sides of the midrib, 

pairs of samples could be constructed, with each comparable in protein content.  Thus, one of 

the pair, the reference, could be subjected to a water rinse and used to normalize the protein 

quantities resulting after solvent washes of the other. 

 

Fully expanded, non-senescent leaves from the upper-third of the stalk were used for 

analyses.  For each extraction, two samples, (each composed of twenty 5.08 cm disks) were 

taken, one for extraction with the test solvent, the other to serve as reference.  The two sets of 
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disks were taken from opposing sides of the leaf midrib, such that each pair of samples were 

mirror images of one another. 

 

Leaf Surface Extraction 

The effects of five solvent treatments were analyzed in this study:  methanol, ethanol, 

isopropanol, n-propanol, and methylene chloride.  For each treatment, one leaf disk sample 

was placed in a 5.72” diameter teflon-capped glass jar (250 mL) and the leaf surface 

compounds were removed with 75 mL of test solvent by inverting the jar once per second for 

thirty seconds.  After the solvent was drained from the tissue, the tissue was washed for thirty 

seconds in water.  The opposing sample was rinsed once with water for thirty seconds to 

serve as a reference. 

 

Protein Extraction 

After leaf surface extraction, each leaf disk sample was immediately frozen in liquid nitrogen 

and stored until ground to a fine powder with a mortar and pestle.  Each ground tissue sample 

was extracted with extraction buffer (100 mM PIPES, 1% sodium meta-bisulfite, pH 6.9) in a 

2:1 ratio (w/v) of tissue to buffer.  After agitating for fifteen minutes on a Nutator mixer at 

4ºC, each extract was centrifuged for thirty minutes at 10,000 x g and 4°C.  The pellets were 

discarded, and the supernatants, containing the soluble native proteins, were retained for 

further analysis. 
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Rubisco Crystallization and Analysis 

Each sample was divided into five aliquots which were subjected to Rubisco crystallization 

according to the method of Wildman and Kwanyuen (1981).  Briefly, at least 50 mL of the 

supernatant derived from each sample was adjusted to a pH of 5.6 with 5 M aq. HCl.  Five 

10-mL aliquots from each sample were placed in 15 mL Falcon tubes and held at 4°C 

overnight to allow Rubico crystallization to take place.  After crystallization, the samples 

were centrifuged for thirty minutes at 4,000 x g and 4°C to pellet the Rubisco crystals. 

 

The supernatant (containing the Fraction 2 proteins) was decanted from each sample, and 

total Fraction 2 protein concentration measured using the Bradford (1976) colorimetric 

procedure (Bio-Rad Laboratories; Hercules, CA).  The pelletized Rubisco from each sample 

was resolubilized in 10 mL of 100 mM Bicine, pH 8, and protein concentration measured 

using the Bradford method. 

 

Determination of Solvent Retention by Leaf Tissue 

Leaf disk samples, taken as above, were weighed and then washed in solvent and drained 

according to the above protocol.  The tissue sample was then reweighed and the solvent 

retention determined on the basis of leaf weight. 

 

Effect of Solvent Addition on Protein Recovery 

Deribbed leaves were ground, as above, in liquid nitrogen, extracted with protein extraction 

buffer, and the extract centrifuged for thirty minutes at 10,000 x g and 4°C.  The resulting 

supernatant was then divided into 900 µL aliquots.  Each aliquot was spiked with 100 µL of a 
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particular test solvent, to generally approximate solvent incorporation in total soluble protein 

extracts.  After vortexing and centrifugation at 14,000 x g and 4°C for 15 minutes, the total 

protein concentration of the supernatant was measured. 

 

Results 

Rubisco crystallization effects 

Protein concentrations of Fraction 2 proteins and resolubilized Fraction 1 proteins for solvent 

washed and reference samples are given in Table 1.  Changes in Rubisco crystallization were 

significant (p=0.05) for all solvent treatments.  In the case of methanol and ethanol, treatment 

resulted in an increase in extracted Rubisco.  For the other solvents, Rubisco crystallization 

was reduced; isopropanol resulted in a small decrease, while methylene chloride, the most 

invasive and least water soluble of the solvents used, resulted in the largest, but by no means 

total, decrease. 

 

All solvent treatments resulted in significant reductions in Fraction 2, except ethanol (Table 

1).  The reduction in amounts of Fraction 2 proteins varied by solvent; methylene chloride 

resulted in the largest reduction (87%), followed by n-propanol (60%), isopropanol (24%), 

and methanol (17%). 

 

In all cases, the effects of solvent wash on protein recovery resulted in an increase in Rubisco 

relative to other soluble proteins (as evidenced by the change in the ratio of Fraction 1 to 

Fraction 2).  In the cases of methanol and ethanol, this resulted from an increase in recovered 

Rubisco, accompanied by a slight decrease (methanol) or no change (ethanol) in Fraction 2 
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protein concentrations.  For the other three solvent treatments, the purification resulted from 

considerably larger observed reductions in Fraction 2 than Rubisco. 

 

Solvent retention by leaf 

To provide an estimate of how much solvent is retained by leaf tissue subjected to the leaf 

surface extraction procedures used in this study, standard leaf disks were weighed, washed 

according to the standard protocol, and reweighed immediately.  Immediate re-weighing was 

critical to this study, because of both the water loss by the cut leaves and because of the 

volatility of the solvents used, especially for methylene chloride. 

 

The difference between tissue masses before and after washing was presumed to represent 

the mass of solvent retained in and on the leaf, illustrated in Table 2.  Solvent retention 

tended to generally increase with decreasing solvent polarity; in particular, retentions were 

higher for the propanol isomers than for methanol and ethanol.  This could, in part, be a 

result of greater solvent adherence to the leaf surface.  On a volumetric basis, methylene 

chloride was retained by the leaves to a far greater extent than the other solvents, confirming 

visual observations of infiltration of the leaf (Chapter 2).  It should be observed that any 

systematic error resulting from solvent evaporation during weighing would result in 

depressed retention values for highly volatile solvents, and vice versa.  Thus, retention 

estimates for n-propanol, in particular, may be more accurate, but may be somewhat inflated 

when compared to other solvents.  Likewise, true retention of methylene chloride is likely 

higher than that reported here. 

 



 79

Direct study of solvent incorporation effect on soluble proteins 

Solvent was added directly to aliquots of total soluble protein to gain further insight into the 

protein effects observed in washed tissue.  These samples were mixed thoroughly, 

centrifuged, and protein concentrations measured (Table 3).  In all cases, solvent addition 

resulted in a decrease in total soluble protein concentration, as well as a visible pellet after 

centrifugation, indicating that the total protein reductions were the result of protein 

precipitation, and not solvent interference with the assay.   

 

It should be noted that the protein concentration decreases observed after solvent spiking 

were somewhat different than the changes observed from washing.  In the case of methanol 

and ethanol, it appears that the effects of tissue washes with those solvents occurred during 

protein extraction, and resulted in an increase in Rubisco extractability or solubility, instead 

of any direct effect on protein in the resulting extract.  The small total protein reduction 

resulting from methylene chloride spiking (relative to the reduction resulting from methylene 

chloride washes) may indicate that its effects occurred during protein extraction as well, 

however, it is also likely that the spiked amount of solvent was considerably less than the 

amount actually incorporated into the tissue following washing. 

 

Discussion 

All solvents tested in this study had significant effects on the recovery of crystallized 

Rubisco.  Surface washing with isopropanol, n-propanol, and methylene chloride all resulted 

in reductions in both crystallized Rubisco and Fraction 2 proteins.  These reductions were 

similar to the effect on total protein concentration resulting from spiking total soluble protein 
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extracts from untreated tissue with these solvents.  This indicates that at least part of the 

effects of these solvents resulting from surface washes stem from a reduction in solubility or 

a precipitation of proteins in solution during the initial tissue grind, thereby causing an 

increase in proteins remaining in the fibrous residue.  It also appears that the reductions in 

total protein may be correlated with the increased retention of less polar solvents during 

washing. 

 

Both methanol and ethanol surface washes resulted in an increase in crystallized Rubisco, 

accompanied by a slight reduction in Fraction 2 proteins with methanol, and an insignificant 

Fraction 2 reduction with ethanol.  Although the other solvents caused reductions in both 

Rubisco and Fraction 2 proteins, the reduction in Rubisco was smaller than the reduction in 

Fraction 2, as evidenced by the significant increase in the ratio of Rubisco to Fraction 2 for 

all solvents.  Such an increase could be the result of a relative increase in Rubisco 

extractability from the tissue or a change in the ability of Rubisco present in solution to 

crystallize.  In the case of the n-propanol, isopropanol, and methylene chloride, it is possible 

that part of the decrease in Fraction 2 resulted from an increase in the completeness of 

Rubisco crystallization, causing a decrease in uncrystallized Rubisco in solution.  This 

possibility seems unlikely for ethanol, however, given the lack of an attendant decrease in 

Fraction 2 concentration.  In the case of methanol, a reduction in uncrystallized Rubisco 

could account for the entire Fraction 2 decrease and as much as one third of the Rubisco 

increase.  These inferences are supported by the fact that methanol and ethanol spiking of 

unwashed tissue soluble protein extracts resulted in, if anything, a slight reduction of protein 

concentration, as compared to the increase in total protein in methanol and ethanol surface 
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washed tissue, which further indicates that the effect of these solvents occurred during 

surface washing per se and not simply as a result of the presence of these solvents in protein 

extracts of surface washed tissue. 

 

These effects, resulting in a near doubling and a near tripling of crystallized Rubisco in 

methanol and ethanol treatments, respectively, are remarkable.  However, the actual amounts 

of Rubisco recovered are well within the 10 mg of Rubisco per gram of tissue estimated by 

Wildman and Kwanyuen (1978).  There are a range of sources of additional Rubisco 

extraction that might result from solvent washing.  The most immediately apparent 

possibility is that of a Rubisco-specific protection effect of the solvents in question.  The 

particular solvents could prevent or reduce Rubisco adsorption onto the fibrous material of 

leaf, decrease the activity of proteases to which Rubisco is exposed during the protein 

extraction process, or simply improve the solubility of Rubisco.  The data suggest that a 

hypothesized solubility improvement be specific to Rubisco and not affect the Fraction 2 

proteins in the same manner. 

 

Solvent washing may also affect the amount of Rubisco available to the protein extraction 

buffer during tissue grinding.  In particular, because Rubisco is localized in the chloroplast, 

solvent washing may result in increased or improved chloroplastic disintegration.  Studies of 

the effect of organic solvents on plant tissue have shown that many solvents have the ability 

to disrupt cellular membranes thereby increasing permeability (Chibnall, 1923; Eglinton et 

al., 1962; Kuiper, 1964).  In addition, studies of chloroplast envelope membranes and their 

constituents often involve their solubilization in organic solvents (Seigneurin-Berny et al., 
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1999; Ferro et al., 2000; Rolland et al., 2003; Ferro et al., 2003).  It is conceivable, then, that 

the addition of organic solvents during protein extraction might assist in the disruption of 

chloroplasts, allow fewer intact chloroplasts to remain in the tissue residue, and hence 

increase the amount of Rubisco available to the extraction buffer.  However, Rubisco has 

been estimated to account for approximately 60% of soluble chloroplastic protein (Harris and 

Königer, 1997).  Thus, it would seem that an increase in Rubisco attributable to an increase 

in the number of disrupted chloroplasts would be accompanied by an increase in Fraction 2 

protein.  Although the Fraction 2 increase in that case would likely be smaller than the 

Rubisco increase because of the high proportion of chloroplastic protein that is Rubisco, it 

should still be detectable with an increase in Rubisco as large as those found in this study, 

unless it were masked by a simultaneous decrease in the solubility of cytosolic or 

chloroplastic Fraction 2 proteins.  It seems unlikely, then, that the entire Rubisco increase 

was the result of increased chloroplast disintegration, unless the solvent used coincidentally 

resulted in a decrease in Fraction 2. 

 

Some increase in recovered Rubisco may also be explicable as a result of more complete 

chloroplastic disintegration.  Studies of pea, spinach, and potato chloroplasts using detergent 

extraction and immunogold labeling have shown that between 20 and 48% of total 

chloroplast Rubisco is bound to the thylakoid membrane (Aliev et al., 1982; Adler et al., 

1993; Anderson et al., 1996; Aliev et al., 2001) and likely would not be soluble in an 

aqueous protein extraction buffer.  The wide variation between studies may, in part, be a 

result of differences in the illumination of plant samples used.  It has been theorized that 

higher light levels cause an increase in the ratio of membrane bound to stromal Rubisco, 
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which increases Rubisco carboxylase activity relative to oxygenase activity (Aliev et al., 

2001).  This theory is in agreement with studies that have shown that the major Calvin cycle 

enzymes, including Rubisco in its carboxylase capacity, form complexes which are bound to 

the thylakoid membrane (Süss et al., 1993).  In that case, the plants grown for use in this 

study would likely have a higher than average amount of Rubisco bound to the thylakoid 

membranes because of the high light level under which they were grown.  The use of 

methanol and ethanol for surface washing, and their presence in protein extracts of the 

resulting washed tissue, may have contributed to the disruption of thylakoid membranes 

during grinding and/or the release of Rubisco from them.  However, the total release of all 

membrane bound Rubisco in the plant does not seem to be able to account for as much as a 

tripling (as with ethanol washes) of recovered crystalline Rubisco. 

 

Because the additional sources of physiologically active Rubisco described above do not 

appear to fully explain the increases observed in the data, it may also be useful to consider 

other sources of increased amounts of crystallizable Rubisco.  To fully consider those 

sources, it is necessary to know what constitutes crystallizable Rubisco.  The above 

discussion of Rubisco protected from adsorption or proteolysis and being made available by 

improved chloroplastic disruption assumes that the Rubisco resulting from those effects 

would possess no differences from Rubisco that would be otherwise solubilized.  However, 

there is doubtless Rubisco present in tissue, at least during protein extraction, which is 

different from enzymatically active Rubisco, including subunit precursors, partially 

assembled enzyme, and protein degraded during the grinding process.  Unfortunately, no 

studies have shown definitively what properties of Nicotiana Rubisco, or the milieu in which 
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it exists, allow its crystallization by the procedures of Wildman and Kwanyuen (1981).  

Presumably the requirements are properties of the protein itself, since it can be redissolved 

and recrystallized (Wildman and Kwanyuen, 1978).  It is possible, then, to formulate a series 

of requirement levels at which Rubisco might be able to crystallize. 

 

The most stringent requirement is that Rubisco be in its active, physiological state.  Wildman 

and Kwanyuen (1978) showed that crystallized Rubisco did retain enzymatic activity; 

however, no studies have been performed to indicate whether activity is actually necessary 

for crystallization.  Lu et al. (2002) showed that with progressive denaturation of rice 

Rubisco by the addition of sodium dodecyl sulfate (SDS), loss of carboxylase activity 

occurred prior to any detectable dissociation of the holoenzyme.  The same study showed 

that Rubisco dissociation was a gradual process, in which small subunits were removed with 

increasing SDS levels, beginning after loss of activity, until the core large subunit octamer 

was left.  Thus, if the primary requirement for crystallization is simply the protein’s 

quaternary structure, then the crystallization of inactivated Rubisco may be possible; also, 

because Rubisco dissociation occurs gradually, it could be that partially formed proteins are 

also crystallizable. 

 

In this vein, studies have shown that in vivo and in planta ability of the Rubisco holoenzyme 

to assemble is somewhat resistant to subunit modifications.  For instance, Escherichia coli 

cells have been modified to produce large subunits from Synechococcus and small subunits 

from wheat, tobacco, and rice (Wang et al., 2001).  The resulting hybrid enzymes appeared to 

assemble as hexadecamers and displayed carboxylase activity.  Kanevski et al. (1999) 
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modified tobacco to produce sunflower (Helianthus annuus) large subunits which were able 

to assemble with native tobacco small subunits to form active holoenzyme.  Studies of point 

mutations (Flachmann et al., 1997) and amino-terminal truncations (Paul et al., 1993) of the 

Rubisco small subunit, though causing changes in enzymatic activity, also showed the ability 

of these modified proteins to assemble. 

 

Precursor Rubisco large subunits are known to exist embedded in insoluble chloroplastic 

lipid-protein particles (Smith et al., 1997).  The physiological pathway by which these 

subunits are released and formed into active Rubisco is not fully understood.  However, 

studies have shown that under certain conditions spontaneous formation of dimeric (Schmidt 

et al., 1994) and hexadecameric (Hubbs and Roy, 1993) Rubisco can occur.  If the presence 

of alcohols caused the release of lipid encapsulated Rubisco large subunits, it is possible that 

those subunits subsequently form soluble complexes among themselves, with chloroplastic 

small subunits, or with cytosolic precursor small subunits, to which they would be exposed 

upon chloroplast disruption.  These spontaneous assemblies quite possibly would not yield 

correctly formed or active enzyme; however, depending upon the conformational 

requirements for tobacco Rubisco crystallization, they may be sufficient to contribute to 

increased crystallized Rubisco yield.  Indeed, tobacco modified to express Rubisco small 

subunit in the chloroplast produces functional holoenzyme and yields a photosynthetic rate 

similar to that of wild-type plants, indicating that if posttranslational processing and cleavage 

of the transit peptide are necessary for formation of the Rubisco holoenzyme, that those 

functions can be performed without conventional transport of the small subunit into the 

chloroplast (Dhingra et al., 2004). 
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The least stringent requirement of Rubisco crystallization, following the crystallization of 

partially or mis-formed enzyme, is the crystallization of subunits alone.  If such is possible, 

then the solvent encouraged freeing of lipid encapsulated large subunit would make a much 

more direct contribution to recovered Rubisco.  Kwanyuen et al. (2002) developed a 

modification of the Rubisco crystallization procedure by which the resulting Fraction 2 does 

not contain any Rubisco subunits detectable by SDS-PAGE.  If this procedure does result in a 

decrease in physiological subunits, particularly cytosolic precursor small subunit, then that 

would imply that the requirements for crystallization are less than active, physiological 

holoenzyme. 

 

The occurrence of precipitated protein associated with the protein reduction found in solvent 

spiked samples suggests that in solvent washed tissue, the presence of solvent either on the 

surface of, or infiltrated into, the tissue caused either a reduction in the amount of protein in 

the leaf that is soluble, or an immediate precipitation of proteins from the solution.  The 

result is that protein that would otherwise be extracted from the ground leaf tissue remains 

with the green fibrous residue after aqueous protein extraction. 

 

The possible Rubisco specific effects discussed above apply most readily to methanol and 

ethanol, which resulted in an actual increase in recovered Rubisco.  However, they may also 

serve to explain the increase in Rubisco relative to Fraction 2 proteins observed in tissue 

treated by the other three solvents used.  Although those solvents appear to generally cause 

denaturation or aggregation of proteins, as demonstrated by the spiking experiments, they 
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may also cause increased or improved chloroplast disintegration.  If that is the case, the 

precipitation of Rubisco that they cause would be partially offset by the relative enrichment 

of Rubisco by increased disintegration of chloroplasts or disruption of thylakoid membranes. 

 

Conclusions 

The incorporation of leaf surface extraction into an overall tobacco bioprocessing operation 

must be carried out with regard to the condition of the leaf tissue after the extraction.  It 

appears from this study that solvent selection can have a substantial effect on subsequent 

native protein extraction, and, by implication, with foreign protein recovery as well.  As 

expected, methylene chloride, the solvent of choice for leaf surface analysis where the best 

possible extraction of leaf surface components is desired, resulted in a substantial reduction 

in both recovered Rubisco and total soluble protein in washed tissue, and is likely unsuitable 

for an integrated process.  Both propanol isomers tested resulted in some reduction in protein 

recovery.  Somewhat surprising was the substantial increase in Rubisco recovered from 

tissue treated with either methanol or ethanol.  Also intriguing is the fact that, for all solvents, 

even when overall protein was reduced by solvent treatment, Fraction 2 proteins were 

reduced more than crystallizable Rubisco.  This effect is probably greater than indicated by 

the data because any uncrystallized Rubisco, particularly in treatments resulting in a decrease 

in crystallized Rubisco, would serve to increase the measurement of Fraction 2 proteins.  

This suggests that a bioprocess in which recovery of leaf surface products and Rubisco were 

the goals might actually result in improved protein recovery. 
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The difference in solvent effects on Rubisco and Fraction 2 proteins indicates the need for 

further study of the mechanism of solvent interaction with both native and engineered plant 

proteins.  Particularly, studies are needed to determine precisely what physical effect the 

addition of solvents has during protein extraction, and to determine the conditions required 

for crystallization of Rubisco from tobacco.  The possible explanations for the effects 

observed here can all be readily tested.  Microscopic studies of extracted tissue can be used 

to determine whether solvent addition affects chloroplast disruption.  Solvent additions to 

protein extraction buffer would indicate whether protein effects of leaf surface washing are a 

simple result of incorporation of solvent into tissue during grinding, or if the effects occur as 

a result of tissue contact with solvent during washing.  Determinations of the requisite 

conditions for Rubisco crystallization are much needed.  Crystallization studies of 

progressively deactivated and dissociated tobacco Rubisco would help determine the 

conformational requirements of crystallization.  Further, attempts to crystallize hybrid or 

mutant Rubisco from transgenic tobacco would illuminate the structural requirements of 

crystallization.  In all cases, the results produced here require repetition under fresh 

extraction conditions and on larger scales to determine if the effects occur under process 

conditions. 

 

At this point it is apparent, with regard to bioprocessing, that different proteins are differently 

affected by interaction with solvents, and as such, integration of a leaf surface extraction 

procedure into an operation primarily intending the isolation of a particular native or 

recombinant protein from tobacco must proceed on a case by case basis.  Once a particular 

recombinant protein is identified for extraction from tobacco, it will be vital to determine 
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how it is affected by any materials used in tobacco bioprocessing, including leaf surface 

extraction solvents. 

Table 1. Mean protein recoveries from solvent treated tissue.  Fraction 1 represents mg crystalline 
Rubisco recovered from 1 g of tissue.  Fraction 2 represents mg total protein (per gram of tissue) 
remaining in solution after crystallization of Rubisco. Relative amounts of crystallized Rubisco are 
represented by the ratio of the two fractions (Fr1/Fr2).  Significant (p=0.05) increases in Fraction 1, 
Fraction 2, their ratio, and total protein are marked with a plus (+), significant decreases are marked 
with a minus (–), and nonsignificant comparisons are marked (NS). 

 

  Solvent Washed Reference  
Fraction 1 1.064 0.536 + 
Fraction 2 0.846 1.014 – 
Total 1.910 1.550 + 

Methanol 

Fr 1/Fr2 2.520 1.054 + 
     

Fraction 1 1.880 0.664 + 
Fraction 2 1.084 1.088 NS 

Total 2.964 1.752 + 
Ethanol 

Fr 1/Fr2 3.520 1.222 + 
     

Fraction 1 0.608 0.674 – 
Fraction 2 0.992 1.298 – 
Total 1.600 1.972 – 

Isopropanol 

Fr 1/Fr2 1.228 1.042 + 
     

Fraction 1 0.850 1.106 – 
Fraction 2 0.976 2.486 – 
Total 1.826 3.592 – 

n-Propanol 

Fr 1/Fr2 1.746 0.914 + 
     

Fraction 1 0.600 1.012 – 
Fraction 2 0.272 2.038 – 
Total 0.872 3.05 – 

Methylene 
Chloride 

Fr 1/Fr2 4.416 0.994 + 
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Table 2. Solvent retention during tissue washing.  The first column contains tissue weight.  The next two 
represent the amount of solvent, by weight and by (calculated) volume, retained by the particular tissue 
sample, of given weight, used for each solvent.  The fourth column is the calculated volume of solvent 
(mL) that would be retained by 100 g of fresh tissue.  The fifth column is the amount of solvent retained 
by the tissue as a volume percentage of the volume of protein extraction buffer used to extract the tissue 
after grinding.  

 

Tissue weight (g) Solvent weight 
(g) 

Solvent 
vol (mL) 

% v/w 
(mL/100g) 

% v/v 
(2:1 extract)  

mean st. dev. mean st. dev.   

Methanol 3.13 0.15 0.66 0.03 0.52 16.53   8.27 

Ethanol 3.27 0.21 0.70 0.04 0.56 17.16   8.58 

Isopropanol 3.26 0.10 1.02 0.31 0.80 24.60 12.30 

n-Propanol 3.13 0.11 1.11 0.25 0.89 28.39 14.20 

Methylene 
Chloride 2.95 0.01 1.05 0.14 1.37 46.56 23.28 

 
 
 
 
 
 
 
Table 3. Percentage of protein remaining in solution after solvent spiking.  Concentration values are 
given in mg total protein (per gram tissue). 

Initial total protein Total protein after spiking % Remaining 
 

 Mean st. dev.  
Methanol 4.90 4.83 0.25 98.6 
Ethanol 4.90 4.31 0.21 88.1 
Isopropanol 4.90 4.43 0.04 90.4 
n-Propanol 4.90 3.70 0.42 75.5 

Methylene 
Chloride 4.90 2.58 0.16 52.7 
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Abstract 

Bovine stomach lysozyme (BSL) has been expressed in transgenic Nicotiana tabacum L. 

plants.  This enzyme has important commercial applications and could represent a product to 

be derived from a tobacco bioprocessing operation.  Native tobacco leaf surface chemistry 

natural products, primarily trichome exudate products including cembranoids, labdanoids, 

and sucrose esters, are also of commercial interest as products of tobacco bioprocessing.  

Previously established methods for the solvent washing and extraction of these secondary 

metabolites were applied to tobacco plants genetically modified to produce recombinant 

BSL.  The effects of these methods on the subsequent recoverability and activity of BSL 

were studied to determine the feasibility of the extraction of both products in a single 

operation.  Immunoblotting of aqueous soluble protein extracts of treated tissue was used to 

gauge extractability of lysozyme following surface washing with organic solvents, and direct 
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enzymatic assays were used to estimate solvent effects on lysozyme activity.  The solvents 

tested (methanol, ethanol, isopropanol, n-propanol, and methylene chloride) were found to 

have minor effects on immunodetection of extracted lysozyme; however, methanol, 

isopropanol, and methylene chloride caused significant reduction in extracted lysozyme 

activity.  The results have implications for the suitability of the incorporation of a tobacco 

leaf surface extraction process into the extraction of this and other native and genetically 

engineered tobacco proteins. 

 

Introduction 

Lysozymes are a class of antimicrobial enzymes found in a wide variety of plants, animals, 

and microorganisms.  Specifically, lysozymes are 1,7-β-N-acetylmuramidases that act on 

bacteria by cleaving the β (1-4) linkages between N-acetylmuramic acid and N-

acetylglucosamine in the peptidoglycan layer of the bacterial cell wall, resulting in lysis of 

the bacterial cell wall (Conner, 1993). 

 

Commercially, lysozymes have potential applications as preservatives in foods (Holzapfel et 

al., 1995) and cosmetics (Valenta et al., 1997), as sterilization agents, as greenhouse 

fungicides (Utkhede and Bogdanoff, 2003), as infant formula supplements (Huang et al., 

2002) and as additives to increase ruminant feed efficiency, because of their antibacterial 

activity and nontoxicity to mammals.  They present an alternative to some chemical food 

preservatives, since they are both naturally occurring and nontoxic to humans (Tranter, 

1994).  Because of their mode of action, lysozymes are generally more effective against 

Gram-positive than Gram-negative bacteria, and so cannot be used universally; however, 
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they are very effective against many food spoilage bacteria, such as Listeria monocytogenes 

and Clostridium botulinum (Hughey and Johnson, 1987). 

 

Some of the more prevalent sources of lysozyme are mammalian milk, avian eggs, and tears 

(Tranter, 1994).  Most commonly, lysozymes for commercial use are derived from chicken 

egg whites (CEL).  However, some other varieties of lysozyme, particularly bovine stomach 

lysozyme (BSL), are more effective against bacteria of interest in the prevention of food 

spoilage.  BSL, although similar in mode of action to CEL, has a slightly higher molecular 

weight (15 kDa as opposed to 14 kDa), with a more acidic optimum pH, and possesses 

several functional advantages with respect to preservative applications (Dobson et. al., 1984).  

BSL is generally more stable than CEL, exhibiting a higher resistance level to protease action 

and heat.  It is also significantly more active against Gram-negative bacteria and fungi than 

CEL, increasing its range of applicable uses (Digan et. al., 1989). 

 

Because of the considerable potential commercial applications available, attention has been 

given to the development of recombinant lysozyme production systems; in particular, 

systems have been developed for the production of transgenic BSL in Pichia pastoris and 

Nicotiana tabacum L.  (Digan et. al., 1989; Wilcox et. al., 1997). Wilcox et al. (1997) 

transformed KY14 plants with the gene for BSL via Agrobacterium.  The soluble proteins in 

the resulting positive plants were extracted in a fashion similar to the standard extraction 

method for tobacco Rubisco (Fraction 1 protein; ribulose-1,5-bisphosphate 

carboxylase/oxygenase) (Wildman and Kwanyuen, 1981).  After crystallization of Rubisco, 

the resulting solution (containing Fraction 2 proteins) was ultrafiltered through a 30 kDa 
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membrane to remove larger native proteins, followed by a 1 kDa membrane to concentrate 

and dialyze the sample.  This fraction was then purified by ion-exchange chromatography on 

a Hyper D-S column.  The result was a purified solution of BSL derived from the Fraction 2 

mixture via a series of scaleable steps that could result in a working process. 

 

Tobacco has great potential as a vehicle for the production of lysozyme and other 

recombinant proteins (Danehower et al., 1999).  The plant itself is easily transformed, its 

biochemistry is well studied, systems for its cultivation are well defined, and it produces 

large amounts of biomass (Daniell et al., 2001).  In developing a tobacco bioprocessing 

operation for the extraction of engineered proteins, such as lysozyme, the profitability of 

such an enterprise could be greatly enhanced by the extraction of marketable native proteins 

and natural products occurring in tobacco.   

 

The leaf surface of tobacco is a concentrated source of a variety of exuded natural products, 

several of which have commercial potential, including cis-abienol, sucrose esters, and 1-

docosanol (Wagner, 1999).  Although these compounds alone likely cannot be profitably 

extracted from tobacco, their extraction in an extant bioprocessing operation centered around 

recovery of native and/or transgenic proteins could provide additional revenue streams for 

such an operation. 

 

The objective of this study was to apply previously developed leaf surface extraction 

methods to lysozyme-producing tobacco, and to demonstrate the ability to subsequently 

recover enzymatically active lysozyme from the leaf. With future study, these same 
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techniques could be applied to tobacco used to produce other proteins, thereby increasing the 

overall potential for the successful development of tobacco as a vehicle for transgenic protein 

production. 

 

Materials and Methods 

Plant Material  

Nicotiana tabacum L., var. KY14, plants modified to produce bovine stomach lysozyme 

(seeds obtained from plants modified in A. Weissinger’s lab using a BSL gene provided by 

Erik Mirkov) were grown under greenhouse conditions.  Briefly, plants were grown in a 

ground bed 16” apart, with a twelve-hour photoperiod.  Temperatures were maintained at 

28°C during day and 22°C at night.  Because the known high variability in tobacco proteins 

(over time, with stalk position, and along the length of a single leaf) and the variability in 

BSL expression levels, as well as the large quantities of tissue required for this study and the 

need to insure freshness of tissue at time of washing precluded the procurement of uniform 

samples, all samples were taken in duplicate, with one sample to serve as reference.  

Preliminary studies showed that, in spite of the wide systematic variations in protein levels 

over most variables, total protein levels varied symmetrically along the leaf midrib.  This 

meant that by taking disks in pairs from the same longitudinal points on opposite sides of the 

midrib, pairs of samples could be constructed, with each identical in protein content.  Thus, 

one of the pair, the reference, could be subjected to a water rinse and used to normalize the 

protein quantities resulting after solvent washes of the other. 
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Fully expanded, non-senescent leaves from the upper-third of the stalk were used for 

analyses.  For each extraction, two samples (each composed of twenty 5.08 cm disks) were 

taken, one for extraction with the test solvent and the other to serve as reference.  The two 

sets of disks were taken from opposing sides of the leaf midrib such that each pair of samples 

were mirror images of one another. 

 

Leaf Surface Extraction 

Five solvent treatments were used in this study:  methanol, ethanol, isopropanol, n-propanol, 

and methylene chloride.  For each treatment, one duplicate sample was placed in a 5.72 cm 

diameter Teflon-capped glass jar (250 mL) and washed with 75 mL of the test solvent by 

inverting the jar once per second for thirty seconds. After the solvent was thoroughly drained 

from the tissue, the tissue was rinsed for thirty seconds with 75 mL of distilled water.  The 

second duplicate sample was rinsed once with 75 mL of distilled water for thirty seconds to 

serve as a control. 

 

Protein Extraction and Concentration 

After washing, each leaf tissue sample was immediately frozen in liquid nitrogen and stored 

until ground to a fine powder with a mortar and pestle.  At least six grams of each ground 

tissue sample were extracted in a 2:1 v/w ratio with extraction buffer (100 mM PIPES, 1% 

sodium meta-bisulfite (w/v), pH 6.9). After agitating for fifteen minutes on a Nutator mixer 

at 4°C, each extract was centrifuged for thirty minutes at 10,000 x g and 4°C.  The resulting 

supernatant was divided among six YM-3 Centricon ultrafiltration units (3 kDa cutoff) 
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(Millipore) in 2 mL aliquots and concentrated to 50 µL by centrifugation for 8-10 hours at 

6500 x g.  

 

The resulting concentrated aliquots were pooled into a single volume of 300 µL for each 

solvent treatment.  A 4 µL aliquot was removed from each sample and diluted 1:50 in 

extraction buffer for total protein assay and immunoblotting. 

 

Lysozyme Assay 

Each concentrated (pooled) extract was assayed five times using the standard Sigma 

lysozyme assay protocol (1994). In short, 100 µL of concentrated extract was added to 2.5 

mL of a .015% (w/v) suspension of lyophilized Micrococcus lysodeikticus cells (Sigma).  

The resulting decrease in the turbidity of the suspension at 450 nm was measured.  The 

activity of lysozyme present in the assayed solution was proportional to the largest rate of 

decrease observed over the course of five minutes. 

 

Total Protein Assay 

Soluble protein concentrations in the initial and concentrated extracts were assayed by the 

method of Bradford (1976). 

 

Electrophoresis & Immunoblotting 

The diluted aliquots retained from the pooled, concentrated extracts were analyzed for the 

presence of lysozyme by Western blotting.  Two blots were constructed, one by loading a 

constant volume (10 µL) of each extract, the other by loading a constant total protein 
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concentration (10 µg).  The extracts were run in parallel with protein ladder (MagicMark, 

Invitrogen) and purified bovine lysozyme produced in tobacco on 4-20% SDS-PAGE gels 

(Bio-Rad), then transferred onto nitrocellulose membranes for one hour at 100 V.   

 

Immunodetection was performed using the WesternBreeze Chemiluminescent Kit 

(Invitrogen) according to the manufacturer’s instructions, with some modifications.  Briefly, 

after blocking for thirty minutes, the membranes were incubated overnight in a 1:500 dilution 

of rabbit-derived primary.  Following a thirty-minute incubation in secondary antibody, the 

blots were reacted with the supplied chemiluminescent substrate and subjected to a six-

minute exposure.  Visualized lysozyme bands were quantified using Labworks software 

(UVP, Inc.). 

 

Statistics 

Lysozyme activity variation significances were determined using the SAS statistical analysis 

package Version 6.2 (SAS, Inc.). 

 

Results and Discussion 

Soluble protein from each of the solvent washed samples and individual control samples was 

extracted and analyzed for lysozyme activity.  Because the lysozyme concentrations present 

in raw extracts of tissue were too low to be detected by this assay, all samples were 

concentrated using 3 kDa Centricon ultrafiltration tubes.  The centrifugation time used was in 

excess of that recommended by the manufacturer, but necessary to achieve sufficient volume 

reduction in these samples.  It was found that volume reduction in the Centricons introduced 
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variation in total protein concentration as well as in lysozyme activity.  For this reason, the 

filtrants were pooled before assay, and normalization of raw lysozyme activity to that of the 

unconcentrated sample was based on increase in total protein concentration, in order to 

mitigate the effect of Centricon variability resulting from tissue variation and the introduction 

of residual solvent into protein extracts. 

 

Table 1 shows the mean lysozyme activity for each of the ten treatments and controls 

normalized to activity units per gram of fresh tissue, obtained by dividing the assayed 

activity by the ratio of final to initial total protein concentration after volume reduction, 

which were then multiplied by the ratio of tissue mass to extract volume.  This allowed a 

direct comparison of treated and control tissues, because the means were based on 

statistically identical initial tissue samples, viz., the measured quantities of opposing sides of 

the leaf midrib were assumed to vary only randomly.  The mean lysozyme activity in solvent 

washed tissue samples was significantly lower (p=0.05) than in untreated tissue for two 

treatments:  methanol and isopropanol.  The activity means derived from ethanol, n-propanol, 

and methylene chloride washed tissue were lower than, but not significantly different from 

the reference means. 
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Table 1. Units of lysozyme activity per gram fresh weight tissue.  Treated samples were washed with the 
solvent listed, while control samples were rinsed in water.  The p-value indicates the significance with 
which the solvent washed tissue activities differed from their respective control tissue activities. 

Solvent Solvent Washed Control p value 

Methanol 1.08 1.96 .0136 

Ethanol 1.37 1.51 .6296 

Isopropanol 0.96 3.68 <.0001 

n-Propanol 1.18 1.25 .7370 

Methylene Chloride 0.76 1.12 .1247 
 

 

 

Figure 1. Western blot of treated and control tissue extracts.  Each lane was loaded with 10 µL; lanes 
marked with T were surface washed with the indicated solvent, and lanes marked with C are 
corresponding untreated controls. 

 

Figure 1 is a Western blot image in which 10 µL of each of the ten samples were loaded, so 

that each lane represents an equal mass of tissue; densitometry data for the lysozyme bands 
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are summarized in Table 2.  The bovine lysozyme positive control was loaded at 0.5 µg and 

used as a single level calibration standard to calculate the amount of lysozyme in solvent-

washed and water-washed control tissues.  Regardless of treatment, all solvent-washed 

tobacco tissues resulted in little, if any, immunodetected lysozyme reduction (Table 2).  Most 

notable are the lysozyme levels observed in the isopropanol treatment and control.  In that 

case the level of lysozyme in the control tissue sample appears to be much greater than in 

other control samples, in agreement with the activity assay data of the controls (Table 1), 

indicating that the tissue sampled from isopropanol washed treatments had produced higher 

levels of lysozyme than the other tissue treatment samples.  However, the isopropanol-treated 

sample appears to have an immunodetected lysozyme level similar to that of its control 

(Table 2), in contrast to the dramatic reduction found in activity.  This could indicate that the 

effect of isopropanol on lysozyme operates in such a manner that although the protein is 

affected in a way that reduces its activity, it is not altered in such a way that there is as 

substantial an effect on its concentration, molecular weight, or ability to bind primary 

antibody. 

Table 2. Densitometry data derived from lysozyme bands found in the Western blot loaded with equal 
sample volumes, derived from equal amounts of tissue, illustrated in Fig. 1.  Units are in µg of lysozyme 
per mg tissue, normalized from the positive control. 

Solvent Solvent Washed Control 

Methanol 36.4 33.4 

Ethanol 15.8 19.4 

Isopropanol 41.0 39.4 

n-Propanol 23.2 26.2 

Methylene Chloride 30.8 21.8 
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The Western blot in Figure 2 contains the ten samples loaded with equal amounts of total 

protein; all were loaded at 10 µg, except the methylene chloride treatment, which was loaded 

at 2.9 µg because of the low total protein recovered from the methylene chloride washed 

tobacco tissue.  Densitometry data from the lysozyme bands are summarized in Table 3.  

Both the visual (Figure 2) and quantitative (Table 3) data supports the conclusion that in all 

cases, the amount of lysozyme extracted from the tissue was greater in the solvent-washed 

tissue samples than in the water-washed controls.  Since in each case treatment and control 

were loaded at equal levels of total protein, it appears that a greater portion of the soluble 

protein recovered from treated tissue is lysozyme than from untreated tissue. This would 

seem to indicate that the lysozyme preferentially survived the effect of solvent treatment 

compared to native soluble proteins. 

 

 
Figure 2. Western blot of treated and control tissue extracts.  Each lane is loaded with 10 µg (except 
methylene chloride with 2.9 µg); lanes marked with T were treated with the labeled solvent, and lanes 
marked with C are corresponding untreated controls. 
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Table 3. Densitometry data derived from lysozyme bands found in the Western blot loaded with equal 
sample total protein, illustrated in Fig. 2.  Units are in µg of lysozyme per mg total protein, normalized 
from the positive control. 

 

 

 

Conclusions 

The intent of this study was to determine the feasibility of recovering an engineered protein 

from green tobacco tissue subjected to a prior solvent extraction designed to selectively 

remove leaf surface components.  The survival of lysozyme in the tissue was determined by 

comparison of lysozyme activity in total protein extracts of solvent washed tissues with those 

of water washed control tissues, and by detection of lysozyme in those extracts via 

immunoblotting.  For all solvents tested, some lysozyme activity was found to be recoverable 

from solvent-treated tissue. Statistically significant decreases in lysozyme activity were only 

found in methanol and isopropanol. 

 

Densitometry data from western blots of samples representing identical quantities of tissue 

showed, in general, a far smaller decrease in detectable lysozyme than the activity assays.  

This may indicate that the observed reduction in lysozyme activity caused by some solvents 

may not be entirely the result of precipitation or total degradation of the protein.  Particularly 

in the case of isopropanol, which was found to cause a significant reduction in lysozyme 

Solvent Solvent washed Control 

Methanol 14.3 4.5 

Ethanol   6.3 4.6 

Isopropanol   7.2 5.2 

n-Propanol 15.3 9.6 

Methylene Chloride 29.3 6.9 
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activity, there was little difference between the amounts of lysozyme by comparison of 

Western blotted bands from solvent washed samples and water washed controls. 

 

From Western blots representing identical mass quantities of total protein among samples, it 

was found that more lysozyme, as a fraction of total protein, was recoverable from treated 

tissue than from untreated tissue.  This seems to indicate that lysozyme was less affected by 

solvent treatments than some of the native proteins present in the extracts. 

 

In general, these data show that it should be possible to recover the engineered protein, 

bovine stomach lysozyme, from solvent washed tobacco tissue.  It may also be possible, with 

the choice of a proper solvent and with careful tuning of extraction conditions (particularly 

exposure time of leaf to solvent and solvent removal following washing), to extract quantities 

of lysozyme from leaf surface washed tissue commensurate with amounts extractable from 

untreated tissue.  Further, in an extreme case such as methylene chloride, where the solvent 

effects on lysozyme, though palpable, are significantly smaller than the effects on native 

proteins, solvent washing could even be considered a purification, if the native proteins are of 

no interest.  Further work may identify systems in which this effect could be used to reduce 

protein purification costs.  

 

The qualities of tobacco-produced bovine lysozyme that allow it to survive solvent washing 

of the leaf are not well understood.  However, it may be that other proteins of interest in 

tobacco bioprocessing, native or engineered, are affected in a similar fashion.  In some cases, 

it may be possible to perform solvent washes without an unacceptable reduction in in situ 
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protein activity.  In others, a reduction in protein activity might be tolerated if the protein’s 

activity is restored after extraction or if the value of the protein does not stem directly from 

its enzymatic activity; for instance, the potential commercial uses of Rubisco are a result of 

the nutritional and functional properties of the protein, not of its enzymatic activity per se.  

Thus, with proper study of any proteins of particular interest, it should be possible to include 

extraction of the leaf surface components into tobacco bioprocessing procedures. 

 

To integrate a leaf surface component extraction into a bioprocessing operation, it is 

necessary to satisfy three primary conditions:  the surface washes must yield a sufficient 

quantity of the surface components of interest in a timely fashion, the washes must leave the 

tissue in a condition suitable for further processing, and any other leaf components of interest 

must not suffer deleterious effects, particularly if they are more valuable than the leaf surface 

components.  Methylene chloride and other halogenated solvents, preferred for their ability to 

quickly extract the varied components of the tobacco leaf surface, are known to have serious 

effects on the integrity of the leaf and to cause general reductions in protein extractability and 

activity.  Fortunately, it has been shown that a number of alcoholic solvents, particularly 

methanol, ethanol, and n-propanol, can extract the components of the leaf surface to extents 

generally comparable to methylene chloride in a reasonable amount of time, without 

damaging leaf integrity in the way the methylene chloride does.  Further, these solvents 

provide safety, cost, and regulatory advantages over the process use of methylene chloride. 

 

To judge the suitability of these alternative solvents for use on tobacco intended for protein 

extraction, their effects on Rubisco, the major soluble protein in tobacco and perhaps the 
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single native tobacco protein with the most potential commercial value, were studied and 

found to be widely variable.  Both methanol and ethanol washing caused improvements in 

Rubisco recovery, while n-propanol washing caused significant reductions in Rubisco 

recovery. 

 

It is likely that the major driving economic force behind a tobacco bioprocessing operation 

will be the production of transgenic proteins.  However, since the possible transgenic 

proteins that might be produced in tobacco are widely varying, it was necessary to choose a 

single foreign protein system as a test case.  To this end, the effects of solvent washing on 

transgenic bovine stomach lysozyme extracted from tobacco were studied.  Here, only 

methanol and isopropanol caused significant reductions in lysozyme activity in washed 

tissue.  Interestingly, immunoblots indicate that the effects of solvent washing that cause 

reductions in lysozyme activity did not appear to reduce the amounts of lysozyme capable of 

antibody binding.  Further, the immunoblots indicate that lysozyme (regardless of activity 

changes) is less susceptible to solubility effects than tobacco native proteins. 

 

For the production system described in this study wherein the leaf surface components, 

Rubisco, and lysozyme are all of equal importance, ethanol would appear to be the best 

solvent choice.  However, a great many factors could alter that choice.  The most readily 

apparent factor is the relative importance of Rubisco—if Rubisco were determined not to be 

a major consequence to the profitability of the process, then n-propanol might be a better 

choice.  Further, the transgenic protein effects analyzed herein are only directly applicable to 

lysozyme qua lysozyme.  Although it may be that some general principles for the study of 
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solvent wash effects on protein extraction have been affirmed here, it will still be necessary 

to directly study the effects of solvent washing on any particular transgenic tobacco of 

interest.  Indeed, it may be that effects sustained by other transgenic proteins dictate that a 

solvent other than those used in this study be selected.  Finally, the relative importance of 

individual leaf surface components, or the modification of the tobacco plant to produce 

highly valuable components, may also affect the choice of solvent.  In spite of the caveats 

delineated here, it has been shown that it is possible to extract both Rubisco and transgenic 

lysozyme from tissue following efficient solvent washing.  In future, these procedures can be 

applied to determine optimal conditions for the extraction of leaf surface components from 

tobacco modified to express other valuable transgenic proteins 
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Analysis of within leaf total protein variability 

 

Introduction: 

In order to determine the effect of solvent washing on protein content of leaf tissue, it was desirable to 

obtain tissue samples as close to identical as possible, because protein analyses are destructive by 

nature and thus cannot be performed both before and after solvent washing of the same tissue.  To this 

end, the variability of total protein content by position within the leaf was studied in unwashed fresh 

tissue.  Total protein contents were determined for leaf disks taken at five positions along the length 

of the leaf, with one disk taken from either side of the midrib at each position, for a total of ten disks 

per leaf.  The mean protein contents were compared by disk position, leaf side, and between leaves. 

 

Parameters:        

Three leaves:  I, II, III 

Two sides per leaf: A, B 

Five disk positions per side: 1,2,3,4,5 (numbered base to apex) 

 

Statistical summary: 

Total soluble protein varied by disk position: 2 v/s 3 and 4 v/s 5 not significant; all other comparisons 

significant. 

Side to side comparison (mean of five disks):  significant only for leaf III (p=.0259). 

Undifferentiated comparison of total soluble protein of side A v/s side B:  significant (p=.0262). 

A v/s B ordered comparison of individual disks (i.e., A1 v/s B1, A2 v/s B2…):  not significant 

(p=.0705). 

The above indicates that directly comparing only disks taken from the same position on each side 

reduces systematic error.
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Comparison of total protein contents by disk position:  

Means are presented as (mg protein)/(g fresh tissue). 
Percentage data are differences as a percentage of total protein. 
 
 
                        The SAS System      15:14 Wednesday, March 5, 2003  75 
 
                                      The GLM Procedure 
                                     Least Squares Means 
 
                             position        y LSMEAN      Number 
 
                             1             4.58600000           1 
                             2             5.88125000           2 
                             3             5.92241667           3 
                             4             6.79741667           4 
                             5             6.89925000           5 
 
 
                           Least Squares Means for effect position 
                             Pr > |t| for H0: LSMean(i)=LSMean(j) 
 
                                    Dependent Variable: y 
 
          i/j              1             2              3                 4             5 
 
             1                          0.0006        0.0004        <.0001        <.0001 
             2        0.0006                           0.9064        0.0118        0.0056 
             3        0.0004        0.9064                           0.0159        0.0076 
             4        <.0001        0.0118        0.0159                0.7714 
             5        <.0001        0.0056        0.0076        0.7714 
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Comparison of total protein contents by leaf side: 
 

                        The GLM Procedure 
                                     Least Squares Means 
 
                                                      LSMEAN 
                           leaf    side        y LSMEAN      Number 
 
                           I       A         6.41820000           1 
                           I       B         6.26990000           2 
                           II      A         6.01340000           3 
                           II      B         6.50700000           4 
                           III     A         5.00720000           5 
                           III     B         5.88790000           6 
 
 
 
                           Least Squares Means for effect of leaf side  
                             Pr > |t| for H0: LSMean(i)=LSMean(j) 
 
                                    Dependent Variable: y 
 
   i/j              1              2                   3             4              5               6 
 
      1                           0.6994        0.2946        0.8170        0.0006        0.1718 
      2        0.6994                           0.5050        0.5376        0.0019        0.3223 
      3        0.2946        0.5050                           0.2027        0.0116        0.7438 
      4        0.8170        0.5376        0.2027                           0.0003        0.1120 
      5        0.0006        0.0019        0.0116        0.0003                           0.0259 
      6        0.1718        0.3223        0.7438        0.1120        0.0259 
 
 
                                                         Standard 
         Parameter                           Estimate            Error     t Value    Pr > |t| 
 
         A vs B                       0.50753333       0.22021425        2.30      0.0262 
         A vs B ordered             -0.40866667       0.22021425      -1.86       0.0705 
 
         A vs B %prot                  8.43461547       3.65970540        2.30      0.0262 
         A vs B ordered % prot   -6.79156612       3.65970540      -1.86       0.0705 
 
                      Parameter                   95% Confidence Limits 
 
                      A vs B                        0.06312299     0.95194367 
                      A vs B ordered               -0.85307701     0.03574367 
 
                      A vs B %prot                   1.04903096  15.82019999 
                      A vs B ordered % prot  -14.17715063    0.59401840 
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Conclusions: 

It was found that, although protein content varied substantially and systematically along the length of 

the leaf (from 4.586 to 6.889 mg/g tissue), protein content varied to a much smaller extent, and 

randomly, from one side of the leaf midrib to the other.  Further, it was found that when care was 

taken to closely match the longitudinal position of samples taken from each side of the leaf, 

variability was reduced further.  It was concluded that taking duplicate samples that were precisely 

symmetrical along the midrib would provide samples with total protein contents that varied only 

slightly and randomly.  Thus, with sufficient sample size it would be possible to treat mirror image 

samples as statistically non-different for the purposes of study of effects on leaf protein content. 
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