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The unique inducible system of protein secretion by the carnivorous pitcher plant Sarracenia purpurea 
may be an ideal system for recombinant protein farming. S. purpurea is relatively uncommon and 
difficult to grow in vitro, so it has not been explored as a potential source of recombinant proteins. 
However, it naturally secretes large amounts of proteins into a liquid found in the leaf pitchers, so it may 
be an ideal way to collect recombinant proteins in leaf pitchers. Here, the advantages of transgenic S. 
purpurea systems over traditional transgenic plant systems for the production of recombinant 
pharmaceutical proteins are explored, and the steps necessary to produce such a system are discussed. 
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INTRODUCTION 
 
The purple pitcher plant Sarracenia purpurea is a 
carnivorous rosette-forming plant that grows in sphagnum 
bogs, nutrient poor fens, seepage swamps, and pine 
savannas of the eastern United States and Canada 
(Ellison et al., 2004; Schnell, 2002). Many pitcher plants 
can be found in the region surrounding Lakehead Univer-
sity in Thunder Bay, Ontario, Canada, where some 
research on this plant is taking place. S. purpurea has 
modified pitcher-shaped leaves which serve as reservoirs 
to collect rainwater, into which the plant secretes its own 
liquid, as well as hydrolases and other proteins for prey 
digestion (Figure 1). 

Secretions are produced at the lip (or “hood”) of the 
leaves, which attract prey to the plant. Prey attracted to 
the plant are directed downward by hair-like spines on 
the inside of the hood, and eventually contact and drown 
in the liquid contained in the pitchers (the “trap”) (Ellison 
and Gotelli, 2002). There, prey is digested by a number 
of hydrolases including RNases, nucleases, phosph-
atases, and proteases (Gallie and Chang, 1997).  The trapp- 
ing mechanism in S. purpurea is so efficient that higher 
animals such as frogs are often  found  partially  digested 
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inside the pitchers, which is why the plant is classified as 
carnivorous rather than insectivorous (Lindquist, 1975). 
There has been considerable debate over whether 
digestive enzymes in the pitcher are produced by 
microorganisms living in the plants or by the plants them-
selves, but many studies indicate that microorganisms 
may just play an incidental role in prey digestion, and 
instead play a critical role only in nitrogen acquisition and 
fixation (Bradshaw and Creelman, 1984; Gallie and 
Chang, 1997). Some studies state that S. purpurea relies 
on bacteria for essential digestive processes, but these 
studies present no data from enzymatic tests on sterile 
pitcher fluid, and contain no references that do (Adams 
and Smith, 1977; Harvey and Miller, 1996; Heard, 1994). 
In addition, nitrogen demand by the plant strongly affects 
the expression of carnivory, and the pitchers continue to 
accumulate digestive enzymes even in the absence of 
any microrganisms (Ellison and Gotelli, 2002; Gallie and 
Chang, 1997; Givnish et al., 1984).  
 
 
CARNIVORY IN SARRACENIA PURPUREA 
 
Carnivory in pitcher plants is thought to have evolved 
primarily for nitrogen acquisition, as they typically grow 
on nitrogen-poor peat bogs and cease expression of car-
nivory in nitrogen rich environments  (Ellison  and  Gotelli, 
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Figure 1. The basic anatomy of the North American pitcher plant Sarracenia purpurea. Pictures were 
taken by Bruce Rosa at William’s Bog, near Kingfisher Lake in Thunder Bay, Ontario, Canada. 

 
 
 
2002; Givnish et al., 1984). Phosphate and potassium ac-
quisition is also primarily achieved through carnivory (Chapin 
and Pastor, 1995; Christensen, 1996; Jaffe et al., 1992). 

Upon first opening, the traps secrete and accumulate 
hydrolases for approximately one week, after which time 
hydrolase secretion reduces to low levels until the trap is 
induced by prey (Gallie and Chang 1997). RNase, nu-
clease and protease activity all appear to be induced by 
the presence of either protein or nucleic acids, sugges-
ting a coordinated inducible response to prey for these 
hydrolases (Gallie and Chang, 1997). However, phos-
phatase secretion is only induced by proteins and not 
nucleic acids, suggesting additional complexity to the 
induced response (Gallie and Chang 1997). Mechanical 
stimulation of the plants has no effect on prey recognition 
and the subsequent release of hydrolases, as it does in 
other carnivorous plants such as the Venus’ flytrap 
Dionaea muscipula (Robins, 1976). Further study is 
necessary in order to understand the complex pathways 
in the carnivory response of S. purpurea. 

The ability to produce hydrolases only in the presence 
of prey significantly reduces the metabolic cost of 
carnivory to the plant. This is necessary because prey 
capture efficiency is commonly very low, with some 
studies reporting an average of 0.070 prey leaf-1 day-1 
(Newell and Nastase, 1998). The detection of prey in one  
leaf does not induce hydrolase secretion  in  another  leaf  
on the same plant (Gallie and Chang, 1997). This trap-
specific response is another apparent adaptation to 
reduce the metabolic cost of carnivory. 

Other compromises are made by S. purpurea in order to  
balance the cost and the benefit of carnivory. It has  been  

observed that the presence of a strong red coloration in 
the leaves, indicating the presence of nectar, serves as a 
strong attractant for prey at the cost of the energy 
required to produce the nectar (Cresswell, 1993). Other 
studies indicate that having larger traps increases the 
ability of the plants to successfully trap prey, at the cost 
of additional nitrogen spent to increase the size of the 
traps (Cresswell, 1993; Gibson, 1991). Perhaps because 
of these trade-offs, there is pronounced morphological 
variability in terms of the size, shape, and color of leaves 
between S. purpurea across its geographical range 
(Buckley et al., 2003; Schnell, 1979; Schnell, 2002). Even 
in one location, these characteristics can change drama-
tically in response to local environmental conditions, 
particularly temperature and moisture (Ellison and Gotelli, 
2002; Mandossian, 1996). The pronounced variability in 
these visual characteristics in response to the pitcher 
plant’s surroundings and prey suggests that the plants 
may also develop distinct hydrolase induction mecha-
nisms and secretion responses. Little, however, is known 
about the exact amounts and specific types of all the  
hydrolases secreted by S. purpurea. 
 
 
THE ROLE OF MICROORGANISMS IN PITCHER 
PLANT DIGESTION 
 
The liquid in the trap of S. purpurea contains a suite of 
decomposers including bacteria, protists, rotifers, and fly  
larvae, which may aid in the digestive process, but likely 
only play an incidental role (Bradshaw and Creelman, 
1984; Ellison and Gotelli, 2002; Gallie and  Chang,  1997;  



 
 
 
 
Harvey and Miller, 1996; Whitman et al., 2005). Immature 
pitchers are closed and sterile, but once opened and 
matured, the species complement of microorganisms 
present in them varies considerably even in the same 
geographical region, due to random introductions by 
insects and wind, competition between microorganisms 
and due to the differential availability of nutrients 
(Hepburn and St. John, 1927; Whitman et al., 2005). 
Microorganisms appear to be introduced to the pitcher 
most often by prey, which may bring bacteria from any 
outside source, or may cross contaminate pitchers when 
they successfully escape one trap and then enter another 
(Gibson, 1991; Whitman et al., 2005). The types of 
bacteria isolated from pitchers have been also been 
found to be very similar to the bacteria harbored in the 
complex microbial communities of the exoskeletons and 
guts of common prey insects (Siragusa et al., 2007). 

It is unlikely that microorganisms play a critical role in 
prey digestion, as S. purpurea continues to produce 
hydrolytic enzymes after treatment with the antibiotics 
ampicillin, carbenicillin and cefotaxime at quantities suffi-
cient to effectively inhibit all microbial activity (Gallie and 
Chang, 1997). Pitchers also secrete liquid containing high 
concentrations of hydrolases even in the absence of 
water and microorganisms in the pitcher (Gallie and 
Chang, 1997). It has also been suggested that the diges-
tion of proteins by bacteria is too slow to be beneficial to 
the plant (Hepburn and St. John, 1927). Although 
microorganisms do not appear to play an important role 
in prey digestion, S. purpurea does appear to rely on 
bacteria for aiding in the acquisition and conversion of 
nitrogen sources, which is essential for the plant’s growth 
(Butler et al., 2008; Harvey and Miller, 2006). 

The microorganisms present in the traps of S. purpurea 
may be an interesting subject for further study, as any 
organism living inside the pitcher traps are somehow 
protected against the harsh hydrolytic environment 
created by the plants. This protection may be due to the 
development of cell membranes immune to degradation 
by hydrolases, or due to the presence of inhibitors of 
excreted proteases and hydrolases, which would 
neutralize threats from the pitcher’s digestive processes. 

The active protein excretory system in S. purpurea is a 
unique trait that may be exploited in order to design of a 
recombinant protein farming system that is more 
profitable than traditional transgenic plant systems. 
 
 
Traditional transgenic plant systems 
 
Production of recombinant proteins in transgenic plants 
and plant cell cultures results in high quality proteins that 
are generally safer for use as drugs than proteins harves-
ted from bacterial or mammalian sources due to the low  
risk of contamination by  mammalian  viruses,  pathogens 
and toxins (Table 1) (Ferrante and Simpson, 2001; Ma et 
al., 2003). 
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In whole-plant systems, proteolytic activity within trans-

genic plant cells adversely affects recombinant protein 
yields (Ma et al., 2003). Subcellular targeting of recom-
binant proteins in plant systems is a common method of 
isolating the proteins from proteases without inhibiting the 
critical functions of these proteases in the plants (Ma et 
al., 2003). Even in these systems, however, it is difficult 
to obtain high yields of recombinant proteins. 

Targeting recombinant proteins to the cytoplasm is 
inefficient because it exposes proteins to 20S and 26S 
proteasomes which rapidly degrade the protein with the 
help of ATP hydrolysis via the ubiquitination system 
(Callis, 1995). The plant cell vacuole contains serine, 
cysteine and aspartic acid proteases, metalloproteinases 
and other unidentified proteases which degrade proteins 
rapidly despite the vacuole’s capacity for storage space 
(Callis, 1995; Hara-Nishimura et al., 1991). The chloro-
plast lacks the ubiquitin system and produces high levels 
of protein, but contains other proteases, some of which 
are similar to prokaryotic proteases and some of which 
are transported into the chloroplast from the cytoplasm 
(Adam, 1996; Malek et al., 1984; Watson et al., 2004). 

One of the more efficient methods for recombinant 
protein production is targeting proteins for retention in the 
endoplasmic reticulum. This is an effective strategy due 
to its oxidizing environment, the presence of molecular 
chaperones and a lack of proteases (Ma et al., 2003). 
Novel cellular targets have emerged recently, including 
targeting recombinant proteins to the oil bodies of seeds, 
which are relatively easy to purify from the other proteins 
in the plant cell (Kiihnel et al., 1996; Nykiforuk et al., 
2006). However, despite the fact that these systems 
manage to produce relatively high yields of properly 
folded proteins, all present transgenic whole-plant protein 
harvesting systems require destruction of the plants or 
seeds, which results in the need to wait for plant growth, 
and to pay for growing materials. 

Plant cell culture secretion systems circumvent the 
typical expensive extraction process because purification 
is performed on the liquid medium instead of cell lysate. 
Excreted recombinant proteins have been shown to fold 
more efficiently than proteins targeted intracellularly, 
resulting in more active forms of recombinant proteins 
that degrade less due to a lack of proteases (Schillberg et 
al., 1999). Purification of the liquid medium is easier 
because there is much lower protein contamination from 
cellular components, and intracellular proteases are not 
exposed to the foreign protein. However, purification is 
complicated by the severe dilution of the target protein. 
The total soluble protein content of the recombinant 
protein is highly variable in plant cell culture systems, but 
is often as low as 0.05% (Doran, 2000; Hellwig et al., 2004). 
In addition to producing low concentrations of recom-
binant proteins, production and maintenance of plant cell 
culture systems is expensive, so commercial protein 
farming companies typi-cally utilize whole-plant systems 
instead. 
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Table 1. Comparison of production systems for recombinant pharmaceutical proteins, adapted from Ma et al., 2003. 
 

System Overall cost Scale-up 
capacity 

Production 
timescale Product quality Glycosylation Contamination risks 

Transgenic Plants Very Low Very High Long High Minor Differences Low Risk 
Plant Cell Cultures Medium Medium Medium High Minor Differences Low Risk 
Transgenic S. purpurea a Low High Short b Unknown Unknown Low Risk 
Bacteria Low High Short Low None Endotoxins 
Yeast Medium High Medium Medium Incorrect Low Risk 
Mammalian Cell Culture High Very Low Long Very High Correct Viruses, Prions and Oncogenic DNA 
Transgenic Animals High Low Very Long Very High Correct Viruses, Prions and Oncogenic DNA 

 

a - Projected. 
b-The initial production of the system would take a long time, but once developed, protein production would be relatively fast because the plants would not need to be destroyed to harvest 
the proteins. 

 
 
 

Newer and more efficient transgenic plant tech-
nology has allowed companies to patent and 
produce more sophisticated and profitable 
recombinant protein systems. Recombinant phar-
maceutical antibody production plants have been 
developed for commercial use from transgenic 
tobacco, alfalfa, corn, rice and other crops (Stoger 
et al., 2002). Sigma Inc, a chemical and molecular 
bio-logy supply company, has been selling 
recombinant �-glucuronidase derived from the 
cytoplasm of transgenic corn seeds for several 
years (Ma et al., 2003). Using newer technology, 
Sembiosys Inc has produced transgenic safflower 
seeds which produce insulin bound to oil bodies 
(Stephan, 2008).  

These recombinant proteins are more easily 
purified from the rest of the seed than recombi-
nant proteins expressed in seed cytoplasm 
(Nykiforuk et al., 2006; Stephan, 2008). The puri-
fied insulin product is expected to be commercially 
available by 2012 (Stephan, 2008).  

In most intracellular transgenic plant protein 
systems, protein expression is limited by post-
transcriptional gene silencing (PTGS). Viral-based 
transient expression vector systems such as 

tomato bushy stunt virus can prevent the onset of 
PTGS, resulting in higher levels of active intra-
cellular protein expression (Voinnet et al., 2003).  

Transgenic rhizosecretion systems, in which 
tobacco plant roots secrete recombinant anti-
bodies which can later be harvested, are under 
development and have the potential to become 
profitable biotechnology systems (Drake et al., 
2003). These secretory systems have the advan-
tage of producing relatively pure recombinant 
proteins, without the difficulty of maintaining cell 
cultures (Drake et al., 2003).  
 
 
TRANSGENIC SARRACENIA PURPUREA 
SYSTEMS 
 
Aseptically grown S. purpureahas the potential to 
be developed into a novel transgenic whole-plant 
system in which recombinant proteins are se-
creted into sterile liquid in the pitcher. This system 
would circumvent the need to destroy the plant or 
the seeds, as is currently required for whole-plant 
recombinant protein systems. Because S. 
purpurea  is  naturally  adapted   to   secrete   high 

levels of com-plex proteins, it has the potential to 
produce much higher total yields of recombinant 
proteins than rhizosecretion systems. As well, S. 
pur-purea’s specialized secretory cells may be a 
uni-que target for developing cell suspension 
systems that produce much higher total soluble 
protein content than traditional plant cell 
suspension cultures.  
 
 
The development of a transgenic S. purpurea 
system  
 
The hydrolytic enzymes secreted by pitcher plants 
must be identified and quantified in order to identify 
genes with high expression levels in secretory path- 
ways. Using a gene vector method such as Agro- 
bacterium tumefaciens, these target genes could 
theoretically be replaced with genes for commer-
cially important recombinant proteins such as 
insulin, interferon or kinase C.  However, genetic 
transformation systems have not yet been tested 
in S. purpurea. 

Proteolytic enzymes secreted in the pitchers will 
be responsible for some degradation of the  target  



 
 
 
 
recombinant proteins in this proposed system unless they 
are inactivated. It is not currently known how many 
specific proteases are produced by the pitchers of S. 
purpurea. However, once identified, these genes could 
be knocked out using gene technology such as 
transposon muta-genesis, TILLING (targeted, induced 
local lesions in genomes), which uses chemicals targeted 
for specific gene sequences, or Deleteagene, which 
induces deletion mutations using fast neutrons (Feng, 
2006). These genes could also be inhibited by the use of 
specific enzyme inhibitors, but these would reduce the 
economic feasibility of the experiments, as they are 
relatively expensive and would need to be continually 
added to the pitcher fluid to ensure complete inhibition. It 
is not currently known how many specific proteases are 
produced by the pitchers of S. purpurea. 

It is unclear how stable recombinant proteins in pitcher 
fluid will be, even in the absence of proteases. However, 
pH-adjusted sterile buffers optimized for each recom-
binant protein could theoretically be utilized to ensure 
protein stability without inhibiting secretion rates. 

Since carnivory is only expressed in pitcher plants that 
are low on nitrogen, completely eliminating protease 
activity in the medium could be harmless to the plant if 
nitrogen and phosphate (in the form of NH4NO3) is added 
after harvesting the recombinant protein (Ellison and 
Gotelli, 2002). This is far different from traditional whole-
plant systems, in which protein expression is intracellular 
and proteolytic activity cannot be eliminated because 
proteases are required in many cellular pathways (Bond 
and Butler, 1987). 

High rates of recombinant protein secretion by the 
plants could be induced by nitrogen starvation and by sig-
naling from target proteins and nucleotides in the pitcher 
(Ellison and Gotelli, 2002; Gallie and Chang, 1997). In 
order to optimize the protein secretion rates it will be 
necessary to identify the specific amino acid or nucleotide 
sequences that result in the highest secretion rates in the 
plants. Optimal levels of nitrogen supplementation would 
also need to be identified, as nitrogen would be depleted 
to create the recombinant proteins, but supplementing 
too much nitrogen would result in a loss of carnivory. 

The overall design for a transgenic whole-plant S. 
purpurea system for recombinant protein farming would 
therefore involve supplementing the transgenic pitchers 
(containing the recombinant gene and knocked out 
secretory enzyme genes) with sterile water containing the 
inducer molecule and small amounts of nitrogen, then 
collecting the liquid after a period of time and purifying the 
relatively pure secreted recombinant protein from it. 

Once optimum induction and secretion rates are iden-
tified, a continuous harvesting system should be deve-
loped in order to quickly purify recombinant proteins, 
which would ensure minimal degradation. 

S. purpurea cell suspension cultures should also be 
considered for use in a recombinant protein harvesting 
system.  Secretory cells from the inside of the pitcher 
could be isolated and cultured in order to develop a novel  
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cell suspension system, in which the cells are inherently 
programmed for high rates of protein secretion. These 
cultures may produce much higher overall recombinant 
protein yields than traditional plant cell suspension cul-
tures. Once developed, this system would also 
circumvent the difficulty of growing whole S. purpurea 
plants aseptically. 
 
 
CONCLUSION AND DISCUSSION 
 
Current literature on the topic of enzyme secretion in S. 
purpurea is complicated by the presence of a variety of 
microorganisms found in the natural environment. 
Growing S. purpurea in vitro and in sterile conditions is 
difficult, and has contributed to the lack of knowledge 
about the molecular pathways inside the pitchers. How-
ever, S. purpurea has the potential to become a profitable 
transgenic plant system for recombinant protein produc-
tion. It has a unique natural system of protein secretion 
that may be utilized to develop cell suspension systems 
with high recombinant protein yields, or whole-plant 
systems in which no tissues or seeds need to be des-
troyed in order to harvest the recombinant protein. This 
whole-plant system would reduce costs associated with 
growing the plants as well as with purifying the target 
protein, so it may present a more profitable and 
commercially successful alternative to current transgenic 
systems. 

A significant amount of research will have to be 
performed in order to identify the enzymes that are secre-
ted at high rates in response to the presence of prey in 
the pitchers, which would serve as targets for recom-
binant protein genes. The actual amount of any specific 
enzyme secreted by the plants is not known at this time, 
but this measurement would be relatively simple and 
would help to determine the economic feasibility of a 
transgenic whole-plant S. purpurea system. The remain-
ing secreted enzymes and the gene regulatory pathways 
leading to specific hydrolase induction and excretion 
would also need to be characterized and then eliminated 
by gene knockout technology. This research could also 
potentially lead to the discovery of novel enzymes secre-
ted by these relatively poorly known plants.  
 
 
REFERENCES 
 
Adam Z (1996). Protein stability and degradation in chloroplasts. Plant 

Mol. Biol. 32: 773-783.  
Adams RM II, Smith GW (1977). An S.E.M. survey of the five 

carnivorous pitcher plant genera. Am. J. Bot. 64: 265-272.  
Bond JS, Butler PE (1987). Intracellular proteases. Ann. Rev. Biochem. 

56: 333-364. 
Bradshaw WE, Creelman RA (1984). Mutualism between the carni-

orous purple pitcher plant and its inhabitants. Am. Midl. Nat. 112: 
294-303. 

Buckley HL, Miller TE, Ellison AM, Gotelli NJ (2003). Reverse latitudinal 
trends in species richness of pitcher-plant food webs. Ecol. Lett. 6: 
825-829. 

Butler JL, Gotelli NJ, Ellison AM (2008). Linking  the  brown  and  green: 



110            Biotechnol. Mol. Biol. Rev. 
 
 
 

nutrient transformation and fate in the Sarracenia Microecosyst.. 
Ecol. 89: 898-904. 

Callis J (1995). Regulation of protein degradation. The Plant Cell. 7: 
845-857.  

Chapin CT, Pastor J (1995). Nutrient limitations in the northern pitcher 
plant Sarracenia purpurea. Can. J. Bot. 73: 728-734. 

Christensen NL (1996). The role of carnivory in Sarracenia flava L. with 
regard to specific nutrient deficiencies. J. Elisha Mitchell Sci. Soc. 
92: 144-147. 

Cresswell JE (1993). The morphological correlates of prey capture and 
resource parasitism in pitchers of the carnivorous plant Sarracenia 
purpurea. Am. Midl. Nat. 129: 35-41. 

Doran P (2000). Foreign protein production in plant tissue cultures. 
Curr. Opin. Biotech. 11: 199-204.  

Drake PM, Chargelegue DM, Vine ND, Van Dolleweerd CJ, Obregon P, 
Julian KC (2003). Rhizosecretion of a monoclonal antibody protein 
complex from transgenic tobacco roots. Plant Mol. Bio. 52: 233-241.  

Ellison AM, Buckley HL, Miller TE, Gotelli NJ (2004). Morphological 
variation in Sarracenia purpurea (Sarraceniaceae): Geographic, 
environmental and taxonomic correlates. Am. J. Bot. 91: 1930-1935. 

Ellison AM, Gotelli NJ (2002). Nitrogen availability alters the expression 
of carnivory in the northern pitcher plant, Sarracenia purpurea. Proc. 
Natl. Acad. Sci. 99: 4409-4412.  

Ferrante E, Simpson D (2001). A review of the progression of 
transgenic plants used to produce plantibodies for human usage. J. 
Young Invest. 4: 1-10. Gallie D, Chang S (1997). Signal transduction 
in the carnivorous plant Sarracenia purpurea.  Plant Physiol. 115: 
1461-1471.  

Gibson TC (1991). Differential escape of insects from carnivorous plant 
traps.  Am. Midl. Nat. 125: 55-62. 

Givnish TJ, Burkhardt EL, Happel RE, Weintraub JD (1984). Carnivory 
in the bromeliad Brocchinia reducta, with a cost/benefit model for the 
general restriction of carnivorous plants to sunny, moist nutrient-poor 
habitats. Am. Naturalist. 124: 479-497. 

Hara-Nishimura I, Inoue K, Nishimura M (1991). A unique vacuolar 
processing enzyme responsible for conversion of several proprotein 
precursors into the mature forms. FEBS Lett. 294: 89-93.f 

Harvey E, Miller TE (1996). Variance in composition of inquilines 
communities in leaves of Sarracenia purpurea L. on multiple spatial 
scales. Oecologia 108: 562-566. 

Heard SB (1994). Plant Midges and mosquitoes: a processing chain 
commensalism. Ecol. 75: 1647-1660. 

Hellwig S, Drossard J, Twyman R, Fischer R (2004). Plant cell cultures 
for the production of recombinant proteins. Nat. Biotech. 22: 1415-
1422. 

Hepburn JS, St. John EQ (1927). A bacteriological study of the pitcher 
liquor of the Sarraceniaceae. Trans. Wagner Free. Inst. Sci. Phila. 
11: 75-83. 

Jaffe K, Michelangeli F, Gonzalez JM, Miras B, Ruiz MC (1992). Carni-
vory in pitcher plants of the genus Heliamphora (Sarraceniaceae). N. 
Phytol. 122: 733-744. 

Kiihnel BK, Holbrook LA, Moloney MM, van Rooijen GI (1996). Oil 
bodies of transgenic Brassica napus as a source of immobilized 13-
glucuronidase. J. Am. Oil Chem. Soc. 73: 1533-1538. 

Lindquist J (1975). Bacteriological and ecological observations on the 
northern pitcher plant, arracenia purpurea. Masters Thesis, Depart-
ment of Bacteriology, University of Wisconsin, Madison, WI.  

Ma JK, Drake PM, Christou P (2003). The production of recombinant 
pharmaceutical proteins in plants. Nat. Rev. Genet. 4: 794-805. 

Malek L, Bogorad L, Ayers A, Goldberg A (1984). Newly synthesized 
proteins are degraded by an ATP-stimulated proteolytic process in 
isolated pea chloroplasts. FEBS Lett. 166: 253-257.  

 
 
 
 
 
 
 
 

 
 
 
 
Mandossian AJ (1996). Variations in the leaf of Sarracenia purpurea 

(pitcher plant). Mich. Bot. 5: 26-35. 
Newell SJ, Nastase AJ (1998). Efficiency of Insect Capture by 

Sarracenia purpurea (Sarraceniaceae), the Northern Pitcher Plant. 
Am. J. Bot. 85: 88-91.  

Nykiforuk CL, Boothe JG, Murray EW, Keon RG, Goren HJ, Markley 
NA, Moloney MM (2006). Transgenic expression and recovery of 
biologically active recombinant human insulin from Arabidopsis 
thaliana seeds. Plant Biotech. J. 4: 77-85. 

Robins R (1976). The nature of the stimuli causing digestive juice se-
cretion in Dionaea muscipula (Venus’s flytrap). Planta 128: 263-265.  

Schillberg S, Zimmermann S, Voss A, Fischer R (1999). Apoplastic and 
cytosolic expression of full-size antibodies and antibody fragments in 
Nicotiana tabacum. Transgenic Res. 8: 255-263. 

Schnell DE (1979). A critical review of published variants of Sarracenia 
purpurea L. Castanea 44: 47–59. 

Schnell DE (2002). Carnivorous plants of the United States and 
Canada. Timber Press, Portland, Oregon, USA: Timber Press. 

Siragusa AJ, Swenson JE, Casamatta DA (2007). Culturable bacteria 
present in the fluid of the hooded-pitcher plant Sarracenia minor 
based on 16S rDNA gene sequence data. Microbial Ecol. 54: 324-
331. 

Stephan, P (2008). Insulin: Product bulletin. SemBioSys Genetics Inc. 
June 1[updated June 1 2008; cited 2009 May 21]. Available from: 
http://www.sembiosys.com/pdf/SBS-172 Product FS(Insulin).pdf 

Stoger E, Sack M, Fischer R, Christou, P (2002). Plantibodies: 
applications, advantages and bottlenecks. Curr. Opin. Biotech. 13: 
161-166. 

Voinnet O, Rivas S, Mestre P, Baulcombe D (2003). An enhanced 
transient expression system in plants based on suppression of gene 
silencing by the p19 protein of tomato bushy stunt virus. Plant J. 33: 
949-956. 

Watson J, Koya V, Leppla S, Daniell H (2004). Expression of Bacillus 
anthracis protective antigen in transgenic chloroplasts of tobacco, a 
non-food/feed crop. Vaccine 22: 4374-4384.  

Whitman RL, Byers SE, Shively DA, Ferguson DM, Byappanahalli M 
(2005). Occurrence and growth characteristics of Escherichia coli 
and enterococci within the accumulated fluid of the northern pitcher 
plant (Sarracenia purpurea L.). Can. J. Microbiol. 51: 1027-1037. 

 
 
  
 
 
 
 
 


