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    Chapter 39   

 A Plant-Based Transient Expression System for the Rapid 
Production of Malaria Vaccine Candidates                     

     Alexander     Boes    ,     Andreas     Reimann    ,     Richard     M.     Twyman    ,     Rainer     Fischer    , 
    Stefan     Schillberg    , and     Holger     Spiegel      

1          Introduction 

 The  limited   success of  past   and current malaria vaccine candidates 
[ 1 ] indicates the need for intensive and accelerated research to 
identify and characterize new antigens that confer protection 
against infection, clinical manifestation, and even the transmission 
of malaria [ 2 ]. Furthermore, multi-stage-specifi c cocktails combin-
ing key antigens from the different stages of the   Plasmodium falci-
parum    life cycle may be essential for the development of effi cacious 
malaria vaccines [ 3 ]. To determine the suitability of novel vaccine 
candidates as components of vaccine cocktails, the antigens must 
be rapidly produced, purifi ed, and characterized in terms of their 
protective effi cacy in animal experiments and/or in vitro assays. 

   Agrobacterium tumefaciens   -based transient expression in 
plants, using either classical T-DNA vectors [ 4 ] or amplifi cation 
systems based on viral replicons [ 5 ], is one of the quickest and 
most versatile strategies for the production of recombinant 
 proteins [ 6 – 8 ]. Although used predominantly for research and 
development, these systems have also been implemented for the 
manufacturing of clinical-grade materials, e.g., the experimental 
antibody cocktail ZMapp, comprising three chimeric monoclonal 
 antibodies   against the  Ebola virus   surface glycoprotein 
(EBOV-GP) [ 9 ], virus-like particles based on human infl uenza 
virus  hemagglutinin (HA)   [ 10 ], and the malaria transmission-
blocking vaccine candidate  Pfs 25 [ 11 ]. These emerging applica-
tions of transient expression are driven by a desire for rapid and 
inexpensive vaccine development against poverty-related diseases 
such as malaria [ 12 ,  13 ]. 
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 Here we present a well-established and versatile workfl ow for 
 A.    tumefaciens   -based transient expression in plants in the context 
of vaccine development, using the expression of single, multi- 
domain, and fl uorescence-labeled malaria vaccine candidates as 
case studies. The combination of transient expression with a 
 modular and fl exible cloning strategy allows the rapid  cloning   and 
expression of multi-domain antigens or  DsRed    reporter gene   
fusions by  gene stacking  , and small to medium scale production 
without expensive and specialized equipment. We have used this 
workfl ow successfully to produce several single and multi-domain 
malaria vaccine candidates [ 14 – 16 ]. However, the technology is 
generic and can be applied in any vaccine development scenario 
where progress is dependent on the rapid production of different 
candidate antigens for analysis and characterization. Because the 
downstream purifi cation strategies and functionality assays are 
highly dependent on the specifi c antigen, these procedures are not 
covered in this chapter, but examples of such methods can be 
found in several reports describing the characterization of plant- 
derived vaccine candidates [ 14 ,  16 ,  17 ]. 

 The potential applications of this workfl ow are illustrated using 
four examples: (1) the  cloning   of three individual blood-stage 
 antigens ( Pf AMA1-DiCo1-3) and their transient expression in 
  Nicotiana benthamiana    plants (separately and as a mixture), (2) 
the subsequent C-terminal fusion of additional blood-stage anti-
gens ( Pf MSP1_19,  Pf RH2a, and  Pf RIPR_EGF7/8) to the 
 Pf AMA1-DiCo variants by  gene stacking   and the generation of 
stacked fusion antigen constructs comprising proteins and/or 
domains from the pre-erythrocytic stage ( Pf CSP_TSR), (3) the 
blood-stage ( Pf MSP1_19,  Pf MSP4,  Pf MSP8, and  Pf MSP10) and 
sexual-stage protein candidates ( Pfs 25 and  Pfs 28), and (4) the 
 cloning   of a single antigen ( Pf MSP1_19) as a C-terminal  DsRed   
fusion protein. For additional information on these proteins and 
domains ( see   Notes 1 – 10 ). 
 The workfl ow includes the following procedures:

    1.    The vectors and cloning strategies to generate expression con-
structs featuring individual antigens, DsRed–antigen fusion 
proteins, stacked dual-domain  fusion proteins   and a panel of 
stacked multi-domain, multi-stage fusion proteins featuring up 
to nine different antigens or antigen domains.   

   2.    Techniques for the transformation, screening, and cultivation 
of recombinant  A. tumefaciens.       

   3.    Plant cultivation ( N. benthamiana )   , syringe and vacuum infi l-
tration as well as incubation.   

   4.    The extraction of recombinant proteins from infi ltrated leaf 
tissue.      

Alexander Boes et al.
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2    Materials 

       1.    Bacteria

 ●     Chemically competent   Escherichia coli    DH5α ( NEB  , 
Frankfurt, Germany).  

 ●      Agrobacterium tumefaciens    strain GV3101::pMP90RK 
[GmR, KmR, RifR] [ 18 ].      

   2.    Plasmids and synthetic genes

 ●    pTRAkcERH [ 19 ].      
   3.    Oligonucleotides   
   4.    Enzymes

 ●     Restriction enzymes NcoI, NotI, and EagI (NEB, Frankfurt, 
Germany).  

 ●    DNA-modifying enzymes T4 DNA ligase and Antarctic 
phosphatase (NEB, Frankfurt, Germany).        

 Please note that the sequences for the construct-specifi c oligonucle-
otides (primers) must be added to the target sequence as indicated by 
dots to allow NcoI/NotI cloning and EagI stacking (Subheading  3.1 ).

 ●    Construct-specifi c forward primer introducing EagI/NcoI restric-
tion sites (5′-AAAAAAAA CGGCCG TGG CCATGG CT…-3′).  

 ●   Construct-specifi c reverse primer introducing NotI restriction 
site (5′-… GCGGCCGC TTTTTTTT-3′).  

 ●   pTRA-backbone-specifi c forward primer PS5′ (5′-GACCCCT
CCTCTATATAA GG-3′).  

 ●   pTRA-backbone-specifi c reverse primer PS3′ (5′-GACCCCT
CCTCTATATAA GG-3′).      

       1.    Lysogeny broth (LB)

 ●    Tryptone 10 g/L.  
 ●   Yeast extract 5 g/L.  
 ●   NaCl 10 g/L.  
 ●   pH 7.      

   2.    Yeast extract broth (YEB)

 ●    Beef extract 5 g/L.  
 ●   Yeast extract 1 g/L.  
 ●   Tryptone 5 g/L.  
 ●   Sucrose 5 g/L.  
 ●   MgSO 4  0.5 g/L.  
 ●   pH 7.      

2.1   Cloning 
of the Expression 
Constructs

2.2  Buffers 
and Reagents
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   3.    2× infi ltration medium

 ●    Sucrose 100 g/L.  
 ●   Glucose 3.6 g/L.  
 ●    Ferty ® -II-Mega fertilizer (Planta, Regenstauf, Germany) 

1 g/L.  
 ●   pH 5.4–5.8.      

   4.    Acetosyringone (3′,5′-dimethoxy-4′-hydroxyacetophenone) 
(Sigma Aldrich, Seelze, Germany).   

   5.    Plant extraction buffer (PBS, pH 7.4)
 ●    NaCl 8 g/L.  
 ●   KCl 0.2 g/L.  
 ●   Na 2 HPO 4  1.44 g/L.  
 ●   KH 2 PO 4  0.24 g/L.  
 ●   pH 7.4.         

       1.    Eppendorf Multiporator (Eppendorf, Hamburg, Germany).   
   2.    Desiccator with connections and tubing (Duran, Wertheim/

Main, Germany).   
   3.    Rotary vane vacuum pump RZ 6 (Vacuubrand, Wertheim/

Main, Germany).   
   4.    1-mL Ominifx F syringe (Braun, Melsungen, Germany).   
   5.    Blender (Waring, Tampa, FL, USA).   
   6.    Mortar and pestle (Haldenwanger, Waldkraiburg, Germany).       

3    Methods 

    Individual synthetic genes or PCR products encoding selected anti-
gen domains can be inserted into the pTRAkc- ERH vector (Fig.  1 ) 
or its variants ( see   Note 11 ) by NcoI/NotI cloning (Fig.  2a ). 
Subsequent stacking of additional domains can be achieved by 
inserting EagI/NotI-fragments into NotI-linearized plasmids 
(Fig.  2b ). When using an appropriate EagI sequence context 
(Subheading 2.1,  item 4 ,  see   Note 12 ), a NotI-site will be reconsti-
tuted only at the 5′-end of the fusion gene, allowing the insertion of 
further domains by repeating the procedure. Similarly, the  cloning   
of DsRed-fusion genes (to generate expression cassettes for tetrava-
lent fl uorescence-labeled antigens or antigen domains for different 
 screening   approaches), can be achieved by inserting EagI/NotI-
fragments into a NotI-linearized plasmid carrying a  DsRed   cDNA 
inserted by NcoI/NotI cloning (Fig.  2c ). Enzymes should be used 
according to the manufacturer’s instructions in term of the amounts, 
buffers, and incubation conditions.

2.3  Equipment

3.1   Cloning   
the pTRAkc 
Expression Constructs

Alexander Boes et al.
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          1.    Digest 2–4 μg of pTRAkc-ERH and target cDNA (insert- 
specifi c synthetic gene or PCR product) with NcoI and NotI.   

   2.    Separate the pTRAkc backbone and target cDNA by prepara-
tive gel electrophoresis, isolate and purify the DNA 
fragments.   

   3.    Quantify the purifi ed DNA and use 50–100 ng of pTRAkc 
backbone for ligation with a fi ve to tenfold molar excess of 
target cDNA (insert-specifi c synthetic gene or PCR product).      

3.1.1  Generation 
of Single Antigen 
Expression Constructs

  Fig. 1    Features of the  plant expression vector   pTRAkcERH. The plant expression 
vector pTRAkc is a derivative of the pPAM vector (GenBank AY027531) and con-
tains two origins of replication (ColE1 ori for  E.    coli    and RK2 ori for  A.    tumefa-
ciens   ), and a backbone ampicillin resistance gene ( bla ) as a bacterial selection 
marker. Recombinant proteins are expressed under the control of the  Caulifl ower 
mosaic virus  35S promoter with duplicated enhancer region, the 5′ untranslated 
region of the  Petrosinella  chalcone synthase (CHS) gene and the CaMV polyad-
enylation signal (pA35SS). Scaffold attachment regions (SAR) were introduced 
next to the right and left borders (RB and LB) of the T-DNA to improve gene 
expression following stable transformation (not relevant for transient expres-
sion). For the selection of such stable transgenic tobacco lines, the T-DNA con-
tains the kanamycin resistance gene ( nptII ) under the control of the nopaline 
synthase promoter (pNos). The  cloning   cassette in the schematic illustration fea-
tures the gene of interest (GOI) fl anked by NcoI and NotI restriction sites, in-
frame between a signal peptide sequence (LPH) and a His 6  tag (his6) and an 
ER-retrieval sequence (SEKDEL)       
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       1.    Digest 2–4 μg of pTRAkc-ERH containing a single antigen 
with NotI.   

   2.    Dephosphorylate the linearized vector to avoid re-ligation.   
   3.    Digest target cDNA (insert-specifi c synthetic gene or PCR 

product) with EagI.   
   4.    Separate by preparative gel electrophoresis, isolate and purify 

the DNA fragments.   
   5.    Quantify the purifi ed DNA and use 50–100 ng of pTRAkc 

backbone for ligation with a fi ve to tenfold molar excess of 
target cDNA (insert-specifi c synthetic gene or PCR product).   

   6.    This step can be repeated to fuse additional antigens or antigen 
domains (stacking).     

 Transform chemical competent  E.    coli    cells with the ligation reactions, 
regenerate for 20–60 min at 37 °C and plate on LB agar containing 
100 μg/mL ampicillin. Incubate plates overnight at 37 °C.   

       1.    Check recombinant  E.    coli    cells either by restriction digest or 
PCR using the PS5′ and PS3′ primer pair, or gene-specifi c 
primers ( see   Note 12 ).   

   2.    Verify all  cloning   steps by DNA sequencing.      

3.1.2  Generation 
of Multi-domain or  DsRed   
Expression Constructs

3.2  Identifi cation 
of Recombinant  E. coli  
Cells

  Fig. 2     Modular cloning   and  gene stacking   using pTRAkc-ERH. Single antigen genes can be inserted in the 
pTRAkc-ERH expression cassette by NcoI/NotI cloning ( a ), leading to the in-frame insertion of the GOI coding 
sequence ( light gray ) between the 5′ signal peptide sequence ( black ) and the 3′ His 6  tag ( yellow ), and 
ER-retrieval sequence ( blue ). The iterative generation of multi-domain fusions ( b ) can be achieved by subse-
quent stacking of EagI/NotI-digested GOI fragments into NotI-linearized, de-phosphorylated vectors between 
a 5′ antigen domain (fi rst step,  light gray ; second step,  dark gray ) and the 5′ signal peptide sequence ( black ) 
and the 3′ His 6  tag ( yellow ). Fusions to the C-terminus of  DsRed   (c) can be also realized by inserting EagI/NotI-
digested GOI fragments into a NotI-linearized pTRAkc-ERH vector carrying the DsRed gene ( red )       
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       1.    Inoculate 100 mL of YEB containing 25 μg/mL rifampicin 
and 25 μg/mL kanamycin with an aliquot of cryopreserved  A.  
  tumefaciens    cells.   

   2.    Grow the culture at 28 °C and 160 rpm for 24–48 h until the 
OD 600  reaches ~5.0 ( see   Notes 13 ).   

   3.    Chill cells on ice for 5 min.   
   4.    Transfer cells to two prechilled 50-mL Falcon tubes and 

 centrifuge at 3000 ×  g  for 10 min.   
   5.    Resuspend each cell pellet in 50 mL ice-cold and sterile H 2 O.   
   6.    Repeat the centrifugation step described above, and resuspend 

each pellet in 25 mL ice-cold and sterile H 2 O, and combine 
both pellets.   

   7.    Repeat the centrifugation step described above, and resuspend 
the cells in 10 mL ice-cold and sterile 10 % (v/v) glycerol.   

   8.    Repeat  step 7 , but resuspend the cells in 3 mL ice-cold and 
sterile 10 % (v/v) glycerol and prepare 50-μL aliquots in sterile 
1.5-mL reaction tubes.   

   9.    Store reaction tubes with electrocompetent  A.    tumefaciens  
  cells immediately at −80 °C.      

       1.    Thaw an  aliquot   of electrocompetent  A. tumefaciens  cells on ice.   
   2.    Add 200–500 ng of pTRAkc plasmid DNA and mix gently 

with thawed cells.   
   3.    Transfer cells to a prechilled 2-mm electroporation cuvette and 

apply a pulse of 2.5 kV for 5 ms using an Eppendorf 
multiporator.   

   4.    Immediately add 950 μL YEB and transfer the cells into sterile 
1.5-mL tubes.   

   5.    Incubate the cells for 2–3 h at 28 °C and 160 rpm.   
   6.    Use one spatula to plate, in descending order, 20 μL, 4 μL, and 

the remaining liquid from the spatula on YEB selection plates 
containing 50 μg/mL carbenicillin, 25 μg/mL rifampicin, and 
25 μg/mL kanamycin ( see   Notes 14 ).   

   7.    Incubate the plates for 3–4 days at 28 °C.      

       1.    Check at least fi ve  A. tumefaciens  clones growing on selection 
plates by colony PCR (25 μL fi nal reaction volume).   

   2.    Pick a colony ( see   Notes 15  and  16 ) with a standard  yellow 
200-μL tip, transfer the colony to a YEB master plate contain-
ing 50 μg/mL carbenicillin, 25 μg/mL rifampicin, and 
25 μg/mL kanamycin and resuspend the colony in 19 μL ster-
ile H 2 O in a reaction tube.   

   3.    Incubate the master plate for 1–2 days at 28 °C.   

3.3  Preparation 
of Electrocompetent  A.  
  tumefaciens    Cells

3.4   Electroporation 
of  A. tumefaciens 

3.5  Identifi cation 
of Recombinant  A. 
tumefaciens  Cells

A Plant-Based Transient Expression System for the Rapid Production of Malaria…
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   4.    Prepare a PCR master mix using 0.5 μL of each primer (PS5′ 
and PS3′) and standard PCR ingredients (10× PCR buffer, 
dNTPs, and  Taq  polymerase).   

   5.    Add 6 μL of the PCR master mix to the 19 μL bacterial 
 suspension from  step 2 .   

   6.    Include pTRAkc plasmid DNA as a positive control and H 2 O 
as a negative control, respectively.   

   7.    Run the PCR program shown in Table  1 .
       8.    Analyze PCR products by gel electrophoresis to identify 

 positive recombinant  A. tumefaciens  clones.      

       1.    Inoculate 3 mL YEB containing 50 μg/mL carbenicillin, 
25 μg/mL rifampicin, and 25 μg/mL kanamycin with a 
recombinant  A. tumefaciens  colony ( see   Note 17 ).   

   2.    Incubate at 28 °C and 160 rpm for 48 h.   
   3.    Enlarge the culture to an appropriate volume ( see   Note 17 ) by 

adding YEB containing 50 μg/mL carbenicillin, 25 μg/mL 
rifampicin, and 25 μg/mL kanamycin and cultivate the culture 
at 28 °C and 160 rpm for 24–48 h to achieve an OD 600  of 3–6.   

   4.    Prepare glycerol stocks by mixing 500 μL of the culture with 
500 μL 100 % (v/v) glycerol and store at −80 °C.       

       1.    Determine the OD 600  of the  A.    tumefaciens    culture.   
   2.    Adjust the culture to OD 600  = 1 with 2× infi ltration medium 

and an appropriate volume of sterile H 2 O.   
   3.    Add acetosyringone from 200 mM stock solution in DMSO to 

a fi nal concentration of 200 μM and incubate the infi ltration 
solution for 30 min at room temperature.      

3.6  Cultivation 
of Recombinant  A. 
tumefaciens  Cells

3.7  Preparation 
of Infi ltration Solution

   Table 1  
  PCR conditions to identify positive  A.    tumefaciens    colonies   

 Step  Temperature (°C)  Time (s)  Repeats 

 Initial denaturation  95  300  1× 

 Denaturation  95  30  25× 

 Annealing  55  30 

 Elongation  72  60/kb 

 Final elongation  72  10  1× 

 Storage  20  ∞  1× 

Alexander Boes et al.
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       1.    Germinate  N.    benthamiana    seeds preferentially on rock wool 
blocks using a hydroponic culturing system or in standard soil 
and pots.   

   2.    Irrigate plants with a 0.1 % (w/v) solution of Ferty ® -II-Mega 
in a greenhouse with 25/22 °C day/night temperature, a 16-h 
photoperiod and 70 % relative humidity.      

   Two different infi ltration and incubation procedures can be used 
according to the number of expression constructs and the  production 
scale. (a) Syringe-based infi ltration of single or multiple leaves using 
intact plants (Fig.  3 , left panel) and (b) vacuum-based  infi ltration 
using intact plants (Fig.  3 , right panel). The syringe-based infi ltration 
requires much smaller culture volumes ( see   Note 18 ) and is more 
suitable for testing different variants in parallel, whereas vacuum infi l-
tration is typically used for larger-scale  production and purifi cation of 
antigens for detailed characterization (e.g., structural analysis). Note 
that all work involving genetically modifi ed  A.    tumefaciens    must be 
carried out in an S1 environment, and all materials should be  properly 
decontaminated according to the applicable regulations ( see   Note 19 ).

         1.    Select suitable plants ( see   Note 20 ) and prepare them for infi l-
tration by misting ( see   Note 21 ).   

   2.    Place the plant on an autoclavable or disposable tray.   
   3.    Wear a laboratory coat and safety glasses.   
   4.    Aspirate 1 mL infi ltration solution into a 1-mL syringe without 

a needle and position the syringe by pressing the tip with 
moderate pressure against the lower surface of a suitable leaf 
( see   Note 22 ) close to a main leaf vein. Start infi ltrating the 
solution into the leaf tissue by slowly pushing the solution 
from the syringe. Infi ltrated tissue appears darker and slightly 
more translucent than non-infi ltrated areas (Fig.  3a ). 
Depending on skills and leaf condition, 50–500 μL of solution 
can be infi ltrated into the leaf tissue at one contact point. If the 
infi ltration does not proceed or if the syringe needs to be 
refi lled, change the contact point.   

   5.    Repeat the procedure until the desired number of leaves has 
been infi ltrated.   

   6.    It is possible to use different leaves on the same plant to 
 infi ltrate different constructs. In this case, it is important to 
properly label the leaves and/or contact points and to avoid 
cross contamination caused by dripping infi ltration solution.   

   7.    Transfer plants to a fresh tray and incubate for 3–10 days 
(Fig.  3b ) in a contained growth chamber (16-h photoperiod, 
10,000 lx, 22 °C, and 60 % humidity). Check for suffi cient 
watering every 2 days.      

3.8  Cultivation of  N. 
benthamiana  Plants

3.9  Plant Infi ltration 
and Incubation

3.9.1  Syringe-Based 
Infi ltration
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  Fig. 3    Infi ltration, incubation, and extraction  of    N. benthamiana. Left panel  shows representative images from 
the syringe infi ltration workfl ow. ( a ) Syringe infi ltration, as the infi ltration solution is slowly pushed into the leaf 
tissue. Darker areas indicate successfully infi ltrated regions. ( b ) The incubation of a  N. benthamiana  plant (fol-
lowing the syringe infi ltration of single leaves) on the shelf of a light cabinet inside a temperature-controlled 
growth chamber. ( c ) Small-scale extraction of soluble proteins from leaf tissue using mortar and pestle after 
syringe infi ltration and incubation.  Right panel  shows representative images from the vacuum infi ltration 
workfl ow. ( A ) Vacuum infi ltration of a whole plant submerged in infi ltration solution, inside a desiccator. ( B ) 
After vacuum infi ltration, plants are incubated hanging upside down within a light cabinet inside a temperature- 
controlled growth chamber. ( C ) Soluble proteins from larger amounts of leaf tissue can be extracted using a 
commercial homogenizer       
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       1.    Select suitable plants ( see   Note 23 ) and prepare them for infi l-
tration by misting. Make sure that the plants fi t into the infi l-
tration vessel (desiccator).   

   2.    Fill a 5-L plastic beaker with 4 L infi ltration solution.   
   3.    Carefully invert each plant and lower into the infi ltration solu-

tion making sure that all leaves are submerged. Use s ticks   or 
adhesive tape to prevent the root block from slipping into the 
solution (Fig.  3A ).   

   4.    Place the beaker with the submerged plant into an appropriate 
20–20 L desiccator, close the lid and apply an underpressure of 
<20 mbar using a vacuum pump.   

   5.    Carefully release the vacuum after 5–10 min ( see   Note 24 ).   
   6.    Incubate the plants upside down for 3–10 days (Fig.  3B ) in a 

contained growth chamber (16-h photoperiod, 10,000 lx, 
22 °C, and 60 % humidity). Check the plants every 2 days for 
suffi cient watering. If the plants appear dry, they should be 
misted daily.       

       1.    Harvest infi ltrated leaf material 3–10 days post infi ltration 
(dpi), typically 5 dpi.   

   2.    Weigh the infi ltrated leaf material.   
   3.    Grind leaf material to a fi ne powder in liquid nitrogen using a 

mortar and pestle for small-scale extraction, and add 2–3 mL 
of extraction buffer per gram of leaf material ( see   Note 25 ).   

   4.    For large-scale extraction, use a blender and mix infi ltrated 
leaves with 3 mL extraction buffer per gram of leaf material.   

   5.    Filter the plant crude extract through a double layer of Miracloth.   
   6.    Centrifuge the extract at 40,000 ×  g  at 4 °C for 15 min to 

remove insoluble plant compounds.   
   7.    Tobacco crude extract containing total soluble proteins can be 

used for subsequent analysis, e.g.,  SDS-PAGE   (Fig.  4a ) ( see  
 Note 26 ) and immunoblot analysis (Fig.  4b ) and/or  ELISA  . 
The red fl uorescence of  DsRed   fusion proteins can be observed 
using a simple red fi lter with a cold light source and a green 
excitation fi lter,  in planta  (Fig.  4c ) or after extraction.

       8.    For purifi cation, adjust the pH of the extract as appropriate 
and pass the extract through a 0.45-μm fi lter to avoid clogging 
the column. The purifi cation strategy for each antigen is highly 
dependent on its intrinsic properties ( see   Note 27 ). However, 
the crude tobacco extract is compatible with most conven-
tional chromatography resins and strategies such as immobi-
lized metal ion affi nity chromatography (IMAC)   .       

3.9.2  Vacuum Infi ltration

3.10  Extraction 
of Total Soluble 
Proteins
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  Fig. 4     SDS-PAGE  , immunoblot analysis and fl uorescence imaging of single and multi-domain malaria vaccine 
candidates after transient expression  in    N. benthamiana . SDS-PAGE and immunoblot analysis of plant extracts 
following the expression of different  Pf AMA1-DiCo-based single and dual-domain malaria vaccine antigen 
constructs. ( a ) The gel was loaded with 6 μL of each sample per lane.  M : Page ruler, pre-stained protein marker; 
 1 : Wild-type plant extract;  2 :  Pf AMA1-DiCo1 (61.7 kDa);  3 :  Pf AMA1-DiCo2 (61.7 kDa);  4 :  Pf AMA1- DiCo3 
(61.7 kDa);  5 : Mixture of  Pf AMA1-DiCo-1-3 (61.7 kDa);  6 :  Pf AMA1-DiCo1_ Pf MSP1_19 (72.7 kDa);  7 :  Pf AMA1-
DiCo2_ Pf RH2a (75.3 kDa);  8 :  Pf AMA1-DiCo3_ Pf RIPR7/8 (70.6 kDa);  9 : Mixture of  Pf AMA1- DiCo1_ Pf MSP1- 19, 
 Pf AMA1-DiCo2_ Pf  RH2a and  Pf AMA1-DiCo3_ Pf Ripr7/8 (70.6–75.3 kDa). Samples were separated under non-
reducing conditions on a 4–12 % gradient gel (NuPage, Lifetech, Darmstadt, Germany) and subsequently used 
for immunoblotting. On the  SDS-PAGE   gel, proteins were visualized by staining with Coomassie Brilliant Blue ( a , 
 left panel ), on the blot membrane recombinant proteins were detected using a plant- derived rat–human chime-
ric version of the  Pf AMA1-specifi c monoclonal antibody 4G2 followed by visualization using an alkaline phos-
phatase-labeled secondary goat anti-human antiserum ( a ,  right panel ). ( b ) Equivalent SDS-PAGE and immunoblot 
analysis of a series of stacked multi-domain malaria vaccine candidates, with 15 μL of samples loaded per 
lane.  M : Page ruler, pre-stained protein marker;  a : Wild-type plant extract;  b :  Pf MSP1-19_EGF1 (6.8 kDa);  c : 
 Pf MSP1-19_EGF1- Pf MSP8_EGF1 (12.3 kDa);  d :  Pf MSP1-19_EGF1-  Pf MSP8_EGF1/2 (17.0 kDa);  e :  Pf MSP1-
19_EGF1- Pf MSP8_EGF1/2- Pf MSP4_EGF (22.6 kDa);  f :  Pf MSP1-19_EGF1-  Pf MSP8_EGF1/2- Pf MSP4_EGF-
 Pf MSP10_EGF1 (28.1 kDa);  g :  Pf MSP1-19_EGF1- Pf MSP8_EGF1/2- Pf MSP4_EGF- Pf MSP10_EGF1/2 (32.7 kDa); 
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4    Notes 

       1.    Depending on the  origin   of the vaccine antigens the prepara-
tion of synthetic genes adapted to the codon usage of  N.    ben-
thamiana    may be benefi cial. AT-rich  P.    falciparum    genes in 
particular may suffer from low expression levels if native cDNA 
sequences are used. Transient expression using pTRAkc-ERH 
expression plasmids will target recombinant proteins for reten-
tion in the endoplasmic reticulum (ER) of the plant cell because 
the vector provides an N-terminal signal peptide sequence and 
a C-terminal KDEL-ER retrieval sequence. Therefore, surface- 
exposed recognition sites for N-linked glycosylation will be 
post-translationally modifi ed with high-mannose type glycans. 
Many  P.    falciparum    proteins, including many vaccine  candidate 
antigens, contain N-linked glycosylation sites that are not used 
in the native context because the parasite lacks the  corresponding 
glycosylation machinery [ 20 ]. It may therefore be necessary to 
knock out such N-linked glycosylation sites for the expression 
of recombinant proteins or protein domains equipped with 
ER-targeting and retention signals. Depending on the charac-
teristics of the selected antigens, it may be useful to target 
other subcellular compartments such as the cytosol, vacuole, 
or plastids. Secreted proteins that require oxidative folding or 
assembly into homomeric or heteromeric oligomers are  suitable 
for ER-targeting using the pTRAkc-ERH vector, whereas 
cytosolic proteins lacking disulfi de bridges and  P.    falciparum  
  proteins from which the N-linked glycosylation sites cannot be 
removed are candidates for cytosolic targeting using another 
variant of the pTRA vector lacking the signal peptide and 
ER-retention sequence [ 21 ].   

   2.    The  gene stacking   strategy takes advantage of the compatibility 
of the single strand 5′ overhangs created by both EagI and 
NotI. Whereas NotI has an 8-bp recognition site, EagI has a 
6-bp recognition site and these features can be used to prevent 
the reconstitution of a NotI recognition site following the 
insertion of an EagI-digested fragment. EagI digestion at the 

4.1   Cloning Notes

Fig. 4 (continued)  h :  Pf MSP1-19_ EGF1-  Pf MSP8_EGF1/2- Pf MSP4_EGF- Pf MSP10_EGF1/2- Pfs 25 (51.2 kDa);  i : 
 Pf MSP1-19_EGF1- Pf MSP8_EGF1/2- Pf MSP4_EGF-  Pf MSP10_EGF1/2- Pfs 25- Pf CSP_TSR (58.8 kDa); 
 j :  Pf s28- Pf MSP1-19_EGF1- Pf MSP8_EGF1/2_ Pf MSP4_EGF_ Pf MSP10_EGF1/2 _ Pfs 25 (69.9 kDa);  k :  Pfs 28 _
Pf MSP1- 19_EGF1-  Pf MSP8_EGF1/2- Pf MSP4_EGF- Pf MSP10_EGF1/2- Pfs 25- Pf CSP_TSR. Samples were sepa-
rated in each lane under non-reducing conditions on a 4–12 % (w/v) gradient gel (NuPage, Lifetech) and 
subsequently used for immunoblotting. ( c ) Expression of DsRed-antigen fusions can easily be visualized. 
 1 : Non-infi ltrated  N.    benthamiana    leaf under white light ( left side ) and under green light visualized through a red 
fi lter ( right side ),  2 :  N. benthamiana  leaf infi ltrated with DsRed- Pf MSP1-19 after 5 days of incubation, under 
white light ( left side ) and under green light visualized through a red fi lter ( right side )       
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5′ end and NotI digestion at the 3′ end of the stacked insert 
shifts the NotI site used for stacking to the 3′ end of the proxi-
mal gene. Two insert orientations are possible and this can be 
determined by PCR, using an appropriate combination of 
PS5′, PS3′, and insert-specifi c primers that will only generate a 
product for correct insertion events. Alternatively an NcoI/
NotI double digest of the parental and recombinant plasmids 
will produce identical fragments if the insert is inverted 
(because the NotI restriction site is reconstituted at the  original 
position), whereas a recombinant plasmid with the correct 
insert will yield a longer fragment than the parental plasmid.       

       1.     A. tumefaciens  regenerates and  grows   slowly compared to  E.  
  coli   , especially when inoculated from single colonies. The 
regeneration times indicated in the protocol should be 
 followed. When inoculating  A. tumefaciens  cultures from 
 glycerol stocks, at least 50–100 μL should be used to prevent 
prolonged cultivation times.   

   2.    Strictly avoid incubating  A. tumefaciens  at temperatures 
exceeding 30 °C because this will lead to the loss of plasmids 
and thereby reduce the quality and reproducibility of transient 
expression experiments.   

   3.    Selection plates containing carbenicillin, rifampicin, and kana-
mycin should be stored at 4 °C for no longer than 10 days.   

   4.    The transformation of electrocompetent  A. tumefaciens  cells 
with pTRA variants is usually highly effi cient. Follow the 
 recommendations regarding plasmid amounts and volumes 
used for plating the transformed cells to avoid overgrown 
selection plates.   

   5.    After transformation, do not selectively pick the largest or the 
smallest colonies on the plate.   

   6.    Do not use wooden toothpicks for the inoculation of liquid 
cultures with  A. tumefaciens  because phenolic compounds in 
the stick may inhibit bacterial growth.   

   7.    For troubleshooting, use  A. tumefaciens  transformed with 
pTRAkc-DsRedERH as a reporter plasmid.      

   8.    Adjust the size of the  A. tumefaciens  culture prepared for infi l-
tration according to the amount of leaf tissue that will be 
 infi ltrated and the selected infi ltration technique. A 20-mL cul-
ture usually yields >50 mL infi ltration solution suffi cient for at 
least eight leaves using syringe infi ltration. When using vacuum 
infi ltration for larger numbers of leaves or whole plants, 4–5 L of 
infi ltration solution is usually required so prepare 500–1000 mL 
of  A. tumefaciens  culture. Pre-cultures can be expanded up to 
100-fold in one step.       

4.2    Agrobacterium 
tumefaciens  Notes
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       1.    To ensure optimal yields in transient expression experiments, 
avoid the use of plants that show extensive fl owering or clear 
signs of senescence (crinkled leaves or browning).   

   2.    Spraying plants with water mist 20–30 min before starting the 
infi ltration procedure improves the infi ltration effi ciency, 
 especially when working with syringe infi ltration.   

   3.    When aiming to achieve high expression levels on a small scale 
(e.g., to produce, purify and compare several construct 
 variants), vital leaves of medium age should be chosen. Using 
the largest lower leaves will generally not increase the protein 
yield or integrity.   

   4.    Syringe infi ltration is useful for the parallel testing of many 
construct variants, but proper and effi cient infi ltration of the 
leaf tissue does require some practice. Do not apply too much 
force when contacting the lower leaf surface for injection. 
Infi ltrate the  A.    tumefaciens    suspension using moderate 
 constant pressure, carefully observe the infi ltration of the tissue 
and proceed to a new contact site if necessary. Wear safety 
glasses and protective clothing because the  A. tumefaciens  
 suspension may sputter from the stomata during infi ltration.   

   5.    Bubbles will be released from the submerged plant tissues at 
the beginning of vacuum infi ltration. For optimal infi ltration, 
vacuum incubation should continue until bubble formation 
has ceased. After releasing the vacuum, check the plant for 
proper infi ltration—the infi ltrated tissue appears translucent.   

   6.    The whole procedure of  A.    tumefaciens    infi ltration must 
be carried out under containment in an appropriate S1 
environment.      

       1.    The effi ciency of target protein extraction is strongly dependent 
on the composition of the extraction buffer. The highest extrac-
tion effi ciency (as a function of total soluble protein content) is 
achieved with an extraction buffer at neutral pH (7–8) and declines 
under more acidic or basic extraction conditions. Under basic 
conditions (especially pH > 8.0), the extract becomes brown as a 
result of increased enzymatic oxidation and the formation of poly-
phenolic compounds. Such compounds can hamper subsequent 
purifi cation steps by promoting the fouling of chromatography 
resins thus reducing the resin  capacity. These issues can be 
addressed by including an antioxidant such sodium metabisulfi te 
(fi nal concentration 10 mM) in the extraction buffer. Adding 
NaCl and increasing the conductivity can further increase the 
 solubility of the target protein.   

   2.    The most abundant protein in the crude extract is ribulose- 
1,5- bisphosphate carboxylase/oxygenase (RuBisCO), a multi- 
protein complex comprising eight large subunits (approximately 
58 kDa) and eight small subunits (approximately 18 kDa).   

4.3  Plant 
Infi ltration Notes

4.4  Extraction Notes
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   3.    A heat incubation step can be used to reduce the abundance of 
plant-derived host cell proteins in the extract. Incubation at 
70 °C for 10 min typically removes up to 80 % of plant total 
soluble proteins and may simplify downstream. The  applicability 
of this step depends on the temperature  stability   of the 
 recombinant target protein. To avoid unfolding of proteins 
with internal disulfi de bridges, an extraction buffer without 
reducing agents like sodium metabisulfi te is highly recom-
mended when applying the heat incubation step.      

       1.    The three so-called diversity covering ( DiCo ) variants of the apical 
membrane antigen  Pf   AMA1  have been developed [ 22 ] to cover 
the high allelic diversity of this promising vaccine candidate with a 
small number of antigens, aiming to elicit cross- strain- specifi c 
 parasite growth inhibitory  immune responses   [ 23 ].   

   2.     Pf    MSP1_19  is an 11-kDa fragment of an abundant blood- 
stage antigen, the structural motif occurring in many  P.    falci-
parum    blood-stage antigens.  Pf    MSP1_19  remains on the 
surface of the merozoite during erythrocyte invasion 
 underlining the relevance of this antigen as a blood-stage 
 vaccine candidate [ 24 ,  25 ].   

   3.    The RH5 interacting protein ( Pf  Ripr ) is a recently discovered 
 P.    falciparum    surface protein that forms a complex with  Pf RH5 
and plays a role in the sialic acid-independent erythrocyte 
 invasion pathway [ 26 ]. The protein features ten EGF-like 
domains, and animal studies have indicated that the combina-
tion of EFG-7 and EFG-8 is a primary target of protective 
antibody responses [ 26 ].   

   4.    As a member of the  P.    falciparum    reticulocyte binding homo-
logs ( Pf RH),  Pf    RH2  is believed to play a role in the sialic 
acid-independent erythrocyte invasion pathway and studies 
have shown that IgGs recognizing the full-size as well as 
various smaller fragments (e.g.,  Pf    RH2a ) of the protein 
 correlate with protection from symptomatic malaria and 
high-density parasitemia [ 27 ].   

   5.    The merozoite surface protein 4 ( Pf    MSP4 ) is a highly 
 conserved [ 28 ], abundant protein found on the surface of 
 P.     falciparum    merozoites [ 29 ]. Immunization with a  P. yoelii  
homolog of MSP4 resulted in protection from lethal parasite 
challenge [ 30 ]. The C-terminal EGF-like domain is recog-
nized by human immune sera [ 31 ].   

   6.     Pf    MSP8  is another conserved merozoite surface protein that 
contains EGF-like domains and has been proposed as potential 
blood-stage vaccine candidate [ 32 ].   

   7.     Pf    MSP10  is another merozoite surface protein and potential 
blood-stage vaccine candidate [ 33 ,  34 ] featuring two EGF- like 
domains.   

4.5  Description 
of the Proteins Used 
in the Case Studies
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   8.    The two closely related  P.    falciparum    ookinete surface proteins 
 Pfs  25  [ 35 ] and  Pfs  28  [ 36 ] have been shown to elicit transmis-
sion-blocking antibodies in animal experiments and are among 
the leading transmission-blocking vaccine candidates. Both 
proteins contain four EGF-like domains.   

   9.    The circumsporozoite antigen  Pf CSP [ 37 ,  38 ] is the major 
component of the promising malaria vaccine candidate RTS,S 
and is regarded as an essential pre-erythrocytic antigen. The 
C-terminal thrombospondin-related domain  Pf    CSP_TSR  
[ 39 ] represents a defi ned structural entity that  Pf   CSP shares 
with other pre-erythrocytic antigens such as  Pf   TRAP, and has 
been selected as pre-erythrocytic component for the multi- 
stage vaccine candidates used in our case studies.   

   10.    Variants of the red fl uorescent protein (RFP)   DsRed   , initially 
isolated from the mushroom coral  Discosoma  sp. [ 40 – 43 ], are 
commonly used as fl uorescent marker proteins. DsRed forms a 
homomeric tetramer and the mature protein has an excitation 
optimum of 554 nm and maximum emission at 554 nm. DsRed 
and its  fusion proteins   bind copper, and therefore can easily be 
purifi ed by copper- IMAC  . In most cases, DsRed  tolerates 
C-terminal fusions and its strong fl uorescence allows the 
expression screening of antigen domain libraries as well as the 
sorting of antigen specifi c  B-cell   populations taking  additional 
advantage of increased avidity resulting from the multivalent 
presentation within the context of the DsRed tetramer.         

5    Notes 

     1.    The three so-called diversity covering ( DiCo ) variants of the 
apical membrane antigen  Pf  AMA1  have been developed [ 22 ] 
to cover the high allelic diversity of this promising vaccine can-
didate with a small number of antigens, aiming to elicit cross-
strain-specifi c parasite growth inhibitory immune responses 
[ 23 ].   

   2.     Pf   MSP1_19  is an 11-kDa fragment of an abundant blood-
stage antigen, the structural motif occurring in many  P. falci-
parum  blood-stage antigens.  Pf   MSP1_19  remains on the 
surface of the merozoite during erythrocyte invasion underlin-
ing the relevance of this antigen as a blood-stage vaccine can-
didate [ 24 ,  25 ]   

   3.    The RH5 interacting protein ( Pf Ripr ) is a recently-discovered 
 P. falciparum  surface protein that forms a complex with  Pf RH5 
and plays a role in the sialic acid-independent erythrocyte inva-
sion pathway [26]. The protein features 10 EGF-like domains, 
and animal studies have indicated that the combination of 
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EFG-7 and EFG-8 is a primary target of protective antibody 
responses [ 26 ].   

   4.    As a member of the  P. falciparum  reticulocyte binding homo-
logs ( Pf RH),  Pf  RH2  is believed to play a role in the sialic acid-
independent erythrocyte invasion pathway and studies have 
shown that IgGs recognizing the full-size as well as various 
smaller fragments (e.g.  Pf  RH2a ) of the protein correlate with 
protection from symptomatic malaria and high-density parasit-
emia [ 27 ].   

   5.    The merozoite surface protein 4 ( Pf  MSP4 ) is a highly-con-
served [ 28 ], abundant protein found on the surface of  P. falci-
parum  merozoites [ 29 ]. Immunization with a  P. yoelii  homolog 
of MSP4 resulted in protection from lethal parasite challenge 
[ 30 ]. The C-terminal EGF-like domain is recognized by 
human immune sera [ 31 ].   

   6.     Pf  MSP8  is another conserved merozoite surface protein that 
contains EGF-like domains and has been proposed as potential 
blood-stage vaccine candidate [ 32 ].   

   7.     Pf  MSP10  is another merozoite surface protein and potential 
blood-stage vaccine candidate [ 33 ,  34 ] featuring two EGF-like 
domains.   

   8.    The two closely related  P. falciparum  ookinete surface proteins 
 Pfs  25  [ 35 ] and  Pfs  28  [ 36 ] have been shown to elicit transmis-
sion-blocking antibodies in animal experiments and are among 
the leading transmission-blocking vaccine candidates. Both 
proteins contain four EGF-like domains.   

   9.    The circumsporozoite antigen  Pf CSP [ 37 ,  38 ] is the major 
component of the promising malaria vaccine candidate RTS,S 
and is regarded as an essential pre-erythrocytic antigen. The 
C-terminal thrombospondin-related domain  Pf  CSP_TSR  
[ 39 ] represents a defi ned structural entity that  Pf CSP shares 
with other pre-erythrocytic antigens such as  Pf TRAP, and has 
been selected as pre-erythrocytic component for the multi-
stage vaccine candidates used in our case studies.   

   10.    Variants of the red fl uorescent protein (RFP)  DsRed , initially 
isolated from the mushroom coral  Discosoma  sp. [ 40 – 43 ], are 
commonly used as fl uorescent marker proteins. DsRed forms a 
homomeric tetramer and the mature protein has an excitation 
optimum of 554 nm and maximum emission at 554 nm. 
DsRed and its fusion proteins bind copper, and therefore can 
easily be purifi ed by copper-IMAC. In most cases, DsRed tol-
erates C-terminal fusions and its strong fl uorescence allows the 
expression screening of antigen domain libraries as well as the 
sorting of antigen specifi c B-cell populations taking additional 
advantage of increased avidity resulting from the multivalent 
presentation within the context of the DsRed tetramer.   
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   11.    Depending on the origin of the vaccine antigens the prepara-
tion of synthetic genes adapted to the codon usage of  N. ben-
thamiana  may be benefi cial .  AT-rich  P. falciparum  genes in 
particular may suffer from low expression levels if native cDNA 
sequences are used. Transient expression using pTRAkc-ERH 
expression plasmids will target recombinant proteins for reten-
tion in the endoplasmic reticulum (ER) of the plant cell because 
the vector provides an N-terminal signal peptide sequence and 
a C-terminal KDEL-ER retrieval sequence. Therefore, surface-
exposed recognition sites for N-linked glycosylation will be 
post-translationally modifi ed with high-mannose type glycans. 
Many  P. falciparum  proteins, including many vaccine candi-
date antigens, contain N-linked glycosylation sites that are not 
used in the native context because the parasite lacks the cor-
responding glycosylation machinery [ 20 ]. It may therefore be 
necessary to knock out such N-linked glycosylation sites for 
the expression of recombinant proteins or protein domains 
equipped with ER-targeting and retention signals. Depending 
on the characteristics of the selected antigens, it may be useful 
to target other subcellular compartments such as the cytosol, 
vacuole or plastids. Secreted proteins that require oxidative 
folding or assembly into homomeric or heteromeric oligomers 
are suitable for ER-targeting using the pTRAkc-ERH vector, 
whereas cytosolic proteins lacking disulfi de bridges and  P. fal-
ciparum  proteins from which the N-linked glycosylation sites 
cannot be removed are candidates for cytosolic targeting using 
another variant of the pTRA vector lacking the signal peptide 
and ER-retention sequence [ 21 ].   

   12.    The gene stacking strategy takes advantage of the compatibility 
of the single strand 5’ overhangs created by both EagI and 
NotI .  Whereas NotI has an 8-bp recognition site, EagI has a 
6-bp recognition site and these features can be used to prevent 
the reconstitution of a NotI recognition site following the 
insertion of an EagI-digested fragment. EagI digestion at the 
5’ end and NotI digestion at the 3’ end of the stacked insert 
shifts the NotI site used for stacking to the 3’ end of the proxi-
mal gene. Two insert orientations are possible and this can be 
determined by PCR, using an appropriate combination of 
PS5’, PS3’ and insert-specifi c primers that will only generate a 
product for correct insertion events. Alternatively an NcoI/
NotI double digest of the parental and recombinant plasmids 
will produce identical fragments if the insert is inverted 
(because the NotI restriction site is reconstituted at the origi-
nal position) whereas a recombinant plasmid with the correct 
insert will yield a longer fragment than the parental plasmid.   

   13.     A. tumefaciens  regenerates and grows slowly compared to  E. 
coli , especially when inoculated from single colonies. The 
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regeneration times indicated in the protocol should be fol-
lowed. When inoculating  A. tumefaciens  cultures from glyc-
erol stocks, at least 50–100 µL should be used to prevent 
prolonged cultivation times.   

   14.    Strictly avoid incubating  A. tumefaciens  at temperatures 
exceeding 30°C because this will lead to the loss of plasmids 
and thereby reduce the quality and reproducibility of transient 
expression experiments.   

   15.    Selection plates containing carbenicillin, rifampicin and kana-
mycin should be stored at 4°C for no longer than 10 days.   

   16.    After transformation, do not selectively pick the largest or the 
smallest colonies on the plate.   

   17.    Do not use wooden toothpicks for the inoculation of liquid 
cultures with  A. tumefaciens  because phenolic compounds in 
the stick may inhibit bacterial growth.   

   18.    Adjust the size of the  A. tumefaciens  culture prepared for infi l-
tration according to the amount of leaf tissue that will be infi l-
trated and the selected infi ltration technique. A 20-mL culture 
usually yields >50 mL infi ltration solution suffi cient for at least 
eight leaves using syringe infi ltration. When using vacuum 
infi ltration for larger numbers of leaves or whole plants, 4-5 L 
of infi ltration solution is usually required so prepare 500-1000 
mL of  A. tumefaciens  culture. Pre-cultures can be expanded up 
to 100-fold in one step.   

   19.    The whole procedure of  A. tumefaciens  infi ltration must be 
carried out under containment in an appropriate S1 environ-
ment.To ensure optimal yields in transient expression experi-
ments, avoid the use of plants that show extensive fl owering or 
clear signs of senescence (crinkled leaves or browning).   

   20.    Spraying plants with water mist 20–30 min before starting the 
infi ltration procedure improves the infi ltration effi ciency, espe-
cially when working with syringe infi ltration.   

   21.    Syringe infi ltration is useful for the parallel testing of many 
construct variants, but proper and effi cient infi ltration of the 
leaf tissue does require some practice. Do not apply too much 
force when contacting the lower leaf surface for injection. 
Infi ltrate the  A. tumefaciens  suspension using moderate con-
stant pressure, carefully observe the infi ltration of the tissue 
and proceed to a new contact site if necessary. Wear safety 
glasses and protective clothing because the  A. tumefaciens  sus-
pension may sputter from the stomata during infi ltration.   

   22.    When aiming to achieve high expression levels on a small scale 
(e.g. to produce, purify and compare several construct vari-
ants), vital leaves of medium age should be chosen. Using the 
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largest lower leaves will generally not increase the protein yield 
or integrity.   

   23.    Bubbles will be released from the submerged plant tissues at 
the beginning of vacuum infi ltration. For optimal infi ltration, 
vacuum incubation should continue until bubble formation 
has ceased. After releasing the vacuum, check the plant for 
proper infi ltration – the infi ltrated tissue appears translucent.   

   24.    The effi ciency of target protein extraction is strongly depen-
dent on the composition of the extraction buffer. The highest 
extraction effi ciency (as a function of total soluble protein con-
tent) is achieved with an extraction buffer at neutral pH (7–8) 
and declines under more acidic or basic extraction conditions. 
Under basic conditions (especially pH >8.0), the extract 
becomes brown as a result of increased enzymatic oxidation 
and the formation of polyphenolic compounds. Such com-
pounds can hamper subsequent purifi cation steps by promot-
ing the fouling of chromatography resins thus reducing the 
resin capacity. These issues can be addressed by including an 
antioxidant such sodium metabisulfi te (fi nal concentration 10 
mM) in the extraction buffer. Adding NaCl and increasing the 
conductivity can further increase the solubility of the target 
protein.   

   25.    The most abundant protein in the crude extract is ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), a multi-
protein complex comprising eight large subunits (approximately 
58 kDa) and eight small subunits (approximately 18 kDa).   

   26.    A heat incubation step can be used to reduce the abundance of 
plant-derived host cell proteins in the extract. Incubation at 
70°C for 10 min typically removes up to 80% of plant total 
soluble proteins and may simplify downstream. The applicabil-
ity of this step depends on the temperature stability of the 
recombinant target protein. To avoid unfolding of proteins 
with internal disulfi de bridges, an extraction buffer without 
reducing agents like sodium metabisulfi te is highly recom-
mended when applying the heat incubation step.         
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