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Abstract 

 Electroporation is a technique that employs electrical pulses to open pores in a cells 

membrane to allow DNA to enter and be transcribed using the cells machinery. A Bombyx mori 

odorant receptor (BmOr) promoter will be introduced to the antennae of Manduca sexta pupa 

using this technique. Vectors containing a BmOr promoter and TagRFP were constructed using 

pUC19 as the base plasmid by sequential ligations of first the promoter and then TagRFP using 

common restriction sites. After ligation the vectors were checked by restriction digest to extract 

and check the size of the insert and by sequencing the insert and comparing to the expected 

sequence. Vectors BmOR46-TagRFP-pUC19, BmOR41-TagRFP-pUC19, BmOR27-TagRFP-

pUC19 were successfully created and are usable in electroporation experiments as demonstrated 

by successful electroporation of explanted antennal tissue. Future directions include use of GFP 

instead of TagRFP as the reporter gene and addition of RNAi to the vector to affect development 

through loss-of-function of a protein for the purpose of identifying some of the roles specific 

proteins play in olfactory development. Electroporation will be performed in live stage 4 pupa 

antenna instead of explants to allow for development of the antenna after introduction of the 

vector. 

 

Introduction 

 Electroporation  

 Electroporation is a technique that uses an electric pulse to open pores in the membranes 

of eukaryotic cells for the purpose of introducing DNA into the cell. This technique was 

originally used to create competent cells out of bacteria and yeast (E.coli) to prepare them for 

transformation. Electroporation functions by delivering an electric pulse through an anode and 
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cathode, applying the DNA construct, and using DNA’s negative charge to drive the DNA into 

cells adjacent to the anode. Changing the polarity of the electrodes is important to increase 

efficiency (Thomas 2003.) The DNA used in electroporation is usually a vector that introduces a 

gene into the cell along with a reporter gene such as GFP, or RFP in our case, which allows 

visualization of the cells that were successfully transfected.  

 Variables that affect the effectiveness of electroporation are voltage, duration of pulse, 

distance between electrodes, and number of pulses. These variables depend on the tissue 

geometry and condensation because the internal resistances of the cells vary (Krull 2004). High 

voltage or close placement of electrodes results in enhanced cell death. Low voltage or distant 

placement of the electrodes results in low transfection efficiency. (Krull 2004)  

 Electroporation consists of several steps or stages. First the membrane is charged micro 

seconds after first applying the electric field; this charges the membrane and creates a 

hyperpolarized and a depolarized pole in a single cell system. Pores begin to form on the 

hyperpolarized pole initially, and as more pores are created the internal conductance is increased 

because the pores are allowing the current to pass through the membrane. Large and small pores 

are created on the poles, the large pores are formed initially but then shrink down to join the 

small pore population, defined as 1nm in diameter by Krassowska and Filev (2007). Though 

large pores are fewer in number they account for most of the pore area that is created during 

electroporation. Interestingly, the depolarized pole contains the highest density of large pores and 

is therefore more likely to introduce DNA into the cell. After the pulse is terminated the pores 

begin to shrink down to the small pore size and eventually reseal. For creation of large pores this 

study (Krassowaska and Filev 2007) found that weak pulses just above the cells threshold were 

the most effective.  
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 Electroporation is an effective technique because gene expression is turned on very 

quickly through the vector DNA introduced, within several hours of electroporation, multiple 

genes can be introduced using the same or different vectors applied at once and the DNA 

production is relatively easy and cheap with a low bio-safety hazard as compared to use of 

retrovirus (Chen et al 2004). This technique has been widely and successfully used in chicken 

embryogenesis by in ovo electroporation to manipulate gene expression and observe 

developmental changes due to gain-of-function (adding genes using a vector) or more recently 

loss-of-function. The loss-of-function experiments are described by Krull (2004) as introducing a 

competitive inhibitor protein that disrupts the function of the wild type protein present in the cell 

or a transcriptional activator protein that is mutated, other methods use morpholinos or RNAi to 

disrupt the production of wild type proteins. RNAi is of particular importance to this study 

because the techniques currently being developed to introduce vector DNA that expresses 

TagRFP will later be used to study development of antennae through RNAi and loss-of-function 

of a protein. The use of RNAi involves addition of double stranded RNA into the cell, this 

activates the anti-virus DNA machinery DICER which cuts the RNA into fragments and RISK 

takes the fragments and identifies complimentary sequences to be cleaved. This process 

effectively reduces the amount of mRNA for the protein of interest and leads to knockdown of 

that protein because it is not being translated.  

 For insect models the time of development has been identified as an important factor. In 

Thomas’s study (Thomas 2003) Bombyx mori late and early embryos were electroporated with 

multiple constructs but only the early embryos showed successful whole organism transfection 

because of the cuticle that developed and insolated the embryo as it aged. For our study 
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Manduca sexta stage 4 pupas have their cuticle surgically removed to reveal the developing 

antennae and the antennae are solely electroporated.  

             Manduca Sexta Anatomy 

             Sanes and Hildebrand characterized the development of antennae in Manduca sexta in 

their 1976 study (Sanes and Hildebrand 1976). Manduca goes through 4 stages in its life cycle: 

embryonic, larval, pupal, and finally adulthood.  Manduca sexta develop antennae from larval 

imaginal disks and completes differentiation after metamorphosis into adulthood. Just before the 

larva moves into the pupal stage the imaginal disk evaginates and pushes the inner layer of cells 

outward to form the pupal antenna. The pupal antenna is hollow and rests in fluid filled pupal 

thorax, which makes a good target for electroporation. The antennae are comprised of sensilla 

that contain only primary sensory neurons. The antennae are targets for study because of their 

role in olfaction and their accessibility through development.   

 Bombyx mori Olfactory Receptors 

 Bombyx mori odorant receptors (BmOr) were initially identified by two groups but have 

since been renamed and added to by Wanner et al. (2007) who vastly increased the number of 

BmOr’s identified (now 1-48). The BmOr 8-48 were found using the Bombyx mori genome, and 

conducting a BLAST search for known insect odorant receptor proteins. Many of these receptors 

are conserved across insect species and Bombyx odorant receptor promoters were used in this 

study because the Manduca sexta genome is not sequenced so the odorant receptor sequences 

have not been identified, however the sequences should be orthologs of the Bombyx receptors.  

 

Methods 

 Vector design 
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 Primers were designed to capture the regions of DNA about 1000 base pairs upstream of 

the olfactory receptor of interest in the hopes of capturing the promoter region to the receptor 

gene. The BmOr promoters were amplified by PCR from genomic DNA of Bombix mori and 

were ligated directly into Topo, which is a plasmid designed to add PCR fragments easily 

because it uses the adenosine overhangs that are produced by Taq polymerase during the PCR 

process. Alternatively, some fragments were blunt end converted and ligated into Pst-Blue 

plasmid. BmOr promoters 40, 41, 2, 27, and 13 were initially put in Topo, BmOrs 35, 46, 18, and 

15 were contained in Pst-Blue.  

 The final vector will consist of the BmOr promoter and TagRFP in the generic pUC19 

plasmid (figure 1). This vector was prepared for each promoter in two steps: first by adding the 

promoter sequence to pUC19 and then by adding TagRFP to the plasmid.   

 Restriction Enzymes 

 To cut the BmOr promoter out of Topo or Pst-Blue the restriction enzymes XbaI and 

BamHI were used on both the promoter sequences and on pUC19 to create matching sticky ends. 

These digests were incubated at 37
o
C for an hour and a half. Two enzymes were used instead of 

one to prevent the DNA from inserting backwards into pUC19. The promoters 18, 2 and 40 all 

double cut with these enzymes meaning that a restriction site within the promoter sequence 

prohibits the enzymes use; these promoters were set aside. Promoters 15, 27, 13, 35, 41, and 46 

were successfully ligated into pUC19.  

 Ligation  

 To prepare the promoter sequences for ligation after the restriction digests, the DNA was 

gel extracted to isolate the promoter DNA from the plasmid it was in originally.  Before the 
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ligation, the DNA was quantified using a density calculation from a gel and vector to insert ratios 

of 3:1, 1:1 and 1:3 were used.  

 The ligations were left overnight at 16
o
C and were then transformed with ultracompetent 

cells. Plating of 250ul was performed after an hour of outgrowth in a shaking incubator. Xgal 

and IPTG were spread on the agar prior to plating for blue/white colony screening.  

 Screening 

 The lacZ gene in pUC19 is located in the multiple cloning site so that when a ligation is 

successful the lacZ gene is disrupted and the yeast can’t make lactose and are white instead of 

blue. This allows for easy screening of the colonies. To verify that the correct insert is present, 

several colonies were minipreped, digested with XbaI and BamHI, and run on a gel to check for 

correct insert size, which varied with each promoter and were determined by the PCR primers. 

After verifying the size the vectors were sequenced using the M13 common primers for pUC19. 

The sequences were compared with the Bombix mori genomic DNA found on keikobase.com.  

Tag-RFP addition 

 The Tag-RFP used in this vector construction was originally from pTagRFP-N vector 

purchased from Evrogen. This Tag-RFP was removed from that vector because it was difficult to 

work with and put into Pst-Blue, which is a smaller plasmid and has more restriction sites. Next, 

the  BmOr-pUC19 construct and Tag-RFP in Pst-Blue were cut with HindIII and PstI, gel 

extracted and ligated. Because the promoter sequence already interrupted the lacZ gene in 

pUC19 the colonies could no longer be blue/white screened. Instead, four to five colonies from 

each plate were minipreped and digested with HindIII and PstI and run on a gel to check for the 

Tag-RFP insert at ~600bp. BmOR 27, 13, and 35 were all either double or triple cut by the 

enzymes.  



10 

 

 No other enzyme combinations successfully cut BmOR 13, 27 or 35, instead a blunt end 

conversion was performed on BmOR 15 and 27. For the blunt end conversion TagRFP-Pst-Blue 

was digested with Pst1 and HindIII, and pUC19-BmOr15 or 27 was digested with only Pst1. The 

fragments were isolated with gel extraction to get rid of the unwanted Pst-Blue vector and the 

sticky ends were converted into blunt ends using Evogen Perfectly Blunt kit. Ligations of 1:1 

vector to insert ratios were set up and incubated at 16
o
C overnight. The ligations were plated 

using supercompetent cells. Four colonies were minipreped and screened using HindIII and XbaI 

to cut out the TagRFP if it was present in the ligated vector.   

 

 

 

 

 

 

 

 

 

 

 Figure 1: Base vector map of BmOr-Tag-RFP/pUC19 

 

Results 

 

 Vectors BmOr46-TagRFP-pUC19, BmOr41-TagRFP-pUC19, BmOr27-TagRFP-pUC19, 

and BmOr15-TagRFP-pUC19 were successfully created and are usable in electroporation 

experiments (Figure 5). These vectors were confirmed by restriction digest to identify the 
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successful ligations by cutting out the fragment and verifying the insert size by gel 

electrophoresis (Figures 2-4). The samples that showed expected banding were then sequenced 

and compared to the BmOr sequence published on keikobase.com and the pTagRFP-N sequence 

published by Evrogen.  

 To check the expression of the vectors the antennae of a stage 4 pupa were dissected out 

and electroporated with the vector by putting the tissue in a cuvet and pulsing current throughout 

the cuvet. The antennae were then plated in cell culture. After allowing 2 days of cell growth the 

explants were imaged. A successful electroporation would show TagRFP expression in the 

newly grown explants because of the introduction of the vector DNA containing the tissue 

specific promoter and TagRFP. Only BmOR46-TagRFP-pUC19 was successfully tested in this 

way (Figure 6), the other vectors’ explants were contaminated with bacteria and could not be 

imaged. However, these experiments will be repeated to verify that the vectors do express 

TagRFP in antennal tissue. 

   BmOr 46  BmOr15 

 
Figure 2: Digest of minipreped ligation of BmOr 46 and 15 with Tag RFP showing the ladder in 

lane 1, BmOr 46 in lanes 2-4 and BmOr15 in lanes 5-10. These results show insertion of TagRFP 

at ~600bp in BmOr 46 but not BmOr15.  
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 BmOr15  BmOr41 

 
Figure 3. Digest of minipreped ligation of BmOr15 and 41with Tag RFP showing the ladder in 

lane 1, BmOr 15 in lanes 2-4 and BmOr41 in lanes 5-10. These results show insertion of TagRFP 

at ~600bp in BmOr 41 but not BmOr15. 

 

     BmOr 15        BmOr 27 

 
Figure 4. Digestion of minipreped blunt end ligation of BmOr 15 and 27 with Tag RFP showing 

the ladder in lane 1, BmOr 15 in lanes 2-5 and BmOr41 in lanes 6-10. These results show 

insertion of TagRFP at ~600bp in BmOr 27 and likely ligation in BmOr15. 
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A. B.  

C. D.  

Figure 5. Finalized vector maps. A. BmOR46-TagRFP-pUC19 B. BmOR41-TagRFP-pUC19 C. 

BmOR27-TagRFP-pUC19 D. BmOr15-TagRFP-pUC19. C. and D. were blunt-end ligated 

therefore there are no restriction sites flanking TagRFP. 

 

 
Figure 5. Results of an explanted antennal tissue electroporated with BmOR46-TagRFP-pUC19. 

The red florescence is the result of TagRFP expression from the successful introduction of the 

vector. 
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Discussion: 

 The significance of these results (Figure 5) is twofold. First, these results show that the 

construction of the vector was successful. Second, the results show that Bombyx olfactory 

receptor promoters are close enough homologs to Manduca olfactory receptor promoters that 

they will work to promote expression of TagRFP or any other protein we put in a vector 

downstream of the promoter. The future direction of this study is to exchange the TagRFP gene 

with zgreen GFP which is a new highly florescent form of GFP.  

 The next step is to have successful electroporation of the antennae in live stage 4 pupa 

instead of cell cultured antennae. This way the electroporation could be performed by removing 

the cuticle over the developing antenna, electroporating the tissue and then resealing the cuticle 

and allowing the pupa to continue developing.  

 Ultimately these BmOr promoters will be used to construct vectors containing RNAi to 

knockdown expression of proteins in vivo and investigate the loss of that protein’s impact on 

development of the olfactory system in Manduca.  
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