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Synthetic Biology
Experiment Objective:

The purpose of this experiment is to fully introduce students to the field of 
synthetic biology through the hands-on experience of creating, culturing, and 
evaluating E. coli “devices” that convert salicylic acid into wintergreen oil. 

See page 3 for storage instructions.
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Experiment Components

Components for Amplification (Module I) Storage Check (√)

• PCR EdvoBeads™ Room temp. (with desiccant) q
A Primer Mix Concentrate Freezer q
B  Template DNA Concentrate Freezer q
C TE Buffer Freezer q
D Ultrapure water Freezer q
• 10X Gel Loading Solution Freezer q

Components for Electrophoresis and Staining (Module II)

E DNA Standard Marker  Freezer q
• SYBR® Safe Stain Room temp. (in dark) q

Components for Purification and Digestions (Module III)

• Purification Buffer Room temp. q
• Wash Buffer Room temp. q
F EcoRI + HindIII Dryzyme® Mix Freezer q
G Reconstitution Buffer Freezer q
H Enzyme Reaction Buffer  Freezer q

Components for Ligation (Module IV)

I  Vector cut with EcoRI and HindIII  Freezer q
• T4 DNA Ligase Freezer q

Components for Transformation and Cell Culture (Modules V and VI)

• ReadyPour™ LB Agar Room temp. q
• LB Medium Room temp. q
• BactoBeads™ GFP CHROM Host Refrigerate with desiccant  q
• CaCl

2
 Freezer q

J  Competent Cell Solution Freezer q
K Control DNA Freezer q
• Recovery Broth Freezer q
L Kanamycin Freezer q
M IPTG  Freezer  q
N Salicylic Acid  Freezer q

Components for Assay (Module VII)

O Wintergreen Scent Freezer q 

Supplies

• 50x Concentrated Electrophoresis Buffer
• UltraSpec-Agarose™ 
• Spin Columns and Reservoirs
• 0.2 mL Thin-walled PCR Tubes
• 0.5 mL Snap-top Tubes
• 1.5 mL Snap-top Tubes
• 10 mL Pipet
• 50 mL Conical Tubes
• Sterile Loops
• Petri Plates

All experimental compo-
nents are intended for 

education research only. 
They are not to be used 

for diagnostic or drug pur-
poses, not administered to 
or consumed by humans.

This experiment is 
designed for 5 lab 

groups. 

IMPORTANT 
READ ME!

Transformation experiments 
contain antibiotics which 

are used for the selection of 
transformed bacteria. Students 
who have allergies to antibiot-
ics such as penicillin, ampicillin, 

kanamycin or tetracycline 
should not participate in these 

parts of the experiment.

Each PCR EdvoBead™ contains dNTP Mixture, Taq DNA Polymerase Buffer, Taq DNA Polymerase, MgCl2 , Reaction Buffer
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Requirements  (not included with this kit)

• Thermal cycler (EDVOTEK Cat. #541 highly recommended)

• Horizontal gel electrophoresis apparatus

• UV transilluminator or blue light transilluminator (EDVOTEK Cat. #558 or #557 highly recommended) 

• D.C. power supply

• Microcentrifuge (must be able to reach 6000 rpm)

• Waterbaths (at least two)

• Shaking incubation oven 

• Microwave

• Pipet pump

• Ice buckets

• Automatic micropipettes (0.1-10 µL, 5-50 µL, 100-1000 µL micropipettes)

• Flasks and beakers 

• Gloves

• UV safety goggles

• Bleach

• Coffee grounds (optional)
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Vitamins

Perfumes

Biofuel

Artemisinin

WHAT IS SYNTHETIC BIOLOGY?  

Synthetic biology combines design theory, computer science principles, systems biology, and advanced genetic engineering 
techniques with the goal of creating new biological systems. The tools used to create these constructs are frequently derived 
from biotechnology and genetic engineering research but the projects - and particularly the project planning - also embrace 
a strong engineering approach. Synthetic biology assumes that cells are programmable machines that can be constructed 
(and reconstructed) with interchangeable parts made out of different DNA sequences. This perspective places emphasis on 
the standardization, modularization, and reusability of these sequences and also encourages an iterative “design-create-test” 
process. 

Synthetic biologists begin a project by determining goals, 
brainstorming multiple solutions, and then developing a plan 
to address the top ideas (design). They implement this plan 
in the lab where they create the systems they’ve envisioned 
using molecular biology techniques (create). Finally, scien-
tists assess the performance of the newly created biological 
system (test) by carrying out investigations and observations 
that answer questions like:  

• Do the organisms efficiently perform the anticipated 
task(s)?

• Do later generations still perform the task(s)?
• Can the organisms survive and reproduce in changing 

environmental conditions? 
• Do the organisms behave in any other new or unex-

pected ways?
• What would happen if an organism escaped from the 

lab environment? 
• Are there any other risks that need to be addressed?

These investigations often highlight possible improvements as well as possible problems, which are in turn used to begin 
a new cycle of design. Using a design-create-test approach, and armed with an easily assessable inventory of standardized 
parts (and their imaginations), synthetic biologists are designing new biological solutions to pressing medical, energy, envi-
ronmental, and economic problems (Figure 1). 

WHAT CAN SYNTHETIC BIOLOGY DO?

One of the first success stories of synthetic biology is that of the Keasling lab at UC Berkley and the anti-malarial drug Arte-
misinin. Wormwood plants naturally make Artemisinin by breaking down a precursor molecule called farnesyl pyrophosphate 
(FPP).  Unfortunately, the Artemisinin supplied by wormwood is expensive and unreliable, so Dr. Keasling’s lab worked to 
create Artemisinin-producing yeast cultures. This was accomplished by introducing three genes into the yeast genome, allow-
ing the modified yeast to both produce large amounts of FPP and convert it into Artemisinin. 

Yeast cells are ideal protein production factories because they are fast growing and rarely become contaminated. Today, 
modified strains of yeast are being used to produce everything from high-end fragrances and insect repellents to vitamins 
and more meat-like veggie burgers! 

Background Information

Figure 1: The many applications of synthetic biology.
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Bacteria are also popular among synthetic biologists. For example, these single cell organisms are being bioengineered to 
produce products like plastics, rubber, and nylon that traditionally required petroleum to produce. Similarly, multiple synthetic 
biology projects are focused on modifying algae to become an economically viable alternative energy. These microscopic 
organisms naturally convert sunlight, CO

2
, and nutrients into oil that can be processed into biofuel. However, in order to be 

competitive in today’s energy market designers need to create algae that can simultaneously grow faster, produce more oil, 
and survive the environmental changes that sometimes accompany mass production.  

Despite the astounding diversity of synthetic biology projects they share key steps: (1) creating a DNA construct, (2) insert-
ing this construct into an organism’s genetic system, and (3) ensuring that the transformed organism survives, grows and 
performs as expected. 

PLANNING THE DNA CONSTRUCT  

Cells store their genetic information in DNA molecules which are 
condensed either as chromosomes within a cell’s nucleolus or as 
self-contained circular strands called plasmids. This stored informa-
tion becomes biologically relevant during gene expression. During 
this two-step process a messenger RNA molecule is created from 
the DNA sequence and then used as a template to create a protein 
(Figure 2). These steps are called transcription and translation.  

While the star of gene expression is the protein coding sequence, 
there are several additional regions in the DNA that are essential 
to the process (Figure 3). For example, a promoter and a termina-
tor region signal the beginning and end of transcription. In addi-
tion, promoters can also tell the cell when to produce a protein 
and how much of it to produce. For instance, inducible promoters 
initiate transcription only when specific chemical compounds are 
also present in the cell. Similarly, start and stop codons indicate 
where translation should begin. Most genes also contain untrans-
lated regions (UTRs) on both sides of the coding sequence. The 5’ 
UTR region enables gene expression by allowing a ribosome - the site of protein synthesis in eukaryotic cells - to bind to the 
mRNA molecule. The 3’ UTR helps to terminate translation and can also influence post transcriptional modifications. When 
designing synthetic DNA it is essential to include code not only for the new product (typically a protein) but also for these 
regulatory regions. Synthetic biology assumes that each of these different chunks of DNA are independent and reusable parts 
that can be studied, cataloged, shared and arranged (and rearranged) in endless configurations. When "programmed" into 
the cell these codes enable a cell to perform specific tasks. However, it is important to remember that biological systems are 
complex - there are often unpredictable interactions between both neighboring and distant sequence regions during gene 
expression as well as unplanned reactions between new and native proteins in a cell. Modern tools from systems theory and 
computer science can help designers predict how a new construct will behave. However, one of the best ways to find out is 
to build the new biological system and observe what happens! 

Figure 2: Gene expression.

Figure 3: Key genetic elements of a DNA construct.
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THE NUTS AND BOLTS OF SYNTHETIC BIOLOGY - BUILDING THE DNA CONSTRUCT 

Once a DNA construct has been designed it can 
be experimentally created in the lab. Often, these 
synthesized constructs are created at a very low 
concentration and must be amplified using the 
Polymerase Chain Reaction (PCR) before they 
can be used. PCR uses short DNA primers, the 
enzyme DNA polymerase, and free nucleotides 
to enable DNA replication within a test tube. A 
single PCR experiment can increase the number of 
synthesized DNA sequences from a few copies to 
thousands or even millions of copies by sequentially heating and cooling a sample (Box 1). 

After performing PCR, the DNA product is often purified to remove potential contaminants. This can be accomplished by 
performing gel electrophoresis and then physically removing the product band. Another option is to use a specialized silica-
membrane that binds to the DNA - allowing contaminants to wash away - and then releases the DNA when the pH is changed. 
This simple procedure allows pure DNA to be re-collected.

Next, the purified DNA is cut with restriction endonucleases. These 
endonucleases (also known as restriction enzymes) act like mo-
lecular scissors that cut double-stranded DNA at specific sequences. 
Digestion by a restriction enzyme can generate DNA fragments with 
one of two types of DNA ends -- “blunt” or “sticky” (Figure 4). In 
this experiment the enzymes used - EcoRI and HindIII - create sticky 
ends (Figure 5A). As the name implies, “sticky” ends easily interact 
and bind to complimentary overhangs on other DNA sequences. This 
enables the accurate joining of two unrelated DNA molecules – in this 
case the synthetic DNA construct and a plasmid. 

Box 1: In a PCR reaction, DNA is subjected to sequential heating/cooling 

cycles at three different temperatures:

(1) Denaturation (94-96° C) unzips the target DNA.
(2) Annealing (45-65° C) causes the primers to base pair with the tem-

plate DNA.
(3) Extension (72° C) allows Taq polymerase to add nucleotides to the 

primers and synthesize a complementary strand. 

G A A T T C
C T T A A G

EcoRI

G G C C
C C G G

HaeIII

T T C G A A

Blunt End Sticky Ends

HindIII

HaeIII HindIII

A A G C T T

EcoRI

Figure 4: Different types of DNA ends produced 
by Restriction Enzymes.

Figure 5: A DNA construct and 
plasmid combine to form a 

recombinant molecule.

B

Antibiotic Resistance Gene

Origin of Replication

MCS

A

Restriction
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Plasmid

Digested
Plasmid
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Ligation of
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Plasmids are powerful carriers of DNA code because they can be inserted into bacterial cells and replicate independently of 
chromosomes. The plasmid in this experiment contains an origin of replication that allows for this replication and a gene for 
antibiotic resistance that will allow you to identify cells that have accepted the plasmid (Figure 5B). In addition, antibiotic 
resistance allows cells to be cultured in an antibiotic growth broth that both prevents contamination and maintains selec-
tive pressure on cells to keep the new plasmid. The plasmid also contains, a region known as a multiple cloning site (MCS) 
which contains around 20 restriction enzyme cut sites. In this experiment the plasmids have been predigested with EcoRI 
and HindIII, creating linear molecules with sticky ends that match the DNA construct. 

The linearized plasmid molecules and the prepared DNA construct will bind to each and become permanently joined with 
the help of the enzyme T4 DNA ligase which catalyzes the formation of inter-nucleotide bonds. The final product is a syn-
thetic or recombinant plasmid that can be incorporated into the genetics system of a living bacteria cell (Figure 5).  

EXPRESSING THE SYNTHETIC DNA CONSTRUCT IN BACTERIA

Transformation, the natural transfer of genetic material from the environment into a cell, is one of the most popular 
methods to introduce DNA into bacteria 
(Figure 6). Although there are many 
other potential methods, including 
infecting an organism with a viral vec-
tor or shooting DNA into a cell with a 
“gene gun”, transformation is preferred 
because of its safety, simple procedure, 
and high success rate. 

The first stage of transformation is to 
create “competent” cells – cells that 
are capable of accepting DNA from the 
environment. Scientists can make cells 
competent by exposing them to specific 
chemicals, including calcium, rubidium, 
or magnesium chloride. Next, DNA is 
added to the solution and the suspen-
sion is “heat-shocked” by moving it quickly from a cold environment to a hot environment and then back to a cold environ-
ment. The combination of chemical ions and temperature changes is believed to alter the permeability of the cell wall and 
membrane, allowing the plasmids to more readily enter the cells. Finally, during a short recovery period, cells are incubated 
in growth media which allows them to grow and to begin expressing the new gene(s). 

Transformation is an extremely inefficient process, with only one cell in a thousand incorporating the new plasmid. Fortu-
nately, since the bacterial solution will contain millions of bacterial cells there is still a very high rate of success. The exact 
transformation efficiency can be calculated by growing the recovered culture on a petri plate containing antibiotics and 
counting the number of colonies that survive (Box 2). Because only colonies that contain the plasmid can grow on the plate, 
surviving colonies can then be selected and used to seed a liquid culture of transformed bacteria that can be maintained for 
many generations. 

The final step of the synthetic biology 
experiment is to test the newly synthesized 
microorganisms. These tests help determine 
whether the new organism is acting as ex-
pected (e.g. producing the new compound).  
Additional tests can quantify the rate of pro-
duction of the intended protein, monitor for 
any negative changes in populations growth 
rate and stability, and confirm that no additional and dangerous products are also being produced. Observations from these 
tests can then help inform the next round of design and improve the organisms in the future.

Competent Cell
Preparation Transformation Recovery Plating

X
X

X
X

Figure 6: The Transformation Process.

Box 2: Transformation efficiency is a quantitative determination of the number of 

cells transformed per 1 µg of plasmid DNA. To calculate this value:

 (1) Count the number of colonies on the plate.
 (2) Divide by the concentration of the added DNA.
 (3) Multiply by the solution’s volume during recovery. 
 (4) Divide by the volume of solution added to the plate.  
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THE THORNY ISSUES OF SYNTHETIC BIOLOGY 

Synthetic biology allows scientists to construct new organisms that do not exist in nature. The techniques used to accom-
plish this task have no innate penchant for good or bad, but they do have the potential to both solve and create significant 
problems. For instance, there are concerns that this technology could be used to create new and dangerous biological 
weapons. In this scenario a small group of individuals could access publicly available sequences to reconstruct danger-
ous pathogens such as the poliovirus, re-engineer bacteria to be highly antibiotic resistant, or create a new microbe that 
releases poison when ingested. Public discussions that examine such potential risks and determine preventative strategies 
will be an essential part of synthetic biology’s continued growth. 

One strength of the field is the current diversity of participants. Within synthetic biology there has been a strong push to-
wards transparency and open use. One result of this is that researchers include private entrepreneurs and citizen scientists 
in addition to the more traditional members of big bio (universities, corporations, government agencies). Such openness 
increases the speed of innovation, diversifies perspectives during debates, and encourages self-regulation. However, syn-
thetic biology is also an advanced and profitable field with a similarly strong contingent who strongly defend the impor-
tance of intellectual property rights. Likely both sides will contribute to and shape this growing field. 

Individuals have passionately different answers to the questions that synthetic biology raises. Yet, in many cases the field 
is advancing faster than our ability to describe - or even know - its many impacts. This makes conversation particularly 
hard but all the more necessary. As informed citizens and as members of the growing syn-bio movement consider discuss-
ing the following questions with your class and larger communities following the experiment. 

• If a useful gene is generated based on a traditional medicinal plant, sequenced by researchers in one lab, and in-
tegrated into a new organism by another lab, does any group have exclusive rights to the profit from the medicine 
produced by the new organism? 

• What happens when the product made by a newly synthesized organism threatens the traditional economy of a 
region? 

• Are organizations that profit from neutral or even beneficial synthetic biology discoveries in anyway responsible if a 
technology is reused to cause harm? 

• How will synthetic biology change the relationship between humans and nature?
• Should humans intentionally create new kinds of life? 

In this experiment you will prepare synthetic DNA molecules containing the gene Benzoic Acid Methyl Transferase (BSMT) 
and graft these molecules into an antibiotic resistant plasmid. Next, you will transform these plasmids into a culture of E. 
coli bacteria. Bacteria containing the plasmid should produce large amounts of BSMT, an enzyme that converts salicylic acid 
into methyl salicylate - a strong aromatic that is produced by many plant species to attract pollinators and repel herbivores. 
Finally, to confirm that the experiment was successful, you will compare the fragrance of the bacteria in the presence of 
salicylic acid to positive and negative controls. 
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EXPERIMENT OBJECTIVE  

The purpose of this experiment is to fully introduce students to 
the field of synthetic biology through the hands-on experience of 
creating, culturing, and evaluating E. coli “devices” that convert 
salicylic acid into wintergreen oil. 

LABORATORY NOTEBOOKS

Scientists document everything that happens during an experi-
ment, including experimental conditions, thoughts and observa-
tions while conducting the experiment, and, of course, any data 
collected. Today, you'll be documenting your experiment in a 
laboratory notebook.

Before starting the Experiment:
•  Carefully read the introduction and the protocol. Use this 

information to form a hypothesis for this experiment. 
•  Predict the results of your experiment. 

During the Experiment: 
•  Record your observations in your lab notebook.

After the Experiment:
• Formulate an explanation from the results.
• Determine what could be changed in the experiment if the 

experiment were repeated. 

Experiment Overview

Module I:  
Amplification of a Synthetic Insert

 Sample Prep (30 min) + Thermocycler (90 min)
↓

Module II: 
Confirmation of Amplification by Electrophoresis

Load Gel (10 min) + Electrophoresis (30 min)
+ Visualize (5 min)

↓

Module III-A: 
Purification of the Amplified DNA Insert

Purify (20 min)
↓

Module III-B: 
Restriction Enzyme Digestion of the Insert

Sample Prep (15 min) + Digestion Incubation (60 min) 
+ Inactivation Incubation (20 min)

↓

Module IV: 
Ligation

Enzyme Rehydration (10 min) + Ligation Prep (10 min) 
+ Ligation Incubation (60 min)

↓

Module V-A:
Preparation of Competent Cells

Cell Prep (5 min) + Incubation (20 min) 
+ Post-Prep (10 min)

↓

Module V-B: 
Transformation

Transformation (35 min) + Recovery (30 min) 
+ Plate (15 min) + Incubation (Overnight)

↓

Module VI:
Culturing of Transformed Cells

Sample prep (15 min) + First Incubation (3 hours) 
+ Post-Prep (5 min) + Second Incubation (Overnight) 

↓

Module VII:
Smell Assay

Smell comparison (15 min) 
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Laboratory Safety

IMPORTANT READ ME!

Transformation experiments contain antibiotics to select for transformed bacteria. Students who 
have allergies to antibiotics such as penicillin, ampicillin, kanamycin or tetracycline should not 
participate in these parts of the experiment.

1. Wear gloves and goggles while working in the laboratory. 

2. Exercise extreme caution when working in the laboratory - you will be heating and working with high voltages, which 
could be dangerous if performed incorrectly.

3. The E. coli bacteria used in this experiment is not considered pathogenic.  Regardless, it is important to follow simple 
safety guidelines in handling and disposal of materials contaminated with bacteria. 

 A. Wipe down the lab bench with a 10% bleach solution or a laboratory disinfectant.

 B. All materials, including petri plates, pipets, transfer pipets, loops and tubes, that come in contact with bacteria should 
be disinfected before disposal in the garbage. Disinfect materials as soon as possible after use in one of the following 
ways:

 • Autoclave at 121° C for 20 minutes.
  Tape several petri plates together and close tube caps before disposal. Collect all contaminated materials in an auto-

clavable, disposable bag. Seal the bag and place it in a metal tray to prevent any possibility of liquid medium or agar 
from spilling into the sterilizer chamber. 

 • Soak in 10% bleach solution.
  Immerse petri plates, open tubes and other contaminated materials into a tub containing a 10% bleach solution. Soak 

the materials overnight and then discard.  Wear gloves and goggles when working with bleach.

4. Always wash hands thoroughly with soap and water after working in the laboratory.

5.  If you are unsure of something, ASK YOUR INSTRUCTOR!

Wear gloves 
and safety goggles

SYNTHETIC BIOLOGYEDVO-Kit 331

11

1.800.EDVOTEK •  Fax 202.370.1501  •  info@edvotek.com  •  www.edvotek.com

Duplication of any part of this document is permitted for non-profit educational purposes only. Copyright © 2018 EDVOTEK, Inc., 

all rights reserved. 331.181001

SYNTHETIC BIOLOGYEDVO-Kit 331



Module I:  Amplification of a Synthetic Insert

1. LABEL a 0.2 mL PCR tube with your initials or lab group number.
2. ADD 25 µL of primer mix and 5 µL of DNA template to the labeled 0.2 mL tube.
3. ADD one PCR EdvoBead™ to the tube.  
4. MIX the PCR sample.  Make sure the PCR EdvoBead™ is completely dissolved.
5. Briefly CENTRIFUGE the sample to collect the sample at the bottom of the tube. 
6. AMPLIFY the DNA using PCR:
  
 PCR cycling conditions:  
 • Initial denaturation 94° C for 5 minutes
 • 94° C for 30 seconds 
 • 56° C for 30 seconds       30 cycles          
 • 72° C for 75 seconds 
 • Final Extension 72° C for 5 minutes 

7. LABEL a new 0.5 mL tube with your initials and “gel sample”. 
8. ADD 3 µL 10X gel loading solution, 12 µL Ultrapure water, and 5 µL of the amplified DNA from the PCR in step 6 to the 

"gel sample" tube. 
9. STORE the remaining PCR product on ice and continue to Module II with the gel sample.

  OPTIONAL STOPPING POINT:
  Both samples may be stored at -20° C for later use.

1.

5.

2. 4.3.

9.6.

MIX

• 25 µL Primer Mix
• 5 µL DNA Template

#1
#1

#1

#1

#1

EdvoBead™

ADD

ADD

7.

Ge
l S

am
pl

e

8.

• 3 µL 10x Gel loading
• 12 µL Ultrapure water
• 5 µL Amplified DNA

ADD

Ge
l S

am
pl

e

Gel Sample

To
Module II

In Module I you will combine forward and reverse primers, copies of a DNA construct containing the BSMT gene and support 
regions, and an EdvoBead containing Taq polymerase, dNTPs, MgCl

2
, and buffer.  This mixture will be cycled through 30 dena-

turation, annealing, and extension steps to amplify this region. A small subsample of your final solution will be used in Module 
II to confirm amplification while the rest will be used to create a wintergreen scented E. coli culture.
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Module II:  Confirmation of Amplification by 
 Electrophoresis

1. LOAD your group's entire "gel sample" from Module I (20 µL) into a well and RECORD the location in 

your lab book. One group should also LOAD the Standard DNA Marker (20 µL) into the leftmost well 

of each row.

2. CHECK that the gel is properly oriented, then PLACE the safety cover on the unit. Remember, the DNA 

samples will migrate toward the positive (red) electrode.

3. CONNECT the leads to the power source and PERFORM electrophoresis (See Table C for 

time and voltage guidelines). Allow the tracking dye to migrate at least 3.5 cm from 

the wells.

4. After electrophoresis is complete, REMOVE the gel and casting tray from the electropho-

resis chamber. 

Wear gloves 
and safety goggles

Time & Voltage Guidelines (0.8% Agarose Gel)

Min. / Max.Volts

 150

 125

  75

15/20 min.

 20/30 min.

 35 / 45 min.

Table

C
Electrophoresis Model

M6+
M12 (classic)

& M36
Min. / Max.

20/30 min.

 30/35 min.

 55/70 min.

M12 (new)

Min. / Max.

25 / 35 min.

 35 / 45 min.

 60 / 90 min.

Lane

1

2

3

4

5

6

Table 1: Gel Loading 

Sample

Standard DNA Marker

Group #1 Gel Sample

Group #2 Gel Sample

Group #3 Gel Sample

Group #4 Gel Sample

Group #5 Gel Sample

5. SLIDE gel off the casting tray onto the viewing surface of the 

transilluminator and turn the unit on. ADJUST the brightness to 

the desired level to maximize band visualization. DNA should 

appear as bright green bands on a dark background.

6. PHOTOGRAPH results.

7. REMOVE and DISPOSE of the gel and CLEAN the transillumina-

tor surfaces with distilled water. 

1. 2. 3.

5.4. 6. 7.

dH2O

In Module II you will add a sample of your PCR product from Module I to a gel, perform electrophoresis, and visualize the prod-
uct in order to confirm that the DNA construct was successfully amplified.

OPTIONAL STOPPING POINT:
Gel can be stored for 2-3 days after electrophoresis. Protect from light, refrigerate, 
and keep hydrated by storing each gel in a watertight plastic bag with 1-2 mL of 1x 
electrophoresis buffer.
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Module III Overview

In Module III you will first purify the PCR product using a silicon membrane spin column. Next, you will use the restriction en-
zymes EcoRI and HindIII to create “sticky” cut site on both ends of your DNA constructs. Finally, you will heat inactivate both of 
these enzymes to ensure optimal ligation in the next module. 

EMPTY

SPIN

SPIN

Ultrapure
Water

Wash
Buffer

DNA Insert
& Purification

Buffer

INCUBATE

SPIN

SAVE
ADD

ADD

PURIFICATION DIGESTION

COMBINE
• PCR Insert

• Reaction Buffer
• Enzyme Mixture
• Ultrapure water

99

37° C

60
min.

99

70° C

20
min.

EcoRI

HindIII

EcoRI

HindIII

Enzymes
cutting DNA

Heat
deactivates

enzymes

X

X
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Module III-A:  Purification of the Amplified Insert

1. TRANSFER the amplified DNA insert from Module I (~25 µL) to a clean 1.5 mL microcentrifuge tube and label it with your 
group number or initials.

2. ADD 300 µL of Purification Buffer to this tube. 
3. MIX by inverting the tube 6-7 times.
4. PLACE a spin column into a reservoir tube and TRANSFER the DNA insert mixture to the column (~325 µL). CLOSE the lid on 

the column.
5. CENTRIFUGE the column (in the reservoir tube) at 6000 rpm for 1 minute. This forces the 

solution through the column while the DNA product becomes bound to the membrane.
6. REMOVE the spin column and EMPTY as much flow through as possible from the reservoir 

tube. RETURN the spin column to reservoir tube.
7. ADD 700 µL Wash Buffer to the spin column.  CLOSE the lid on the column. 
8. CENTRIFUGE the column and reservoir tube at 6000 rpm for 1 minute.  
9. REMOVE the spin column and EMPTY as much flow through as possible from the reservoir 

tube. RETURN the spin column to reservoir tube.
10. CENTRIFUGE the column and reservoir tube at full speed for 1 minute to remove any remaining wash buffer..
11. LABEL a 1.5 mL snap-top tube "PCR insert." Also, include your initials or group number.
12. PLACE the column into this tube and DISCARD the original reservoir tube.
13. ADD 25 µL of Ultrapure water to the center of the column (directly onto the white membrane). 
14. CLOSE the lid on the column and let the tube INCUBATE for 1 minute at room temperature.   
15. CENTRIFUGE the tube at maximum speed for 1 minute. Carefully position each snap-top tube's lid so that they do not inter-

fere with the operation of the centrifuge.
16. CHECK that the DNA insert was recovered at the bottom of the “PCR insert" tube (the final volume will be slightly less than 

25 µL) and DISCARD the used spin column. 

  OPTIONAL STOPPING POINT:
  The PCR Insert sample can be kept at -20° C for later use.

NOTE: 
For all centrifuge steps (5, 
8, 10, and 15) make sure 
to balance your tube with 
a classmate’s tube or a 
similarly weighted blank. 

1. 5.

6.

2. 3.

EMPTY

300 µL Purification
Buffer

#1 #1ADD

MIX 4.
DNA insert

mixture

TRANSFER
DNA insert

TRANSFER

11. 12.

1 minute
6000 rpm

8.

1 minute
6000 rpm

10.

1 minute
FULL SPEED

7.

700 µL
Wash Buffer

ADD

9.

EMPTY

“PCR insert”
LABEL

13. 14.

25 µL Ultrapure
water

ADD
1 minute

16.15.

1 minute
FULL SPEED

~25 µL
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Module III-B: Restriction Enzyme Digestion of the Insert 

1. RETRIEVE the “PCR insert” tube containing 23-25 µL of the purified PCR mixture.

2. To your PCR insert ADD 5 µL Restriction Enzyme Reaction Buffer, 10 µL Enzyme Mixture (EcoRI and HindIII), and 10 µL Ultra-
pure water.

3. MIX the solution by gently pipetting up and down several times or by vortexing. 

4. INCUBATE the solution at 37° C for 60 minutes. 

NOTE: Near the end of the incubation, check that a separate 70° C water bath is heating. 

5. INCUBATE the solution at 70° C for 20 minutes. This will heat-inactivate the restriction enzymes.

6. RE-LABEL the tube “Cut PCR Insert”. 

  OPTIONAL STOPPING POINT:
  “Cut PCR Insert” samples can be kept at -20° C for several days.

1.

PCR insert

2.
ADD

• Restriction Enzyme 
   Rxn Buffer (5 µL)
• Enzyme Mixture (10 µL)
• Ultrapure water (10 µL)

3.

99

37° C4.

60
min.

99

70° C5. 6.

20
min. “Cut PCR

  insert”

RE-LABEL
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Module IV:  Ligation

1. RETRIEVE a tube of the T4 DNA Ligase and COLLECT the enzyme at the bottom of the tube by gently tapping the tube on 

the tabletop or by briefly centrifuging it.

2. ADD 30 µL of Ultrapure water to the tube. 

3. INCUBATE for 5 minutes to allow the enzyme to fully rehydrate.

4. Using a fresh pipette tip, MIX the buffer and ligase by pipetting the solution up and down. The solution may appear 

cloudy after mixing. 

NOTE: The solution is thick and can be difficult to pipette. If needed, cut the tip of the pipette to allow the solution to 

more easily move. 

5. Briefly CENTRIFUGE the tube to collect the mixture at the bottom of the tube. 

6. LABEL a 0.5 mL microcentrifuge tube “Ligation DNA”. 

7. ADD 10 µL Cut PCR Insert, 5 µL Vector cut with EcoRI and HindIII, and 15 µL rehydrated T4 to the Ligation tube.

8. MIX by tapping the tube on the tabletop of by brief vortexing.

9. INCUBATE the samples at room temperature (~ 22° C) for 1 hour. During the incubation, periodically MIX the sample by 

tapping or vortexing the tube. 

OPTIONAL STOPPING POINT:

Ligated DNA samples can be kept at -20° C for several days.

1. 3. 4.2. 5
min.

5.
T4 T4

T4

TAP

T4

ADD
30 µL Ultrapure

water

6.

“Ligation
  DNA”

LABEL

7. 8.
• 10 µL cut PCR insert
• 5 µL cut Vector
• 15 µL T4

ADD

MIX 9. INCUBATE

60
min.

In Module IV you will first reactivate the enzyme T4 DNA Ligase through rehydration. You will then mix the prepared cut PCR 
inserts, the pre-digested plasmid, and the activated T4 enzyme and incubate this mixture at room temperature. Following 
incubation, you will have multiple recombinant plasmids containing the BSMT DNA construct.

SYNTHETIC BIOLOGYEDVO-Kit 331

17

1.800.EDVOTEK •  Fax 202.370.1501  •  info@edvotek.com  •  www.edvotek.com

Duplication of any part of this document is permitted for non-profit educational purposes only. Copyright © 2018 EDVOTEK, Inc., 

all rights reserved. 331.181001

SYNTHETIC BIOLOGYEDVO-Kit 331



In Module V you will transform E. coli bacteria with 
both the BSMT recombinant plasmids created in this 
experiment and with a positive control of a previously 
synthesized plasmids. To do this you will prepare 
competent E. coli cells and then add the Ligation DNA 
or the Control DNA to each cell culture. These cultures 
will be briefly heat shocked and then allowed to 
recover at 37° C. Finally, both cultures will be plated 
on separate LB-Kanamycin-Agar plates and incubated 
overnight.

Module V Overview

20
min.

ADD

Create Cell
Pellet

Create NEW
Cell Pellet

COMPETENT CELL
PREPARATION

TRANSFORMATION

CaCl2

INCUBATE

INCUBATE

Competent
Cell Solution

ADD

ADD
CaCl2 to

Competent
cell solution

ADD
DNA

ADD
Recovery

Broth

15
min.

99

42° C
45 sec.

99

37° C
30
min.
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1. OBTAIN two 1.5 mL tubes of E. coli starter culture from your teacher and LABEL with “Ligation” and “Control” as well as 

with your initials or group number. KEEP both tubes on ice as much as possible during this module. 

2. CENTRIFUGE both tubes at full speed for 2 minutes to pellet the cells.

3. In both tubes, carefully POUR off the supernatant. DO NOT DISTURB THE CELL PELLET!  

4. Slowly ADD 200 µL of ice-cold CaCl
2
 solution to each tube.

5. In both tubes, gently RESUSPEND the cells in the ice-cold CaCl
2
 solution by slowly pipetting up 

and down several times. 

6. INCUBATE the tubes on ice for 20 minutes.

7. CENTRIFUGE the tubes at full speed for 2 minutes.

8. In both tubes, carefully POUR off the supernatant.  DO NOT DISTURB THE CELL PELLET!

9. Slowly ADD 100 µL of ice-cold competent cell solution to each tube.

10. In both tubes, gently RESUSPEND the cells in the ice-cold competent cell solution by slowly 

pipetting up and down several times. 

11. STORE both tubes on ice and proceed to Module V-B. 

Module V-A:  Preparation of Competent E. coli Cells

NOTE:
Cells are very sensitive 
to temperature and 
mechanical disruption 
during this phase of 
the procedure. For best 
results keep tubes on 
ice as much as possible 
and pipette slowly and 
gently. 

  OPTIONAL STOPPING POINT:
  Competent cells can be stored at 4° C for several hours or at -20° C for several days.

5.

6.

4.

E.coli starter
culture

LABEL

1.

“Ligation”

“Control”

2. 3.

2
min.

200 µL
CaCl2

ADD

“Ligation”
“Control” “Ligation”

“Control”

10.9.

100 µL
competent

cell
solution

ADD

20
min.

7.

2
min.

8. 11.

“Ligation”
“Control”

“Ligation”

“Control”
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14. 15. 16. 17.

0.1 ml 

R2

Control Ligation

MAX

5
min.

Control

C2

0.4 ml 

18.18. 19. 20. 21.

Cover

C2

Control
Repeat

Steps 16-18
for Ligation

Control

Ligation

10
min.

37° C
overnight

Group 1

Module V-B:  Transformation

1. RETRIEVE your two competent cell tubes from Module V-A (labeled “Ligation” and “Control”).

2. ADD 150 µL ice-cold CaCl
2
 solution to both tubes. 

3. MIX by gently pipetting up and down several times. 

4. ADD 10 µL of the “Ligation DNA” (Module IV) to the tube labeled “Ligation” and 10 µL of 

control DNA to the tube labeled “Control”. MIX again by gently pipetting up and down sev-

eral times.

 NOTE: The control DNA contains previously prepared synthetic plasmid and can be used as 

a positive control for the transformation and smell assay. 

5. INCUBATE both tubes on ice for 15 minutes. 

6. Quickly PLACE both tubes in a 42° C water bath for 45 seconds. 

7. Immediately RETURN the tubes to the ice bucket and incubate for 2 minutes. 

8. ADD 250 µL of Recovery Broth to both tubes using a sterile 1 mL pipet. Gently MIX by flicking 

each tube. 

9. INCUBATE both tubes for 30 minutes in a 37° C water bath.

10. While the cells are recovering LABEL two agar plates "Ligation" or "Control". Also, include your 

lab group number or your initials.

NOTE:
Keep reagents and 
samples on ice through-
out the procedure. When 
handling sample tubes 
do not hold them at the 
bottom as this can raise 
the temperature of the 
sample.

3. 4.

6.

1.

“Ligation”

“Control”

11.

“Ligation” “Ligation”

“Control”

“Ligation” “Control”

12.

5.2.
150 µL CaCl2

solution 

ADD
10 µL 

Ligation DNA
from Module II.

ADD

“Control”

10 µL 
Control DNA

from Module II.

ADD

15
min.

99

42° C
45 sec.

9. 10.

99

37° C7.

2
min.

8.
250 µL

Recovery
broth

ADD

30
min.

LABEL

“Ligation”

“Control”

5
min.

“Ligation” “Control”

400 µL
supernatant

REMOVE 13.

“Ligation”

“Control”

14.

15. 16.

100 µL 

“Ligation”

17. 18.REPEAT
Steps 14-15
for Control.

37° C
overnight

“Ligation”

“Ligation”

“Ligation”

“Control”

COVER INCUBATE INVERTED
10
min.
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Module V-B:  Transformation, continued

11. After the incubation, REMOVE the tubes from the water bath and CENTRIFUGE at low speed (~6000 rpm) for 5 minutes to 

pellet the cells.

12. REMOVE and discard 400 µL of supernatant. Be careful NOT TO DISTURB THE PELLET.

13. RESUSPEND the pellet in remaining liquid by slowly pipetting up and down.

14. With a new pipet, TRANSFER 100 µL of the recovered "Ligation" transformed cells to the center of the agar plate labeled 

"Ligation".

15. Using a sterile loop, SPREAD the cells evenly and thoroughly over the entire surface. Turn the plate 90° and thoroughly 

spread again. 

16. REPEAT steps 14 and 15 for the "Control" sample and "Control" agar plate. 

17. COVER both plates and allow the liquid to be absorbed for 5-10 minutes. 

18. STACK the plates and TAPE them together. PLACE the plates in the inverted position (agar side on top) in a 37° C incubation 

oven. INCUBATE overnight (16-20 hours). 

19.  Following incubation OBSERVE both plates for signs of bacteria growth. Successfully transformed colonies will appear as 

small white spots on the LB/Kan media. Colonies on both plates indicate that purification, ligation, and transformation 

were all successful. Colonies on only the control plate indicate a successful transformation but an unsuccessful purification 

or ligation.

20. (Optional) DETERMINE the transformation efficiency of your ligation plate using the following formula:

3. 4.

6.

1.

“Ligation”

“Control”

11.

“Ligation” “Ligation”

“Control”

“Ligation” “Control”

12.

5.2.
150 µL CaCl2

solution 

ADD
10 µL 

Ligation DNA
from Module II.

ADD

“Control”

10 µL 
Control DNA

from Module II.

ADD

15
min.

99

42° C
45 sec.

9. 10.

99

37° C7.

2
min.

8.
250 µL

Recovery
broth

ADD

30
min.

LABEL

“Ligation”

“Control”

5
min.

“Ligation” “Control”

400 µL
supernatant

REMOVE 13.

“Ligation”

“Control”

14.

15. 16.

100 µL 

“Ligation”

17. 18.REPEAT
Steps 14-15
for Control.

37° C
overnight

“Ligation”

“Ligation”

“Ligation”

“Control”

COVER INCUBATE INVERTED
10
min.

x =

final vol. at 
recovery (mL)

vol. plated (mL)

Number of 
transformants 

per µg 

Number of 
transformants 

 

µg of DNA   

Example:
Assume you observed 40 colonies.

40
transformants

0.05 µg   

800
(8.0 x 102) 

transformants 
per µg

x
0.5 mL

0.5 mL
=

Quick Reference for Experiment 331:

50 ng (0.05 µg) of DNA is used.
The final volume at recovery is 0.50 mL 
The volume plated is 0.5 mL*

     * Because each tube is centrifuged to gather all cells at the 
bottom of the tube the original recovery volume is used 
rather than the actual 100 µL transferred to the plates.
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Module VI:  Culturing of Transformed Cells 

1. OBTAIN one 50 mL tube containing 20 mL LB medium with Kanamycin from your instructor. 

LABEL the tube “Ligation Culture” and your initials or lab group number.

2. Using a sterile inoculating loop, TRANSFER 3 colonies of well-isolated colonies from the agar 

plate labeled "Ligation" into the 50 mL tube.

3. INOCULATE the medium by shaking and twisting the loop in the broth until the bacteria from 

the loop is transferred to the solution. Often it is possible to observe this transfer by holding 

the tube at eye height.

4. Loosely CLOSE the lid on the tube. This allows for sufficient aeration during incubation.

5. INCUBATE the culture. If you have a shaking incubator (preferred): incubate at 37° C and 240 rpm for 3 hours. If you do 

not have a shaking incubator: tighten the lid on the tube, shake vigorously by hand to aerate the solution, re-loosen the 

lid and then incubate at 37° C for 5 hours. Shake as many times as possible during the 5 hours to maintain high oxygen 

levels.

6. Following incubation, OBSERVE the culture. If the culture is cloudy, ADD 40 µL of IPTG and 40 µL of Salicylic acid to “Liga-

tion Culture” tube. If the culture is not cloudy, INCUBATE for an additional 30 minutes and then ADD IPTG and Salicyclic 

Acid. 

7. Tightly CLOSE the lid on the tube and SHAKE several times.

8. INCUBATE the culture. If you have a shaking incubator (preferred): incubate at 37° C and 240 rpm overnight (16-20 hours). 

If you do not have a shaking incubator: incubate at 37° C for 24-48 hours. For best results, frequently mix the culture dur-

ing this incubation period in order to maintain high oxygen levels.

NOTE:
If the ligation transfor-
mation was unsuccess-
ful, this module can be 
performed with colonies 
from your control plate. 
Still label your tube 
"Ligation".

1.

5.

2. 3.

6. 7.

37° C
@ 240 rpm

3 well-isolated
colonies

4.

“Ligation  
Culture”

LABEL

Ligation
Culture

Ligation
Culture

Ligation
Culture

TRANSFER

3
hours

8.

37° C
@ 240 rpm
overnight

40 µL IPTG
40 µL Salicylic

acid 

If cloudy,

ADD

SHAKE

Ligation
Culture

In Module VI you will create a larger cell culture of transformed E. coli for testing. You will inoculate Luria Broth (LB) with Kana-
mycin media with 3 colonies from Module V and incubate. After incubation, you will add IPTG (a signal chemical that enables 
the full expression of the BSMT gene) and salicylic acid (the substrate which is changed by BSMT into methyl salicylate). This 
final solution will be incubated overnight.
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Module VII:  Smell Assay

1. MIX the ligation culture by inverting the tube several times.

2. OPEN the lid and use your hands or a piece of paper to fan the air above the tube towards your nose. 
 a. Can you identify a wintergreen smell? 
 b. Are there any other smells that you can identify or describe? 
 c. How strong is the wintergreen scent? 
 d. How strong are any background scents?  

3. REPEAT step 2 for the classroom positive (+) and negative (–) control tubes. Use these samples to further describe your 
experimental sample.

NOTE: If it becomes difficult to detect the wintergreen scent or the small differences between samples, reset your senses 
by smelling a small cup of coffee grounds between samples. Airborne smells from the tube can also quickly dissipate. In 
this case, close the tube for a minute, shake several times, and then reopen.
 
4. (Optional) If you have time, COMPARE your experimental sample with other groups to see if the intensity of wintergreen 

scent and background scents vary between samples.

In Module VII you will compare the scents generated by your culture to classroom cultures containing an E. coli and methyl 
salicylate mixture (positive control) and an E. coli mixture (negative control.) Methyl salicylate, also known as wintergreen, is a 
safe, common, and pleasant scent and our noses are sophisticated chemosensory organs so the success of the experiment can 
be determined with a few good sniffs!   
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Study Questions

1. How has synthetic biology been influenced by engineering, molecular biology, and computer science?  Give at least one 
example of a contribution from each of these areas. 

2. What is gene expression? Name and describe at least three DNA regions that influence this process and that should be 
incorporated into the design of any DNA construct.

3. Why are both the DNA constructs and plasmid vectors digested by the same restriction enzymes in this experiment? 

4. How can transformation be considered to have a high success rate when it is such an inefficient process? 

5. (Optional) Research a recent synthetic biology breakthrough that interests you. Describe the project and then investigate 
one or two of the project leaders. What are their backgrounds and expertise?
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IMPORTANT READ ME!
Transformation experiments contain antibiotics which are used for the selection of transformed bacteria. Students who have aller-
gies to antibiotics such as penicillin, ampicillin, kanamycin or tetracycline should not participate in these parts of the experiment.

ORGANIZING AND IMPLEMENTING THE EXPERIMENT
Class size, length of laboratory sessions, and availability of equipment are factors which must be considered in the planning and 
the implementation of this experiment with your students. The guidelines that are presented in this manual are based on five 
laboratory groups consisting of two to four students. The following are implementation guidelines, which can be adapted to 
fit your specific set of circumstances. If you do not find the answers to your questions in this section, a variety of resources are 
available at the EDVOTEK web site. In addition, Technical Service is available from 8:00 AM to 5:30 PM, Eastern time zone. Call 
1-800-EDVOTEK for help from our knowledgeable technical staff

POSSIBLE IMPLEMENTATION SCHEDULES

For a 60 minute Class
Day 1:  PCR, leave machine running overnight (Module I)
Day 2:  Electrophoresis and Staining (Module II)
Day 3:  Purification (Module III-A)
Day 4:  Digestion (Module III-B) NOTE: TEACHER WILL NEED TO REMOVE SAMPLES FROM INCUBATION AND PREFORM HEAT SHOCK 

STEP. 
Day 5:  Ligation (Module IV) NOTE: TEACHER WILL NEED TO REMOVE SAMPLES FROM INCUBATION. 
Day 6:  Preparation of competent cells* (Module V-A)
Day 7:  Transformation (Module V-B) NOTE: THIS STEP WILL TAKE OVER 1 HOUR.
Day 8:  Culturing of transformed cells (Module VI) NOTE: TEACHER/VOLUNTEERS WILL NEED TO REMOVE SAMPLES FROM INCUBA-

TION, ADD IPTG AND SALICYLIC ACID, AND PLACE IN INCUBATOR OVERNIGHT.
Day 9:  Smell assay (Module VII)

For a 90 minute Class
Day 1:  PCR, leave machine running overnight (Module I)
Day 2:  Electrophoresis and Staining (Module II)
Day 3:  Purification (Module III-A)
Day 4:  Digestion (Module III-B)
Day 5:  Ligation (Module IV)
Day 6:  Preparation of competent cells* (Module V-A)
Day 7:  Transformation (Module V-B)
Day 8:  Culturing of transformed cells (Module VI) NOTE: TEACHER/VOLUNTEERS WILL NEED TO REMOVE SAMPLES FROM INCUBA-

TION, ADD IPTG AND SALICYLIC ACID, AND PLACE IN INCUBATOR OVERNIGHT.
Day 9:  Smell assay (Module VII)

For a 3 hour class
Day 1:   PCR, electrophoresis, and staining (2 hours 45 minutes) 
Day 2:  Purification, Digestion, and Ligation (3 hours) NOTE: TEACHERS WILL NEED TO REMOVE SAMPLES FROM INCUBATION.
Day 3:  Competent Cell Prep* and Transformation (2 hours)
Day 4:  Culturing of transformed cells (20 minutes active time. In addition, students may have to come back to allow 3 full 

hours of initial incubation.)
Day 5:  Smell Assay (Module VII) (15 minutes) 

* To save time this step can alternatively be performed prior to class by the teacher.

Instructor's Guide
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PRELAB APPROXIMATE TIME REQUIREMENTS

Preparation For: What to do: When: Time Required:

Module I: 
Amplification of 
a Synthetic Insert
(page 12) 

Aliquot reagents 

Program Thermal Cycler 

10 min.

Anytime before performing the 
experiment. 

Up to one week before performing
the experiment.

Module IV: 
Ligation (page 17) Aliquot reagents 10 min.Up to one week before performing

the experiment.

Aliquot purification reagents 10 min.Up to one week before performing
the experiment.

45 min.Up to one day before performing
the experiment.

10 min.

Up to one week before performing 
the experiment.

Module VII: 
Smell Assay (page 23) 

Prepare positive control, negative 
control, and coffee grounds. 

15 min. plus
overnight incubationDay before the experiment.

Dilute primer and template 
concentrate 10 min.

Module III: 
Purification and 
Restriction Enzyme 
Digestion of the 
Amplified DNA Insert
(page 14)

Module II: 
Confirmation of 
Amplification by 
Electrophoresis and 
Staining (page 13)

Prepare diluted electrophoresis buffer.
Prepare molten agarose. Pour gel. 

Rehydrate Dryzme® mix. 10 min.30 min. before performing
the experiment.

Aliquot digestion reagents 5 min.30 min. before performing
the experiment.

Equilibrate water baths. 5 min.30 min. before performing
the experiment.

Prepare culturing media 5 min.Up to one week before performing
the experiment.

Module VI: 
Culturing of 
Transformed Cells
(page 22)

Aliquot reagents 10 min.Up to one week before performing
the experiment.

Equilibrate shaking incubator 5 min.30 min. before performing
the experiment.

Equilibrate water baths. 5 min.30 min. before performing
the experiment.

Pour LB Agar Plates 30 min.At least one day or up to one week
before performing the experiment.

Module V:
Transformation
(page 18)

Prepare starter culture 10 min. plus 
2-3 hour incubation

2-3 hours before performing
the experiment.

Aliquot competent cell reagents.
Keep on ice.

10 min.
Day of the experiment. 

Keep cold following incubation. 

Aliquot transformation reagents 10 min.Up to one week before performing
the experiment.

Red = Prepare immediately before module.           Yellow = Prepare shortly before module.           Green = Flexible / prepare up to a week before the module.

NOTE: All reagents diluted and/or aliquoted before a module should be kept cold either on ice or in the fridge. If storing for more than 2-3 
days, place in the freezer.
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Prelab Preparations

MODULE I: AMPLIFICATION OF A SYNTHETIC INSERT

Preparation of Primer:
 

1. THAW the Primer Mix Concentrate (A) on ice.

2. ADD 1 mL of TE Buffer (C) to the tube of Primer Mix. CAP tube and MIX.

3. ALIQUOT 30 µL diluted primer mix into 5 microcentrifuge tubes and LABEL “Primer 

Mix”.

Preparation of Template: 
 

1. THAW the Template DNA Concentrate (B) on ice.

2. ADD 30 µL of TE Buffer (C) to the tube of Template DNA Concentrate. CAP tube and 

MIX.

3. ALIQUOT 7 µL diluted template DNA into 5 microcentrifuge tubes and LABEL  “DNA Template”.

Additional Preparations: 
 

1. ALIQUOT 10 µL 10X Gel Loading solution into 5 microcentrifuge tubes and LABEL  “10X Gel Loading”.

2. ALIQUOT 15 µL Ultrapure water (D) into 5 label microcentrifuge tubes and LABEL  “Ultrapure Water”. This compo-

nent is also used in Module III-B and Module IV, SAVE the tube and remaining water.

3. PROGRAM the thermal cycler before the lab (or during the lab by a student volunteer). Temperatures and times 

should match the conditions listed below. 

 PCR cycling conditions: 
 Initial Denaturation 94° C for 5 minutes
 94° C for 30 seconds   
 56° C for 30 seconds  30 cycles
 72° C for 75 seconds
 Final Extension 72° C for 5 minutes

NOTE: Accurate temperatures and cycle times are critical. A pre-run for one cycle (takes approximately 3 to 5 
minutes) is recommended to check that the thermal cycler is properly programmed. 

FOR MODULE I
Each Group Should Receive:
1 0.2 mL PCR tube
1  0.5 mL tube
1  PCR EdvoBead™
• 30 µL Primer Mix
• 7 µL DNA Template
• 15 µL Distilled Water
• 10 µL 10X Gel Loading Solution

Equipment Requirements:
• Microcentrifuges
• Adjustable Pipettes
• Thermal cycler
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MODULE II: CONFIRMATION OF AMPLIFICATION BY ELECTROPHORESIS AND STAINING

Prepare electrophoresis buffer and a single 0.8% agarose gel with at least 6 wells. For this experiment, a 7x7 cm gel is recom-
mended.

1. PREPARE the 1X Electrophoresis Buffer by mixing 12 mL of 50X Concentrated 

Electrophoresis Buffer with 588 mL distilled water. 

2. DILUTE SYBR® Safe Stain by adding 200 µL of 1X Electrophoresis Buffer to the 

provided SYBR tube.

3. COMBINE 0.23 g of agarose with 30 mL of the 1X Electrophoresis Buffer pre-

pared in step 1 in a glass flask or beaker. Swirl to MIX.

4. MICROWAVE the solution from step 3 on high for 1 minute. Carefully remove 

the flask from the microwave and MIX by swirling. Continue to heat the solu-

tion in 15-second bursts until the agarose is completely dissolved (the solution 

should be clear like water). 

5. COOL the agarose to 60° C with careful swirling to promote even dissipation of 

heat. 

6. While the agarose is cooling, SEAL the ends of the gel-casting tray with the 

rubber end caps. PLACE the comb in the upper notch.

7. Before casting the gel, ADD all of the diluted SYBR® Safe Stain from step 2 to the molten agarose and swirl to mix. The 

final agarose solution may appear pale orange in color.  

8. POUR the cooled agarose solution into the prepared gel-casting tray. The gel should thoroughly solidify within 20 minutes. 

The gel will stiffen and become less transparent as it solidifies. 

9. REMOVE the end caps and comb. Take particular care when removing the comb to prevent damage to the wells. 

10. When ready for electrophoresis, PLACE the gel (still in its gel-casting tray) into the electrophoresis chamber. If the gel has 

been removed from its tray, use a few drops of additional molten agarose to anchored it back to the tray.

11. COVER the gel with electrophoresis buffer (see Table B for recommended volumes). The gel should be completely sub-

merged.

Prelab Preparations, continued

FOR MODULE II
The Class Will Need:
1 0.8% agarose SYBR® Safe gel with at 

least 6 wells
• 400-500 mL Electrophoresis Buffer 
• 25 µL of DNA Standard Marker
• 5 Student Samples (from Module I)

Equipment Requirements:
• Electrophoresis Chamber
• Power Source
• Adjustable Pipettes
• Transilluminator

  OPTIONAL STOPPING POINT:
  Gels can be stored overnight submerged in the fridge and protected from light. Keep gels in their gel-casting 
  trays and place them into sealable plastic bags with 1-2 mL of 1X Electrophoresis Buffer.

50x Conc.
Buffer

Distilled
Water+

EDVOTEK
Model #

Total Volume 
Required

1x Electrophoresis Buffer (Chamber Buffer)

M6+ & M12 (new)

M12 (classic)

M36

300 mL

400 mL

1000 mL

Dilution

Table

B

6 mL

8 mL

20 mL

294 mL

392 mL

980 mL
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Prelab Preparations, continued

MODULE III-B: RESTRICTION ENZYME DIGESTION OF THE INSERT

Dryzymes® should be prepared no more than 30 minutes before performing the restriction digest. 

1. THAW the Restriction Enzyme Reaction Buffer (H), Dryzyme® Reconstitution buffer (G), and Ultrapure water (D).

2. REHYDRATE the Dryzyme® in the Reconstitution buffer. 

 a. Make sure the solid material is at the bottom of Dryzyme® tube (F). If 

not, CENTRIFUGE the tube in a microfuge at full speed for 20 seconds or 

tap the tube on the lab bench. 

 b. ADD 100 µL of Dryzyme® Reconstitution Buffer (G) to the solid at the 

bottom of the tube.

 c. ALLOW the sample to hydrate for 1 minute.

 d. MIX the sample vigorously by flicking the tube with your fingers or by 

vortexing for 30 seconds or until the solid appears to be completely dis-

solved.

 e. CENTRIFUGE for 20 seconds or tap the tube on the lab bench At this point 

the Dryzyme® should be gathered at the bottom of the tube and should have no undissolved particulate matter. 

If not completely dissolved, repeat mixing or vortexing. 

3. ALIQUOT 12 µL EcoRI and HindIII enzyme mixture (from step 2) into 5 microcentrifuge tubes and label  “Enzyme Mix-

ture (EcoRI and HindIII)”. KEEP ON ICE.

4. ALIQUOT 7 µL Restriction Enzyme Reaction Buffer (H) into 5 microcentrifuge tubes and label  “Reaction Buffer”.

5. ALIQUOT 20 µL Ultrapure water (D) into 5 microcentrifuge tubes “Ultrapure Water”.

6. PREPARE a 37° C and 70° C water bath.

FOR MODULE III-B
Each Group Should Receive:
PCR insert from Module III-A  
• 7 µL Restriction Enzyme Rxn Buffer
• 7 µL EcoRI and HindIII enzyme mixture
• 20 µL Ultrapure water (enzyme grade)

Equipment Requirements:
• Adjustable micropipettes
2 Waterbaths or incubators

MODULE IV: LIGATION

1. ALIQUOT 35 µL Ultrapure water (D) into 5 microcentrifuge tubes and label  

"Ultrapure water". 

2. ALIQUOT 7 µL of Vector cut with EcoRI and HindIII (I) into 5 microcentrifuge 

tubes and label "Vector (cut with EcoRI and HindIII)". 

FOR MODULE IV:
Each Group Should Receive:
• Cut PCR insert from Module III-B
1 Tube of T4 DNA Ligase
• 35 µL Ultrapure water
• 7 µL Vector cut with EcoRI and HindIII
1 0.5 mL microcentrifuge tube

Equipment Requirements:
• Adjustable micropipettes
• Microcentrifuges

FOR MODULE III-A
Each Group Should Receive:
2 1.5 mL microcentrifuge tubes
• Column and reservoir tube
• 320 µL Purification Buffer
• 720 µL Wash Buffer
• 30 µL of Ultrapure Water

Equipment Requirements:
• Adjustable Pipettes
• Centrifuge with a 6000 rpm setting

MODULE III-A: PURIFICATION OF THE AMPLIFIED DNA INSERT

1. ALIQUOT 320 µL of Purification Buffer into 5 microcentrifuge tubes and label  

“Purification Buffer”.

2. ALIQUOT 720 µL of Wash Buffer into 5 microcentrifuge tubes and label  “Wash 

Buffer”.

3. ALIQUOT 30 µL of Ultrapure Water (D) into 5 microcentrifuge tubes and label  

“Ultrapure Water”.
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Prelab Preparations, continued

MODULE V-A: PREPARATION OF COMPETENT E. coli CELLS

Pour LB Agar Plates

1. BREAK solid ReadyPour™ LB Agar into small chunks by vigorously squeezing and shaking the plastic bottle. 

2. LOOSEN, but DO NOT REMOVE, the cap on the ReadyPour Agar bottle. This allows the steam to vent during heating. 

 CAUTION: Failure to loosen the cap prior to heating may cause the bottle to break or explode.

3. MICROWAVE on high for 60 seconds to melt the agar. Carefully REMOVE from the microwave, re-tighten the cap, and MIX 

by swirling the bottle. Loosen the cap and continue to HEAT the solution in 30-second intervals until the agar is completely 

dissolved (the amber-colored solution should be clear and free of small particles). NOTE: Use extra care and make sure 

the agar does not boil out of the bottle. Pay close attention and stop the heating if it starts to bubble up.

4. COOL the bottles of ReadyPour™ Agar to 60° C with gentle swirling to promote even dissipation of heat.

5. ADD 1 mL of Kanamycin (L) to the bottle. Recap the bottle and swirl to mix the media. ONLY ADD KANAMYCIN TO COOLED 

AGAR. Kanamycin degrades at high temperature. RETURN the remaining Kanamycin to freezer. 

6. PIPETTE 5 mL of the cooled ReadyPour™ Agar into 10 small Petri plates using a 10 mL pipet and pipet pump.  

7. COVER and WAIT at least twenty minutes for the LB/Kan plates to solidify. For optimal results, leave plates at room tem-

perature overnight. 

NOTE: If plates will be prepared more than two days before use, they should be left on the bench overnight to solidify and 

then stored inverted in a plastic bag in the refrigerator (4° C). Before use, remove the plates from the refrigerator and 

warm in a 37° C incubator for 30 minutes.

:60
1. 3. 4.

5.

2. LOOSEN

60°C

7.6.

Add 1 mL
Kanamycin

Pipet

10
5 mL

Small plates

20
min.

ROOM TEMP.
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Prelab Preparations, continued

MODULE V-A: Preparing E. coli Starter Culture  

1. ADD LB media to the provided 50 mL tube. If using a shaking incubator: ADD 35 mL of LB Media. If using an incubator 

without shaking capacities: ADD 30 mL of LB Media.

2. Using a sterile inoculating loop, ADD two BactoBeads™ to the tube. RECAP and SAVE remaining beads for Module VII. 

3. TIGHTEN the lid and MIX well by inverting up and down.

4. INCUBATE. If using a shaking incubator: LOOSEN the lid and INCUBATE at 37° C at 200 rpm for 1.5-2 hours. If using an 

incubator without shaking capacities: LOOSEN the lid and INCUBATE at 37° C for 2-3 hours. For best results, SHAKE the tube 

every 30 minutes during this incubation (remember to tighten the lid before shaking.)

5. STORE cells on ice until needed. 

NOTE: Cells can be stored overnight in the refrigerator but may have a slightly lower 
transformation efficiency than cells prepared the day of the experiment. 

6. MIX the tube by inversion and aliquot 1 mL of the culture to 10 centrifuge tube and 

LABEL "E. coli starter culture". KEEP tubes on ice. 

7. ALIQUOT 500 µL CaCl
2 
into 5 microcentrifuge tubes and LABEL  “CaCl

2
”. 

8. ALIQUOT 250 µL Competent Cell Solution (J) into 5 microcentrifuge tubes and LABEL 

“Competent Cell Solution”. 

9. To save lab time and guarantee high transformation efficiency, PRE-COOL both tubes 

before the experiment and KEEP on ice.

To reduce classroom experimental time, the preparation of competent E. coli cells can also be performed as a pre-lab 
activity. Students will then only perform Module V-B for transformation. Similarly, Module VI (Culturing of Transformed 
Cells) or the first five steps of Module VI can be performed as a pre-lab if classroom time does not allow for 3 hours of 
incubation.

FOR MODULE V-A:
Each Group Should Receive:
• Ice
2 Microcentrifuge tubes with 1 mL  

of “E. coli Starter Culture”
• 500 µL CaCl

2

• 250 µL Competent Cell Solution

Equipment Requirements:
• Adjustable micropipettes
• Microcentrifuges

MODULE V-B: TRANSFORMATION

1. TAKE OUT LB/Kan plates and allow them to EQUILIBRATE to room temperature 

for at least 20 minutes.

2. ALIQUOT 500 µL CaCl
2
 into 5 microcentrifuge tubes and LABEL as “CaCl

2
”. 

PLACE on ice.

3. ALIQUOT 12 µL Control DNA (K) into 5 and LABEL microcentrifuge tubes. PLACE 

on ice.

4. ALIQUOT 1 mL Recovery Broth into 5 microcentrifuge tubes and LABEL as "Re-

covery Broth".  

5. EQUILIBRATE the water baths at 37° C and 42° C and an incubator at 37° C.

FOR MODULE V-B:
Each Group Should Receive:
• Ice
2  Tubes with Competent Cell Solution 

(Module V)
1 Tube with Ligation DNA (Module II)
• 12 µL Control DNA
• 1 mL Recovery Broth
2  Sterile Loops
2  LB/Kan Agar Plates
• 500 µL CaCl

2

Equipment Requirements:
• Adjustable micropipettes
2  Waterbaths 
1 Incubator
• Centrifuge with a 6000 rpm setting

NOTE:
For best results keep solutions ice cold before and during Module V-B.
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MODULE VI: CULTURING OF TRANSFORMED CELLS

1. In large flask (125 mL or larger) COMBINE 110 mL LB medium and 550 µL 

Kanamycin (L). Carefully SWIRL or use a stir rod to MIX. RESERVE remaining LB 

medium for Module VII prelab.

2. ALIQUOT 20 mL of the mixture into five 50 mL conical tubes and LABEL “LB 

medium with Kanamycin”. 

3. ALIQUOT 45 µL IPTG (M) into 5 microcentrifuge tubes and LABEL “IPTG”.

4. ALIQUOT 45 µL Salicylic Acid (N) into 5 microcentrifuge tubes and LABEL “Sali-

cylic Acid”.

5. EQUILIBRATE a shaking incubator at 37° C.

Prelab Preparations, continued

FOR MODULE VI:
Each Group Should Receive:
• Ligation plate from Module V
• 50 mL tube containing 20 mL LB 

medium with Kanamycin
• Sterile Loop
• 45 µL IPTG
• 45 µL Salicylic acid

Equipment Requirements:
• Adjustable micropipettes
•  Incubator (shaking incubator pre-

ferred)

MODULE VII: SMELL ASSAY

1. PREPARE positive and negative control samples.

 a. OBTAIN two 50 mL tubes and LABEL with “+ control” and “- control“. 

 b. ADD 20 mL LB medium to each.

 c. ADD one BactoBead™ to each tube using a sterile inoculating loop.

 d. TIGHTEN the lid and MIX well by inverting up and down several times.

 e. LOOSEN the lid and INCUBATE overnight at 37° C and 200 rpm. 

 f. ADD 10 µL of control Wintergreen scent (O) to the “+ control” tube. RE-

TIGHTEN lid and MIX well by inverting up and down or by vortexing. 

2. (Optional) PREPARE 5 disposable cups with ground coffee. This will help stu-

dents reset their sensory system and distinguish between different sample’s 

smells.   

FOR MODULE VII:
Each Group Should Receive:
• Ligation Culture (From Module VI)
• Small cup or tube of ground coffee

Shared/1 per class: 
• 50 mL tube of "+ Control"
• 50 mL tube of "– Control"
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MODULE II 

In this gel, the five amplified DNA constructs are all the expected 
size (1200 bp) and at a concentration that can be visually observed 
when stained with SYBR® Safe stain. In addition, there are mini-
mal signs of primer dimer or other non-specific DNA products. Puri-
fication is still recommended to eliminate the presence of reagents 
and other possible impurities. 

NOTE: DNA Standard marker sizes, in base pairs: 
6751, 3652, 2827, 1568, 1118, 825, 630.

MODULE IV 

Colonies grew on both the control plate (left) and the ligation plate (right) indicating a successful transformation experiment as 
well as successful amplification, purification, digestion, and ligation of the DNA construct. 

MODULE V 

Students should be able to detect wintergreen smell (in addition 
to a bacterial culture smell from the E. coli) in both the positive 
control and ligation cultures. Because a large amount of winter-
green scent has directly been added to the positive control this 
culture will usually have a stronger wintergreen scent than any of 
the synthetic cultures. The negative control will smell exclusively 
of bacteria. 

Student’s
Ligation

Positive
Control

Negative
Control

Bacterial Scent

Wintergreen Scent

Experiment Results and Analysis

This ligation plate's transformation efficiency is 
7.4 x 104  transformants per µg 

(37 transfromants/0.05 µg x 0.5 ml/0.5 mL = 740.)
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Please refer to the kit 
insert for the Answers to 

Study Questions



Appendix A
EDVOTEK® Troubleshooting Guides

PROBLEM: CAUSE: ANSWER:

There is very little liquid 
left in tube after PCR.

Sample has evaporated.

Make sure the heated lid reaches the appropriate temperature.

If your thermal cycler does not have a heated lid, overlay the 
PCR reaction with wax.

Make sure students close the lid of the PCR tube properly.

DNA bands are faint. Insufficient or degraded stain. Post stain gels with additional SYBR. For additional instructions,  
see www.edvotek.com/site/pdf/608.pdf 

After staining, the ladder
is visible on the gel but 
some student samples
are not present.

Pipetting error.
Make sure students pipet 25 µL primer mix and 5 µL DNA into the 
0.2 mL tube.

The ladder and student 
PCR products are not 
visible on the gel.

The gel was not prepared properly.

Ensure that the electrophoresis buffer was correctly diluted. 

Ensure that the correct volume of SYBR was added and that the 
agarose solution is less than 60° C.

The proper buffer was not used for gel preparation.  
Make sure to use 1x Electrophoresis Buffer.

Wrong volumes of DNA and primer added 
to PCR reaction.

Check micropipet calibration and practice using micropipets.  Make 
sure students pipet 25 µL primer mix and 5 µL extracted DNA into 
the 0.2 mL tube.

Contact the manufacturer of the electrophoresis unit 
or power source.

Malfunctioning electrophoresis unit or
power source.

PCR AND ELECTROPHORESIS
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Appendix A
EDVOTEK® Troubleshooting Guides

PURIFICATION AND DIGESTION 

Low or no recovery
following purification

Elution buffer (water) incorrectly 
dispensed.

Add water to the center of the membrane to ensure that it completely covers the 
membrane. 

DNA will only elute in the presence of a low-salt and neutral pH buffer. Check that 
the provided ultrapure water was used.

Be sure the restriction enzymes were diluted in the correct buffer.

For optimal activity, prepare the enzymes within 30 minutes of use. 

Inappropriate elution buffer.

Low or no DNA Digest

Restriction enzymes were not active.

The sample was not digested at the right temperature. 

The sample was not digested for the appropriate amount of time. 

The DNA was only partially digested.

Confirm from gel electrophoresis that a high concentration of PCR product was 
obtained. 

Insufficient DNA present at the start 
of purification. 

PROBLEM: CAUSE: ANSWER:
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Appendix A
EDVOTEK® Troubleshooting Guides

LIGATION AND TRANSFORMATION

 

PROBLEM: CAUSE: ANSWER:

Colonies appeared 
smeary  on 
transformation plate.

Plates containing transformants were 
inverted  too soon

Allow cell suspension to fully absorbed into the medium before 
inverting plates.

Experimental plates too moist
After pouring plates, allow them dry overnight at room temp.
Alternatively, warm plates at 37° C for 30 min. before plating cells. 

Incorrect host cells used for 
transformation

Confirm that correct bacterial strain was used for transformation

Cells were not properly heat shocked. Ensure that temp. was 42º C & heat shock step took place for no more than 
45 seconds.

No colonies seen on 
transformation plates.

Cells were not competent or were 
damaged during transformation.

Ligation and Control Plasmid DNA 
not added to transformation mix

Ensure ligation and control plasmid DNA was added to transformation tubes.

Make sure that pipets are used properly.  If using micropipets, make sure 
students practice using pipets.

Incorrect antibiotics Be certain that the correct antibiotic was used.

Cells were damaged during 
transformation. Competent cells are fragile and require slow and gentle handling.  

Keep all solutions and cells ice cold.

Pipet slowly and gently to avoid physically damaging the cells.

CaCl2 not cold enough Pre-chill CaCl2 before adding the bacterial cells.

Cell culture contained too 
many cells.

Prepare component cells using the recommended times and temperatures. 

Check water bath temperatures with a thermometer.

Cell culture contained too few cells.
Prepare component cells using the recommended time and temperatures.

 Check water bath temperatures with a thermometer.

Cells were not properly resuspended
in CaCl2

Be sure to completely resuspend the cells by pipetting up and down.

37

1.800.EDVOTEK •  Fax 202.370.1501  •  info@edvotek.com  •  www.edvotek.com

Duplication of any part of this document is permitted for non-profit educational purposes only. Copyright © 2018 EDVOTEK, Inc., 

all rights reserved. 331.181001

APPENDICESEDVO-Kit 331          SYNTHETIC BIOLOGY



Appendix A
EDVOTEK® Troubleshooting Guides

LIGATION AND TRANSFORMATION, CONTINUED

Low transformation 
efficiency

Incorrect number of cells used for 
transformation.

Experimental plates too old.

CaCl2 solution not cold enough.

Cell solution not cold enough.

Too much or too little plasmid DNA 
added to cell suspension.

Cells were not properly heat shocked.

Antibiotics were degraded prior to 
pouring plates.

Incorrect concentration of antibiotics 
in plates.

Prepare competent cells using the recommended time and temperatures. Check 
water bath temperatures with a thermometer. 

Prepare transformation plate and use shortly after preparation.

Pre-chill CaCl2 before adding cells to the CaCl2.

Extend incubation of cells in CaCl2 + DNA on ice (extra 10-15 min. but not 
more than 30 min).  This allows more DNA to adhere to outside of bacterial cell).

Ensure that correct volume of plasmid was added to the transformation tube.  
If using micropipets, make sure students practice using pipets.

Ensure that temperature was 42º C and that heat shock step took place for no 
more than 90 seconds.

Make sure ReadyPour is cooled to 60° C before adding antibiotic. 

Ensure that the correct concentration of antibiotic was used.

Colonies present on
control plate but not 
on ligation plate

Ligation was not successful. Be sure the T4 DNA ligase is completely rehydrated and mixed with the ligation
reaction mixture.

PROBLEM: CAUSE: ANSWER:
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Appendix A
EDVOTEK® Troubleshooting Guides

CELL CULTURE AND SMELL ASSAY

Limited growth of culture
(culture still appears 
clear and odorless 
after first incubation 
step.)

Insufficient starting amount of 
bacteria.

Add additional colonies and make sure the colonies detach from the loop. 

Keep lid loosely closed. Shake while incubating or vigorously shake before 
incubating.

Make sure IPTG and Salicylic acid are added prior to the overnight incubation.
Only add IPTG and Salicyclic acid to a culture where the cells are growing 
(cloudy appearance). 

Insufficient oxygen supply.

Ligation culture has no 
wintergreen scent. 

IPTG and substrate were not added
or were added at the wrong time.

Keep lid loosely closed. Shake while incubating or vigorously shake before 
incubating.

Insufficient oxygen supply.

Selecting 3 separate colonies greatly decreases the chance of this false positive 
result.

Seed colonies were self ligated 
plasmids rather than recombinant DNA.

Confirm incubators are set to 37°C and if necessary extent incubation time by 
1 hour.  

Insufficient growth and recovery time.  

PROBLEM: CAUSE: ANSWER:
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