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You have an idea for improving and 
extending the units?

Please email us

This teacher’s booklet will minimize the 
barrier for trying the units we offer. Let us 

know what you need and how it goes.

EAU THAT SMELL
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For the last decade

A solution to this problem comes not 
from biology but the relatively new field of 
Synthetic Biology. Synthetic biologists apply 
engineering principles and extend genetic 
engineering techniques to construct new 
genetic systems. The synthetic biology 
approach provides teachers and students 
with a means to learn molecular biology, 

genetic engineering and microbiology 
methods in an engineering setting. The 
students learn while designing, or testing 
designs of, engineered biological systems. 
In addition, this approach provides science 
teachers with a means of exploring numerous 
state and national technology standards that 
are hard to address in most science classes.

The engineering approach taught here focuses on two important principles: 
abstraction, and standardization, and relies on numerous enabling technologies 
such as DNA synthesis.
These principles and technologies provide biology teachers with a means to 
extend the teaching of molecular genetic techniques into real world, authentic 
applications. In the way that physics teachers can have students create functioning 
circuits and computer teachers can have students create 3-D animations, biology 
teachers can have students safely design, construct and analyze engineered 
biological systems.

BioBuilder

Using synthetic biology to teach engineering

teachers have introduced genetic engineering techniques to students. It is 
becoming commonplace for students in Biology and AP Biology courses to 
conduct a standard set of “experiments” using gel electrophoresis and bacterial 
transformation techniques. Students who perform these experiments learn 
several basic techniques but that is where the laboratory experience ends. There 
is little room for student inquiry or creativity. The students are more technicians 
than scientists.
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Examines the role of the 
cellular chassis in system 
performance. Students 
transform different strains 
of E. coli with DNA that 
turns the cells several 
bright colors. Students then 
observe how different the 
color intensity can be from 
strain to strain, despite being 
encoded by the same DNA 
sequence.

This curriculum has been developed in conjunction with the BioBuilder.org website, which 
provides educational animations for students and teachers to explore the underpinnings of 
synthetic biology. Single page animations frame the topics and lab activities. All the material 
is modular and can be taught completely, in any order, or piecemeal, as individual exercises 
to supplement an existing program.
Biology teachers can use these available materials to conduct engineering challenges with 
students. Students gain first-hand experience with the engineering paradigm:

Design Build Test
Since the engineering activities are performed 
in the context of living systems, the students 
will have to understand the underlying science. 
Through synthetic biology, students can learn 
these concepts within an authentic context 
of engineering challenges. These tools of 
synthetic biology provide biology students 
with a means to be more than technicians; 

they can be engineers. BioBuilder’s curriculum 
includes both classroom lessons and 
laboratory activities. Biodesign and Bioethics 
lessons can be carried out in any sized 
classroom and with many age groups. The 
laboratory investigations provide standard 
protocols as well as modifications to meet 
local situations and needs.

Examines the role of parts, 
such as promoters and 
ribosome binding sites, in 
predicting the output of a 
genetic device. The students 
measure β-galactosidase 
enzymatic activity as the 
device’s output, thereby 
looking through the lens of 
molecular genetics to predict 
and then evaluate a device’s 
behavior.

Three activities to explore 
the role of modeling in circuit 
design. These activities 
include a downloadable 
program to computationally 
vary the parameters of a 
genetic circuit, an exercise 
to mimic a genetic circuit 
with electronic parts, and an 
opportunity to send a stencil 
that will be turned into a 
bacterial photograph.

The iTune Device Picture ThisWhat a Colorful World

The BioBuilder curriculum

Compares two alternative 
genetic designs. Both 
programs should make the 
cells smell like ripe bananas 
as the cells grow.

Explores the science, engineering and bioethics of a yeast 
that’s genetically modified to make a vitamin-enriched food. 
Lab activities include PCR, yeast transformation, codon 
shuffling and statistical analysis of data.

Eau that Smell Golden Bread
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A test of banana scent generators

EAU
THAT SMELL

context | check lists | lab protocol
This lab provides an effective introduction 
to microbial growth and population 
dynamics as well as to the proteins and 
DNA sequences needed to express 
a gene. The engineering concept of 
abstraction is also emphasized through 

the analysis of two competing designs. 
Finally, biotechnology skills such as 
sterile technique, standard curves, 
and spectrophotometric analysis are 
embedded in the work.
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BBa_J45200

O

O

The Eau That Smell lab emphasizes the “test” 
phase of the engineering design-build-test cycle. 

There are two ways to perform this lab. 
No matter which protocol you try, it will 
provide a valuable opportunity to teach 
microbiology techniques, population 
growth dynamics, molecular genetics 
and basic synthetic biology concepts 
in a meaningful, real world way. 
The analysis of the lab will provide 
the students with a chance to do 
meaningful error analysis and examine 
the difference between quantitative 
results and qualitative results.

Test

Banana odor generator

Isoamyl 
alcohol

Isoamyl 
acetate

You will test two different synthetic living systems, already designed and built 
by other engineers. There are two design options for you to compare. Both of 
these designs change the smell of normally stinky bacteria, and both look like they 
could be “right.” In comparing the designs, there will be opportunities to explore 
how synthetic biologists make design choices as well as to learn and teach some 
important scientific ideas about gene regulation and cell growth. 

OH
ATF1

stopATF1RBS
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CONTEXT
Eau That Smell

About promoters, inverters & digital logic

A promoter is a region of DNA that initiates transcription of a particular gene. 
Promoters are located near the transcription start sites of genes, on the same 
strand and upstream on the DNA, towards the 5’ region of the sense strand.

The inverter is a NOT logic gate. This means an inverter will reverse its input. If the 
promoter is “on,” the promoter combined with an inverter turns the downstream 
part “off.”

Using promoters and inverters enables the construction of a genetic truth table according to 
specific conditions. For example, bacterial promoters exist that are only active at certain stages 
of the cell-growth cycle.

In this BioBuilder lab activity the design decision of using either a promoter or an inverter is 
directly explored by collecting smell and cell-growth data at the bench.

When the bacterial RNA polymerase molecule binds a promoter to start transcription, it does this 
as a holoenzyme, in which a core unit of the polymerase combines with a specialized subunit 
called the sigma subunit of RNA polymerase.

The sigma subunits come in several “flavors”—for example, 
σ70 subunits that bind to the DNA sequences that are typical 
for log-phase promoters, and σ38 subunits that bind to 
the DNA sequences associated with stationary-phase 
promoters.

log 
phase

promoter

inverter

Using a stationary-phase subunit

stationary
phase

0

1

1

0

Representation
of promoters

Representation
of inverters

PROMOTERS

INVERTERS

TRUTH TABLE
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Cell growth curve

About the growth curve

lag

time

cell 
density log stationary This is the cell density, as 

measured by spectrophotometer 
or another method, plotted 
as a function of time, with the 
boundaries between regions 
corresponding to the three 
bacterial growth phases—lag, 
log, and stationary—shown with 
dotted lines.

This lab is about testing two different designs using a banana odor generator expressed during 
one of the growth phase of E. coli. The growth of bacteria is usually divided into 3 main phases 
characterizing their development. Here is a short recap:

When cells are initially introduced to fresh media, they 
spend time in a lag phase, during which they acclimate 

to the new environment and are not actively growing or dividing. The number of cells 
in solution does not increase dramatically during this phase, so the growth curve is flat 
during this time. 

After the cells have been primed for growth during 
this lag phase, they enter log phase, also called the 

exponential phase, during which they grow and divide very quickly. E. coli grown in the 
lab at 37°C can double about every 30 minutes. 

As they divide, they use the 
nutrients in the media and secrete 

waste products that inhibit growth, which eventually causes them to enter the third growth 
phase, the stationary phase, at which point they are no longer growing or dividing. The 
cells at this stage are still alive, and when a sample is diluted into fresh media, the entire 
growth curve from lag to log to stationary phase can begin again.

1
2
3

LAG PHASE

LOG PHASE

STATIONARY  PHASE
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They did this by inserting a device that contains a stationary phase promoter coupled to a banana 
smell device, a device that contains a ribosome binding site (RBS), an open reading frame (ORF) 
that codes for the ATF1 enzyme and terminator sequences. The ATF1 enzyme converts isoamyl 
alcohol to isoamyl acetate, the molecule that gives bananas their characteristic smell.

This activity was inspired by an International Genetically Engineered Machines (iGEM) project 
from 2006 in which a team of undergraduates from MIT designed a new strain of bacteria they 
called “Eau d’coli.” The team generated a strain of E. coli that can start to smell like bananas 
depending on the growth phase of the cells.

The iGEM project

CONTEXT
Eau That Smell

lag

time

Ce
ll n

um
be

r

log stationary

production of the ATF1 
enzyme allows for the con-
version of isoamyl alcohol 
to isoamyl acetate, which 

smells like bananas
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This activity
In this BioBuilder activity students will try to generate the banana smell during the bacteria’s log 
phase of population growth. There are at least two ways to accomplish this. Both approaches 
use the original banana smell generator device an RBS, the ATF1 gene and a transcriptional 
terminator. 

One approach couples the stationary phase promoter that was used in the original MIT project but 
adds a genetic inverter between the stationary phase promoter and the banana smell generator 
device. The other approach uses the banana smell generator in combination with a new part, a 
log phase promoter.

banana smell generator banana smell generator

stationary phase promoter 
+ inverter log phase promoter

Approach 1 Approach 2

EXPECTED RESULTS IN BOTH APPROACHES

log phaselag phase stationary phase

Grow liquid cultures of these bacteria and measure the intensity of 
the banana smell as the population moves from lag phase through 
log phase and into stationary phase.

Your
task
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CONTEXT - EXPERIENCE OVERVIEW
Eau That Smell

EXPERIENCE
OVERVIEW
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Design choices

Experimental question

With this experiment, students will investigate the growth and smell patterns produced when 
the banana smell–generating device is controlled by a log-phase promoter versus a stationary-
phase promoter and an inverter. 

Both of these designs are expected to produce the banana smell during log phase, but one 
design might have advantages over the other. For example, the log-phase promoter might 
remain slightly active even when the cells begin to enter stationary phase, whereas the inverter-
based design might be active in the lag phase of the growth curve, as well. Which will give the 
most intense banana smell in log phase is anyone’s guess, and until the computer-aided design 
tools for synthetic biology mature, the best way to evaluate these system designs is to do an 
experiment. 

Does a log-phase promoter or a 
stationary-phase promoter plus an 
inverter provide better log-phase 
specific banana smell?

HOW?
This experiment uses smell and turbidity measurements to compare four different 
strains of E. coli that are already designed with the genetic circuits we want to 
compare.
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You will culture four strains in liquid media. At different points during growth, you will measure 
the cell density, either using a spectrophotometer to measure the OD600 or using the McFarland 
Turbidity Scale. By graphing the cell density over time, you will be able to determine the growth 
phase of the samples. 

For each cell-density measurement, you will also smell the samples, recording the intensity of 
banana smell relative to a set of standards that range from no banana smell, which we call “smell 
standard 0” to an intense banana smell, which we call “smell standard 7.” The standards are 
prepared using varying concentrations of banana extract, which has the chemical name isoamyl 
acetate.

Negative control
Our negative control strain lacks a banana smell-generating device. It is expected to grow but 
not smell like bananas so it can be used to correct for any background smells.

Positive control
Our positive control is a strain of E. coli that smells like bananas during stationary phase. If this 
strain generates a banana smell, we can be confident that our reagents and protocols are all 
functioning properly.

Smell measurements will make it possible to determine which promoter construct 
offers better control of the banana smell as a function of the growth phase.

Turbidity measurements will make it possible to identify the growth phase of the 
cells and to compare growth rates.

1 - Methods

2 - Positive & negative controls

3 - Results

CONTEXT - EXPERIENCE OVERVIEW
Eau That Smell
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Approach 1

This lab requires 4 strains

STRAIN 1-1
positive control
Registry plasmid #
BBa_J45250
Plasmid description
σ38-controlled promoter directing 
transcription of ATF1, AmpR

STRAIN 1-2
Stationary-phase promoter + inverter
Registry plasmid #
BBa_J45990
Plasmid description
σ38-controlled promoter plus 4-part 
tetR inverter directing transcription of 
ATF1, AmpR

STRAIN 1-4
negative control
Registry plasmid #
pUC18
Plasmid description
AmpR

All strains are constructed in the chloramphenicol-resistant, indole-deficient strain, NB370 (aka 
YYC912 from the Yale Distribution Center), of genotype: F- Δ(argF-lac)169 λ- poxB15::lacZ::CmR 
IN(rrnD-rrnE)1 rph-1 tnaA5

Approach 2
STRAIN 1-3
Log-phase promoter
Registry plasmid #
BBa_J45200
Plasmid description
σ70-controlled promoter directing 
transcription of ATF1, AmpR
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WORKFLOW
Eau That Smell

SUGGESTED
WORKFLOW
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Lab Protocol: Preparing cultures

Lab Protocol: Measuring

Data Analysis

Data collection
Key teaching points

Checklists & Lab preparations

Lab protocol

Pre-lab Q&A

POST-LAB Q&A

Day 1

Day 2

Day 3

prepare banana 
extract standards

1 day or more in advance,

Lab protocol

Advanced preparation

Introduce Synthetic Biology, 
prepare materials, review Lab ProtocolBefore



18 | BioBuilder.org

max 1 month in advance !

WORKFLOW - Preparation
Eau That Smell

The banana extract, aka isoamyl acetate, is provided in the kit. The standards can be prepared 
as indicated in this table, adding the extract to water using the 50 ml conical tubes that are 
provided. 

Advanced preparation
Prepare banana extract standards

1 day or more 
in advance

Standard Concentration Extract in H2O 
(final volume 25 ml)

0 0 0

1 0.1% 25 µl

2 0.25% 62.5 µl

3 0.5% 125 µl

4 1% 250 µl
5 2.5% 625 µl

6 5% 1.25 ml

Use distilled or bottled water 
for the standards and use the 
markings on the side of the tube 
to approximate the final 25 ml 
volume. Samples will spoil over 
time but last approximately one 
month at room temperature.

Isoamyl alcohol
OH



Teacher manual  | 19

1 2 3 4 5 6

The students will probably notice the subjective nature of smell as they 
argue over the values. You may want to encourage each group to select 
a designated “smeller” in order to increase consistency. However, do 
encourage all the students to take a whiff. The qualitative nature of the 
banana assay will lead to interesting discussions about the nature of 
data.

The banana extract is an oil and will not dissolve in water. However as long as the standard is 
given a shake before smelling, a suspension is sufficient for these measurements.

About the banana extract standards
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PRE-LAB Q&A
Pre-lab and Post-lab questions are provided in the student manual. The answer 
key is provided below.

1. Briefly explain the field of synthetic biology.

Synthetic biology involves construction of novel living machines in order to solve 
problems and improve people’s lives.

2. What explains the slow rate of growth when bacteria are in lag phase? How are 
these factors different from what’s going on when a bacteria is in log phase?

In lag phase, the bacteria are not doubling quickly because they have recently 
been moved from a state when they were crowded and limited for food (stationary 
phase) to some fresh media and with fewer cells. When bacteria sense the number 
of nutrients, the level of waste products and the density of other cells in their 
environment it takes them some time to make the right proteins to adjust the speed 
of division.
Once the proteins for rapid division are made and all the raw materials in the cell 
are replenished, the cells can divide quickly, which gives rise to the log phase of 
the growth curve.

3. The 2006 MIT iGEM team put both a wintergreen smell and banana smell in 
E. coli bacteria as a way to reveal the state of growth of the cell. The wintergreen 
smell was made with a stationary phase promoter and an inverter device, leading 
to that smell being generated during lag and log phase.
Write a truth table to show when the wintergreen smell (output) is produced, in 
terms of the growth phase (input).

BEFORE - Introducing synbio
Eau That Smell

Input (stationary phase) Output (wintergreen smell)

1 0
0 1
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4. Why do we compare the intensity of the banana smell during growth to a set of 
dilute banana oil standards?

By using a “smell standard” we can compare the intensities we measure to what’s 
measured by other groups. Without the standards, we’d be left to describe them 
as “strong” or “really strong” but not know how those descriptions compare to the 
measurements in other groups.

5. To a synthetic biologist, what is a device?

A device is a collection of simple parts that work together to carry out a human-
defined function.

6. Why was the indole-producing gene deleted from the genome of the cells?

Indole production is some of what makes bacteria smell so terrible and so we’ve 
deleted that function from the cells to allow us to detect the banana smell more 
easily.

7. Isoamyl alcohol is added to the media we use in this experiment. Why is it there?

Isoamyl alcohol is the precursor molecule that the enzyme ATF1 works on. When 
the ATF1 protein cleaves isoamyl alcohol it produces isoamyl acetate, which smells 
like bananas.

8. The negative control we will use is strain 1-4, which has no smell generating 
plasmid.

9. Do you have any way to know in advance how the strains 1-2 and 1-3 will 

Online you can find a rubric and score sheet for a lab report 
assignment: http://biobuilder.org/teacher/eau-that-smell-teachers/
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BEFORE - Kit checklist
Eau That Smell

Checklist of the kit content

Item Amount
Stab vial with strain 1-1 - Stationary Phase Promoter 1

Stab vial with strain 1-2 - Stationary Phase Promoter + inverter 1

Stab vial with strain 1-3 - Log Phase Promoter 1

Stab vial with strain 1-4 - No banana smell control 1

Luria Broth 5 x 3ml, 3 x 200 ml

15 ml screw capped tube - sterile 2 x 2 tubes

Disposable transfer pipets 2 x 22/package

50 ml screw capped tube - sterile

Sterile inoculating loops

2 x 25 tubes

1 x 30/package

Teacher + Student Instructions 1

For a class of 24 students - 6 groups of 4

Ampicillin, 10 mg/ml 4 ml

Isoamyl alcohol 1 x 1 ml

Banana Extract 4 x 2 ml

Something missing?
Contact us: info@biobuilder.org

WHAT I HAVE

Will arrive in the “perishable” supplement 
that can be ordered up to a month before 
running the lab.
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You will be receiving four strains of bacteria as stabs or slants. To obtain sufficient amounts of 
bacteria to conduct growth curves, you will grow small volume (3 ml) overnight cultures of each 
strain in sterile tubes with LB + ampicillin. 

You or the students can prepare these starter cultures up to one week prior to the experiment 
itself and then store to cultures on the bench or in the fridge. Each group of students can prepare 
their own starter cultures or larger volumes can be prepared and shared between groups. 

A few things to prepare before the lab
For a class of 24 students - 6 groups of 4

PREPARE THE CELLS

PREPARE AMPICILLIN

2 days in
advance

2 days in
advance

max 1 month in advance

max 7 days in advance

 !

 !

WHAT I NEED
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37°C

x

1-1 1-2

1-1 1-2 1-3 1-4
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525 mL
LB

LB+Amp

Amp

in advance

max 7 days in advance !

Store the ampicillin

You should recieve a 4 ml vial of ampicillin at a concentration of 10 mg/ml. It 
should be stored in the fridge up to one month. 
This stock will be diluted to 50 or 100 ug/ml in the LB+ampicillin that you 
prepare.

1

2

BEFORE - Lab preparation
Eau That Smell

Prepare the cells

max 1 month in advance !

5 - Use a sterile inoculating loop to transfer some of the bacteria from a stab or 
slant vial to the media.

1 - Use a Sharpie to label the sides of 4 of the 15 ml screw-capped tubes, 
calling them “1-1” “1-2” “1-3” or “1-4.” 

6 - Repeat for each strain you will inoculate.

7 - Place the culture tubes in the roller wheel in the incubator at 37°C overnight. 
Be sure to balance the tubes across from each other to minimize stress on the 
roller wheel.
If you do not have a roller wheel and an incubator, you can increase the volumes of each culture to 
10 ml and grow them in small Erlenmeyer flasks with stir bars stirring them slowly on a stir plate.

Watch the video - https://goo.gl/uu2kUL

2 - Pour or use a sterile transfer pipet to aliquot 25 ml of LB to a 50 ml conical 
tube.

3 - Add 250 µl of the Amp solution to the tube and invert to mix.

4 - Aliquot 6 ml of the LB + ampicillin to each of the 4 - 15 ml tubes. 
This volume is more than enough for each strain that each student or team of students must grow. 6 mL

250ul
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Item Amount

Workstation checklist
What the students will need
For one class

1 set per class or groupVariable volume micropipets and tips

24Sterile Erlenmeyer flasks covered with caps foil

15 ml screw capped tube - sterile 4 tubes to grow strains

1 ml transfer pipets 40 (1/measurement)

50 ml screw capped tube - sterile

Sterile inoculating loops

2 x 25 tubes

25 - 30

1Container for contaminated waste

150

24

1

Cuvettes or glass tubes

Stir bar & stir plate if not using shaker

Spectrophotometer

1 per group

1 per group

Decontamination solution

Sharpie

Timer 1 per group

1 per groupCoffee beans to refresh noses

4Erlenmeyers with inoculated media, stirring

1Banana smell standards

1Roller wheel - optional
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DAY 1 - Starting the cultures
Eau That Smell

DAY 1
LAB PROTOCOL

Watch this procedure https://goo.gl/blYNyE

- 600 ml Luria broth
- 3 ml Ampicillin (final concentration 50 mg/liter) 
- 500 μl isoamyl alcohol

Prepare a stock growth solution with

 !While isoamyl alcohol is safe 
enough for lab use, it is best if 
this is added by the teacher.

Given time constraints in most high school lab classes, it is OK for the students to prepare the 
samples and then place them in the refrigerator. The teacher can then place the samples on the 
room temperature stir plate the next morning and note the time. 

This may not be necessary during an extended lab period. At room temperature, it will take 
around around 4-7 hours for the cultures to enter log phase. Initial readings will have an OD 600 
around 0.05.

Now that you have everything prepared, you or your students can perform the protocol described 
for Day 1.
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Label 4 x 50 mL conical tubes with the word “LOG” and the strain name, 1-1 or 1-2 or 1-3 or 1-4.
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LAG
1-1

LAG
1-2

Label 4 x 50 mL conical tubes with the word “LAG” and the strain name, 1-1 or 1-2 or 1-3 or 1-4.

Aliquot 75 ml of the broth solution to 125 ml sterile Erlenmeyer flask and add 2 ml of bacteria from one 
of the overnight cultures, e.g. strain 1-1.
Repeat the addition of 2ml of bacteria to 75 ml of broth in the Erlenmeyer flasks for each of the 
overnight cultures. Cover the flasks with foil and start them gently stirring on the stir plates.

3

5

Grow remaining volumes of each culture in Erlenmeyer flasks with stirring at room temperature or 
37°C overnight. Be sure to record how long the cells grow.

9

4

Transfer 25 mL of inoculated growth media from each flask into the appropriate conical tube. 
Store these tubes in the refrigerator until you are ready to make measurements.

Grow remaining volumes of each culture in Erlenmeyer flasks with stirring at room temperature or 
37°C for 4-7 hours. Be sure to record how long the cells grow.

6

Transfer 25 mL of cell culture from each flask into the appropriate conical tube. 
Store these tubes in the refrigerator until you are ready to make measurements.

Label 4 x 50 mL conical tubes with the word “STATIONARY” and the strain name, 1-1 or 1-2 or 1-3 or 
1-4. Transfer the grown cultures to these tubes. Store the tubes in the refrigerator until you are ready 
to make the Day 2 measurements.  

8

10

125

100

75

50

Set aside 1 ml of this mixture for each student group into a small sterile culture tube. 
This aliquot will serve as the blank for the spectrophotometer.

2

If you are using a small plastic cuvette, a 1 ml sample will be sufficient while 2 ml will be needed for a 
small test tube that fits into most Spec 20 spectrophotometers !

1

Teachers

Prepare the growth media by mixing 600 ml LB, 3 ml ampicillin solution and 500 μl isoamyl alcohol. 
Most likely by adding 1 ml amp and 170 μl isoamyl alcohol to each of three bottles of 200 ml LB
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1-1 1-2
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Download the Quick Guide
http://goo.gl/XjRLEZ
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DAY 2 - Measuring
Eau That Smell

DAY 2
LAB PROTOCOL
Whether you have a spectrophotometer or not, measurement of the “LAG” phase can be 
performed right away. Follow the protocol presented here in order to measure all the data that is 
required.

If you are dividing the growth curve into several short lab periods, be sure to store 
the cells in the fridge (~4°C) until the next session.

The tips of BioBuilder

We have found that smelling small cups of coffee grounds between 
measurements can be used to reset everyone’s sense of smell between 
samples.

Students will note that the banana smell dissipates a bit while the tube 
is open. They can close the tube for a minute and then re-shake to bring 
back the smell.

[ ]
One measure per sample will provide sufficient data points for construction of the population 
growth curve. Just make sure that you are tracking the time accurately from the initial reading.
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Read and record the O600 of each sample. Start by zero-ing the spectrophotometer set at 600 nm 
using the uninoculated media you saved on day 1.

Invert the “LAG” phase conical tubes several times to completely mix the cells with the media.

3

5

6

4
Waft the air above the conical tubes towards your nose to test for any evidence of banana smell. 
Compare the intensity of the banana smell to the banana smell standards.

Repeat steps 1-4 with the “LOG” and the “STATIONARY” phase cultures.

Discard all biological materials after decontaminating with 10% bleach.

Transfer 1 mL from each “LAG” sample to cuvettes.                                     

2

1

1

4

Provide containers at each workstation for 
biological waste such as pipet tips and tubes. 
Be sure to follow hazardous waste procedures 
as set forth by your school or municipality. 
Generally, it is safe to soak the material in each 

container with a 10% bleach solution for 20 
minutes. Materials can then be discarded into 
the regular trash. You can find more information 
about microbiology lab safety at the BioBuilder 
website.

Clean-up instructions!
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Alternative protocol
Eau That Smell

ALTERNATIVE 
PROTOCOL
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Eau That Smell offers two protocols based on the time you wish to allow. Each 
of these protocols covers the same concepts but allows for different emphases. 
Protocol A is the one presented in this manual.

Chose your protocol

PROTOCOL A: Condensed data collection

With this protocol you can choose to have the students do the initial bacterial culturing 
if more microbial techniques are to be emphasized. Essentially, a day prior to any data 
collection, the large cultures are set up. The samples can then be provided to the students 
the following class day, allowing the students to collect data in a single lab period. 

Details for this protocol can be found in this manual and on the BioBuilder site as 
“Protocol A” in “Other resources”

Direct download following this link DOWNLOAD PROTOCOL A - http://goo.gl/veNJpK

PROTOCOL B: Growth curve data collection

This version provides a greater emphasis on collection of growth curve data. In this 
version, the students subculture from the overnight starter cultures and then assess the 
banana smell and turbidity of the subcultures every twenty minutes. 

Details for this protocol are provided on the BioBuilder site as “Protocol B” in “Other 
resources”

Direct download following this link DOWNLOAD PROTOCOL B - http://goo.gl/L7MZBu

Both procedures include instructions for using a spectrophotometer to measure the population 
growth. If a spectrophotometer is not available, the population can be measured using the 
McFarland Turbidity standards. Instructions for both measurements are included with each 
protocol and in this manual.

A

B
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If no spectrophotometer is available

These standards can be prepared 
well in advance of lab and are 
useful if you are running the 
protocols without access to a 
spectrophotometer. 

The standards can be made in 
any volume but then should be 
suspended and aliquoted to a 
small glass tube with a cap. 

The size of the tubes and the 
volume of the standards you put in 
them doesn’t matter.

1% BaCl2 can be prepared from 0.2M BaCl2 (5%)
1% H2SO4 is approximately 0.1M H2SO4

Prepare turbidity standards, where 1 OD 600 ~ 1 x 109 cells/ml

Turbidity 
scale OD 600 1% BaCl2 in 1% H2SO4

0 0 0.0/10

1 0.1 0.05/9.95

2 0.2 0.1/9.9

3 0.4 0.2/9.8

4 0.5 0.3/9.7

5 0.65 0.4/9.6

6 0.85 0.5/9.5

7 1.0 0.6/9.4

Alternative protocol - No spectrophotomer
Eau That Smell

[ ]
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About the turbidity standards
Students will compare the turbidity of these standards to the turbidity of their bacterial samples 
by transferring some of the bacteria to the same sized glass tubes and identifying which turbidity 
standard comparably obscures dark markings placed behind the tubes with the standards.

The McFarland Turbidity Scale are used as a reference to adjust the turbidity of bacterial suspensions so that 
the number of bacteria will be within a given range to standardize microbial testing. An example of such testing 
is antibiotic susceptibility testing by measurement of minimum inhibitory concentration which is routinely used 
in medical microbiology and research.

https://en.wikipedia.org/wiki/McFarland_standards

1 2 3 4 5 6 7

It is likely that each stationary phase samples will have a turbidity greater than McFarland 
standard 7. The students can use 7 as the value in that case. You may advise the students that 
they can use half values (e.g. 1.5). This will also lead to interesting questions about the nature of 
data.

From Wikipedia



34 | BioBuilder.org

DAY 3 - Data collection
Eau That Smell

DAY 3

If you find a great way to teach this or a follow-up experiment that other 
teachers could benefit from, please consider telling us about it by email: 
info@biobuilder.org

Using the protocol presented here, we generally find that the original strain, strain 1-1, which 
is supposed to smell like bananas only during stationary phase, actually smells to varying 
degrees throughout the measurements we’ve made. Perhaps this is because stationary phase 
activity starts earlier than we think. 

Similarly, we have seen the strain 1-2, which has the stationary phase promoter and the 
inverter, is more active throughout the growth curve and generates a stronger banana smell 
than strain 1-3, which has the log phase promoter. 

In our hands, Strain 1-3 is the most “log-phase specific” strain.

Expected results

It will take about 4 class periods in a typical High School AP Biology or Biotechnology class for 
the students to do all the culturing and data collection. If instead the teacher prepares in advance 
the samples as outlined in Part 1 of the procedure, the students can conduct the smell tests and 
population measurements in one class period.

DATA COLLECTION
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DATA SAMPLE
Strain Phase Banana Smell OD600

1-1 LAG 0 0.086

1-1 LOG 2 0.204

1-1 STATIONARY 6 1.050

1-2 LAG 0 0.118

1-2 LOG 2 0.468
1-2 STATIONARY 4 1.820

1-3 LAG 0 0.118

1-3 LOG 1 0.489

1-3 STATIONARY 2 1.810

1-4 LAG 0 0.101

1-4 LOG 0 0.290

1-4 STATIONARY 0 1.500
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UNDERSTANDING 
THE DATA
1. The cell cultures smell like bananas because of a gene that has been added to the experimental 
strains (1-1, 1-2, 1-3). The gene comes from yeast and it encodes an enzyme. When we grow the 
bacteria carrying that gene in media that contains the precursor molecule (isoamyl alcohol), the 
enzyme converts it to isoamyl acetate, which smells like bananas!

2. The bacterial growth curve should be explained, perhaps with some emphasis on the idea 
that we are studying cell numbers over time and that we have artificially divided that curve into 
three phases (lag, log, stationary). The physiology of the cell is different in each phase, though 
the boundaries for the cell’s changes may not be as sharp as the boundaries of the growth curve.

3. The expression of a gene in bacteria requires several “parts,” namely an RNA polymerase 
binding site (called a promoter), a ribosome-binding site and an open reading frame. The three 
experimental strains used in this experiment have the same ribosome binding site and the same 
open reading frame, but have different promoters to guide variants of RNA polymerase to express 
the banana-scent open reading frame at different stages of cellular growth.

4. The RNA polymerase is an enzyme with several subunits in it. One subunit, called the sigma 
subunit, can be swapped. The sigma subunit that RNA polymerase uses during log phase is 
called sigma70 while the RNA polymerase uses sigma38 during stationary phase.

DAY 3 - Key teaching points
Eau That Smell
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5. The strain that has the stationary phase promoter and the inverter device is a clever way to 
switch the logic for gene expression, making genes that would be “on” turn “off” and vice versa. 
If you have explained the use of repressor proteins to turn off gene expression then the details 
for how this inverter works may be interesting and useful.

6. The “black boxing” of functions, such as the “inverter device” in this experiment, is a way 
that engineers can use to manage the complexity of the system and form the basis of a cellular, 
object-oriented programming language.

7. The difference between the qualitative nature of the banana smell measurement and the 
quantitative measurement of cell growth provides an interesting topic for discussion. Which do 
the students “trust” more? How could they make either more reliable?

NOTES
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Questions 
& Answers
1. What is expected if the banana-smell generator is:

a.  controlled by a stationary phase promoter but the cells have been diluted into fresh media?
We should smell little or no banana smell since the cells are in lag phase.

b. expressed in a strain which still also makes indole?
Banana smell might be masked by E. coli’s natural smell.

c. expressed by a log phase promoter that is stronger than the one we used, i.e. more RNA 
polymerase activity is associated with that stronger promoter?

We expect stronger banana smell to be detected but for that smell to diminish or go away in 
stationary phase.

d. expressed from a stationary phase promoter that is followed by TWO inverter devices?
The culture should smell like bananas during stationary phase.

2. What were some potential problems that may have affected the outcome of our 
experiment? List at least 2.
Answers will vary but may include problems with accuracy of smell measurement, variations in 
cell growth rates between strains, background smell of media, or dissipation of the smell due to 
the number of times the flasks were opened, etc.

3. If the banana-smell gene was expressed from an inverter device that was 
controlled by a log phase promoter, what growth stage(s) would you expect to 
smell bananas?
We would expect that the banana smell would be generated in any phase except log, so perhaps 
in lag and in stationary phase.

POST-LAB Q&A
Eau That Smell
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4. What are some applications you can imagine with this synthetic system, namely 
a cell that makes a chemical or an enzyme when it reaches a particular growth 
stage?
Applications will vary but might be along the lines of bacterial deodorant, or improved 
biomanufacturing of foods or medicines, detection devices (e.g. that start to smell when enough 
cells have collected the input) or flavored yogurts.

5. What is one thing you learned from this lab? What is one thing that you are still 
confused about? Did you like the lab?
Answers will vary.

Online you can find a rubric and score sheet for a lab report 
assignment: http://biobuilder.org/teacher/eau-that-smell-teachers/

BBa_J45200
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