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Abstract
The “gene scissors” CRISPR-Cas currently revolutionize the field of molecular biology with
an enormous impact on society due to the broad application potentials in biomedicine,
biotechnology and agriculture. We have developed simple CRISPR-Cas experiments that
can serve to introduce pupils, students and non-scientists alike to the fascinating power of
targeted gene editing. The experimental course is divided into two parts. In part 1, we target
plasmid borne lacZ to convert blue E. coli to white E. coli. In part 2, we analyse the CRISPRCas9 mediated double strand breaks in the lacZ gene by a) colony PCR, b) colony cracking
gel or c) restriction digest of the plasmids. Experimental work is embedded in short
theoretical lecture parts that provide background of CRISPR-Cas and a step-by-step tutorial
for the practical work. Though the experiment is robust, inexpensive and simple it should be
noted that guidance by an expert instructor is required. Based on our experience, a full day
lab course has a positive influence on the participants’ attitude towards research in general.
This is true for high school students as well as non-scientists (age groups 16 to 70 years).
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1. Introduction
When CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas9 (CRISPR
associated protein 9) was first published as a universal tool for genome editing [1,2], it
received considerable notice throughout the scientific and non-scientific community. The use
of CRISPR-Cas raises social and ethical issues concerning the environment and all
organisms including humans [3]. There is a plethora of potentially beneficial applications in
medicine, agriculture and biotechnology [4], but also the risk of misuse [5]. In late 2018,

experiments on human embryos and the alleged birth of two genome edited girls [6,7]
spurred the ethical debate. To enable the public to contribute to the debate it is essential to
convey a basic understanding of the system.
Naturally, CRISPR-Cas systems are found in bacteria and archaea, where they prevent a
second infection with the same virus by detecting and cutting its DNA. In the laboratory it can
be used as a potent tool to precisely target and modify genes in cells of any organism. The
CRISPR-Cas9 system consists of a CRISPR-RNA (crRNA), which has the complementary
base sequence to the DNA-target sequence, and the cutting enzyme Cas9. Cas9 is a
nuclease that causes a double strand break (DSB) in the DNA target sequence. To connect
crRNA and Cas9 a second RNA molecule is required: the tracrRNA (trans-activating crRNA)
forming a three-dimensional structure with crRNA that allows binding to Cas9. Once a DSB
in the target DNA is set, the repair mechanisms of the cells are activated to repair the
damage. In eukaryotic cells two major repair mechanism occur: The non-homologous end
joining (NHEJ) mostly leads to a gene knock out due to a rapid “emergency joining” of the
DNA ends. This usually results in small insertions and deletions that will disrupt the reading
frame in a coding sequence. With the other mechanism –homology directed repair (HDR) –
the sequence is nearly correct restored by homologous recombination of e.g. the
homologous chromosome. With this mechanism, any sequence can be introduced, deleted
or exchanged, as long as it carries flanking sequences that correspond to the sequence next
to the cutting site.
CRISPR-Cas9 revolutionized the work in research laboratories worldwide, e.g. it is used to
investigate the function of a certain gene or gene product or even the interplay of several
genes, or it is used to create and study model organisms. For example, in mouse models,
researchers succeeded in using CRISPR-Cas to cure genetic diseases such as Duchenne
muscular dystrophy [8] or recently even to eliminate the HI virus integrated into infected cells
of living mice [9]. For human applications cells may be removed from a patient, edited ex vivo
by CRISPR-Cas and then returned to the patient. This method is particularly suitable for
blood disorders such as leukaemia or thalassemia or sickle cell anaemia. Meanwhile, clinical
studies are ongoing in which blood precursor cells are edited by CRISPR-Cas ex vivo to cure
-thalassemia. The list of potential applications is endless and it is clear that CRISPR-Cas
applications will impact human life in various aspects. To enable society to participate in a
knowledge-based discussion on the pros and cons of genome editing there is a strong
requirement to provide at least a basic understanding on genome editing technology.

In 2017 The ODIN, a small US company lead by biohacker Josiah Zayner and backed by
Harvard geneticist George Church, launched a “CRISPR editing kit for everyone” named
“DIY Bacterial Gene Engineering CRISPR Kit“. The idea was to introduce a mutation into the
ribosomal protein gene rpsL of E. coli to confer resistance to streptomycin. The kit was
banned by the bio-safety authorities in Germany for two reasons: a) it accidentally contained
pathogenic bacteria and b) The ODIN had ignored German legislation which requires
officially registered safety laboratories (S1) for transformation of E. coli. However, even when
using the correct E. coli HME63 strain, template DNA and crRNA, the experiment did not
work as predicted because E. coli lab strains are deficient in several repair mechanisms.
Apparently, the cleavage by Cas9 was carried out, but since there was no efficient repair, the
chromosomal DNA was digested and essentially no engineered bacterial colonies could be
detected (unpublished data). The kit initiated a lot of discussion on the safety of genome
editing even though the problems were not due to CRISPR-Cas itself. At the same time the
interest to carry out editing experiments - especially at high schools - increased substantially,
but a functional kit was not available. To enable school students and the general public to
experience gene editing by CRISPR-Cas9, we developed a simple experiment in E. coli to
visualize successful editing. According to German gene technology legislation this can only
be carried out under appropriate guidance and in certified S1 laboratories. The experiment is
easy to perform by students and non-scientists alike, but guidance by expert instructors and
appropriate facilities are required.
Courses are designed for schools (age group 16 to 18 years) and the general public. The
number of participants in the lab course is limited to 16. The students/participants work in
teams of two. With regard to the curriculum, the contents of the course are located in the field
of genetics and genetic engineering and areas of application of genetic engineering and their
social challenges. The experimental work is embedded in theoretical lecture parts that
provide background of CRISPR-Cas and a step-by-step tutorial (supplement) for the practical
work. The lecture accompanies the lab course. It provides a general introduction (see table
1) and guidance through the experiment. Contents of the lecture are adjusted to the
knowledge level of the participants, i.e. PPT slides are compiled from a large collection that
allows for simple as well as more demanding presentations. Breaks in the experimental
procedure (e.g. incubation times) are used to “test” students understanding by casual
questions (no official “exam” but also to provide more background and/or to clarify
questions). These include questions on scientific work in general, how research ideas are
developed and how experiments are planned. In some cases the tutors can guide students to
answer their own questions. In other cases the tutors can provide (simplified) examples from
their own research e.g. on how an experiment has initiated a new research idea.

Table 1 Lecture Content

Lecture Content















Safety precautions
Interference of humans with the genetic material by means of selection breeding,
mutagenesis and genetic engineering and now by CRISPR-Cas
DNA/RNA structure and function
“Central Dogma of Molecular Biology”, proteins but also RNA as final products
Biological origin of CRISPR-Cas
Basic functions
CRISPR-Cas9 as a molecular tool
Potential applications
Design of crRNA
Plasmids as vehicles for the CRISPR-Cas system and transformation
Lac-operon (optional)
Handling of bacteria, bacterial growth
Polymerase Chain Reaction (PCR)
Agarose gel electrophoresis

The combination of lecture and lab course provides a basic understanding of the CRISPRCas system and the potential of applications. The molecular mechanisms are described in a
way to provoke technical questions on the function and limitations of the system.
Examples for applications are given in a way to provoke ethical questions. The aim is to
show, that there are (mostly) no “black-and-white-answers” and that understanding of the
mechanisms is required to make decisions.
Practical lab work provides insights into scientific methods: how careful an experimental
protocol has to be followed, the many steps of an experiment and the important requirement
for appropriate controls is mostly new to the participants.
In our concept the instructors are mostly students of biosciences (students in the teacher
curriculum, BSc, MSc, PhD students, young postdocs) who obtained a special training to
teach the course. The young age of the instructors creates an unusual atmosphere with
school classes: the instructors are younger than the professional teachers but have more
experience in research and experimental science. By age they are close to the high school
students and can communicate on eye-level, on the other hand their expertise is fully
accepted by the students and by the teachers. The young instructors are perfect “science
ambassadors” who can efficiently transfer their enthusiasm to the participants. Openness
and profound knowledge of the instructors create respect and appreciation for science.

Instead of a formal reflection session, the coffee and lunch breaks proved to be a more
efficient format. Participants are more willing to ask questions and to discuss “weird ideas” in
this informal format than during the official part of the course. The instructors participate in
the breaks and initiate discussions if necessary.
What are the learning outcomes? The participants obtain a basic knowledge of the general
function of the CRISPR-Cas system and possible applications. They can explain the nature
of science, e. g. that scientific knowledge is tentative and never absolute or certain.
Additionally, they gain basic technical skills in laboratory work and can use basic equipment.
Evidence that learning outcomes are reached by the participants is mainly derived from the
evaluations, in particular from free text comments. These demonstrate that especially
insights into scientific methods are successfully achieved and students can describe
experimental procedures. Students understand the requirement of controls and can develop
ideas for control experiments. Perception of scientific work changes considerably, especially
in respect to research as a knowledge-based, sophisticated procedure (in contrast to a
“random game”). Additionally, the nature and quality of the questions in the discussion,
clearly shows that they have acquired a basic understanding of CRISPR technology. Many
participants come to the conclusion that ethical considerations are “not that easy” and that
understanding science can change the view on ethical decisions. The participants gain basic
understanding of CRISPR-Cas and can describe mechanisms and applications but they are
also aware that they are not experts. An essential achievement is that they feel more
confident to ask questions to the experts and that trust in science is enhanced.

2. Methods
The educational lab course is organized in two parts: i.) an in vivo CRISPR-Cas9 experiment
in which we target plasmid borne lacZ to convert blue E. coli cells into white cells (Fig. 1) and
ii.) one of the following three experiments to analyse the CRISPR-Cas9 mediated loss of lacZ
on the molecular level: a) a colony PCR (polymerase chain reaction) over the targeted
sequence, b) a colony cracking gel to prove the loss of the lacZ containing plasmid (pKW5)
or c) a plasmid preparation followed by restriction to verify the loss of pKW5.

2.1.

CRISPR-Cas9 mediated lacZ knock out in E. coli

Safety strains of E. coli usually have several defects in DNA repair systems. Therefore, nonhomologous end joining (NHEJ) and template mediated repair is mostly not possible in these
mutant strains [10–12]. Double strand breaks result in degradation of open DNA ends,
rapidly reaching essential genes and leading to cell death [12,13]. We therefore used a trait
encoded on a plasmid. LacZ is encoded on plasmid pKW5 (kindly provided by Manfred
Kröger, JLU Gießen and Dietmar Scherr, Max-Beckmann-Schule, Frankfurt) under control of
the Isopropyl-β-D-thiogalactopyranosid (IPTG) inducible lac promotor. For selection, the
plasmid carries an ampicillin resistance gene (ampR).
To target lacZ we generated the plasmid pCas9_lacZ, a derivative of pCas9 (Addgene
#42876, [14]). The plasmid contains a chloramphenicol resistance gene (CmR), the coding
sequence for Streptococcus pyogenes Cas9 and tracrRNA both driven by the endogenous
S. pyogenes promoters, as well as a crRNA array under the control of the endogenous
S. pyogenes leader sequence. In pCas9 the crRNA array contains a non-target sequence
flanked by two repeats, in pCas9_lacZ the non-target sequence was replaced by a spacer
that corresponds to a sequence in the lacZΔM15 [15] region of the lacZ gene (Fig. 2). The
new spacer was constructed by annealed oligonucleotides inserted into two BsaI sites.
It should be noted that plasmid pKW5 belongs to the pUC/ColE1 family and is high copy,
while plasmid pCas9 is low copy and belongs to the pACYC184/p15A family. Both plasmids
are thus compatible and can be maintained in one cell.
pCas9 can be obtained from Addgene, pCas9_lacZ and pKW5 can be obtained from Science
Bridge for educational purposes only.

Materials


E. coli K12 strain with lacZΔM15 deletion (DH5 [16]: F– endA1 glnV44 thi-1
recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169,
hsdR17(rK–mK+), λ– or Top10 (Invitrogen): F- mcrA Δ(mrr-hsdRMS-mcrBC)
φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 galK16
rpsL(StrR) endA1 λ-)



Plasmid pKW5 (Kröger and Scherr, unpublished)



Plasmid pCas9 (Addgene #42876)



Plasmid pCas9_lacZ



LB-Medium



LB supplemented with 50 µg/ml ampicillin



LB agar plates supplemented with 25 µg/ml chloramphenicol



LB agar plates supplemented with 50 µg/ml ampicillin



IPTG (Isopropyl-β-D-thiogalactopyranosid) solution (stock 100 mM)



X-Gal (5-Brom-4-chlor-3-indoxyl-β-D-galactopyranosid) solution (stock 2 mg/ml in
dimethylformamide)



50 mM CaCl2 solution



100% glycerol



Incubator (37°C)



Shaking incubator (37°C)



Heat block (42°C)



Centrifuge for 1.5 ml reaction tubes



Glass beads 50 mm (autoclaved)



Inoculation loops

Protocol
Preparatory Work (start three days before the course)
Plasmid pKW5 is transformed into E. coli strain DH5 or Top10 yielding strain E. coli-pKW5.
Due to the lacZΔM15 deletion in the endogenous chromosomal lacZ gene the untransformed
strains cannot digest lactose, only transformants code for a functional ß-galactosidase and
cleave X-Gal in the presence of IPTG. Chemically competent cells of strain E. coli-pKW5 are
prepared according standard protocols. In brief, 100 ml LB-amp medium are inoculated with
2 ml of an overnight culture. Cells are grown to 0.4 OD600 and centrifuged for 5 min at 1800 x g at 4°C.
Cell are then resuspended in 50 ml ice cold 50 mM CaCl2 solution and incubated for 30 min on ice.
Cells are pelleted for 5 min at 1800 x g at 4°C and resuspended in a glycerol solution consisting of
1,5 ml 100% glycerol added to 10 ml 50 mM CaCl2. Aliquots of 200 µl are immediately stored at -80°C.

Course Protocol (about 1,5 to 2 h)
1. Thaw a bacterial suspension of competent E. coli-pKW5 cells on ice.
2. Transfer 80 µl bacterial suspension to two new microfuge tubes, and label one tube
“pCas” and the other one “pCas_lacZ”.
3. Add 2 µl of pCas and pCas9_lacZ (50 ng/µl each) to the corresponding tube, mix
gently and incubate on ice for 20 min.
4. Incubate both tubes for exactly 90 sec at 42°C in a heating block.
5. Put the tubes immediately on ice for 1 to 2 min.
6. Add 1 ml of LB medium and incubate for 30 min at 37°C in a shaking incubator.
7. Centrifuge cells for 3 min at 1700 x g, discard supernatant and resuspend cell pellet
in 100 µl LB.

8. Plate 40 µl of the cell suspension together with 40 µl of 100 mM IPTG and 40 µl
2 mg/ml X-Gal on chloramphenicol plates (25 µg/ml). Plates are labelled by the
participants with their initials and with “pCas” and “pCas_lacZ”, respectively.
9. Place the plates overnight in an incubator at 37°C.
A further control shows that the original competent E. coli-pKW5 in fact grow as blue
colonies: Cells of the competent E. coli-pKW5 are streaked out on LB-amp plates
supplemented with IPTG and X-Gal. This is explained and done during the incubation on ice
(step 3).
The next day plates are removed by the course instructors who take photos and send them
to the course participants. If time allows, participants may observe their plates the next day in
the S1 lab,
Cells transformed with the plasmid pCas9 containing the non-target crRNA cassette turn
blue, whereas cells transformed with the plasmid pCas9_lacZ containing the crRNA that
targets lacZ, produce white colonies (with less than 0.1% blue colonies) (Fig. 3).
Unexpectedly, white colonies also grew on plates containing ampicillin, suggesting that the
lacZ gene was destroyed but the ampicillin resistance left functional. However, when
transferring white colonies to a fresh ampicillin plate or an ampicillin liquid culture, they did
not grow, indicating the loss of the entire lacZ containing plasmid. All blue colonies remain
ampicillin resistant.

2.2.

Analysis of lacZ disruption by PCR

In this experiment the CRISPR-Cas9 mediated disruption of the lacZ gene is demonstrated
by PCR. PCR is performed with primers that directly surround the region of the putative
double strand break (DSB) in lacZ. In control cells with an intact lacZ gene (blue E. colipKW5 transformed with pCas) the PCR results in a 284 bp product (Fig. 4A). Whereas in
lacZ-CRISPRed cells (white E. coli-pKW5 transformed with pCas_lacZ) no PCR product is
generated due to destruction of the plasmid (Fig. 4B). PCR products are analysed by
agarose gel electrophoresis (Fig. 4C). Though the result seems convincing for a layperson,
we explain that a “non-result” (lack of PCR product) is usually not sufficient as scientific
proof.
Materials



At least two agar plates with a) blue colonies (E. coli-pKW5 transformed with
pCas) and b) lacZ-CRISPRed white colonies (E. coli-pKW5 transformed with
pCas_lacZ)



Heat block (95°C)



PCR reagents
o

dNTPs

o

primer for-5’-TAAATGCATGCCGCTTCGCCTTCGAAAGCGG-3’

o

primer rev-5’-TCTTCGCTATTACGCCAGCTGGCGAAAGGGGG-3’

o

10 x Taq buffer with 20 mM MgCl2 and 200 mM (NH4)2SO4

o

Taq polymerase



PCR cycler



Equipment for agarose gel electrophoresis



Power supply



Agarose



1 x TBE (100 mM Tris, 90 mM boric acid, 1 mM EDTA)



6 x Loading Dye (10 mM Tris pH 7.6, 60% glycerol, 60 mM EDTA, 0.03% xylene
cyanol)



DNA marker (e.g. 100 bp ladder)



DNA stain (e.g. Midori Green)



Gel documentation equipment (e.g. blue/green light LED table with amber filter)

Protocol
Preparatory Work (start five days before course)
Grow bacterial colonies (blue and white colonies as described in materials).
Course Protocol (about 2-3 h)
1. Using a yellow pipette tip, transfer one blue (pCas9) and one white (pCas9_lacZ)
colony to two microfuge tubes containing 25 µl deionized H20 each. Label them with
“pCas9” and “pCas9_lacZ”.
2. Incubate the tubes at 95°C for 10 min.
3. Add 25 µl of the boiled bacterial suspension to PCR tubes containing 25 µl PCR
reaction mix (final concentration: 250 µM dNTPs, 0,4 µM primer, 1,25 U standard Taq
polymerase and reaction buffer, see materials). Do not forget to label the tubes.
4. Put the PCR tubes in a thermocyler and run PCR under the following conditions:
3 min 95°C initial denaturation, followed by 28 cycles with 95°C for 30 sec, 15 sec
annealing at 55°C and elongation at 72°C 15 sec, and a 1 min final extension at
72°C. Depending on the cycler, the PCR takes about 60 min.

5. Cast a 2% agarose gel while the PCR is running. Use 5 µl Midori green per 100 ml of
agarose solution.
6. Transfer 10 µl of the PCR solution to a new microfuge tube containing 5 µl loading
dye. Load all 15 µl on the gel.
7. Run the gel at 100 Volt for approx. 35 min, then view and document the gel with a
suitable documentation system (e.g. blue/green LED and amber filter).

2.3.

Analysis of lacZ disruption by colony cracking [17]

CRISPR-Cas9 mediated DSB in the lacZ gene results in the degradation of the entire lacZ
containing plasmid pKW5. To prove the loss of pKW5 the bacterial lysates are analyzed on
an agarose gel to document the presence or absence of plasmids (Fig. 5).
Materials


Agar plates with colonies of a) E. coli, b) E. coli-pKW5, c) E. coli-pKW5
transformed with pCas and d) E. coli-pKW5 transformed with pCas_lacZ
grown on IPTG/X-Gal plates with appropriate antibiotics.



Heat block (55°C)



Inoculation loops



Cracking buffer (50 mM NaOH, 0,05% SDS, 5 mM EDTA)



Vortex



Equipment for agarose gel electrophoresis



Power supply



Agarose



1 x TBE (100 mM Tris, 90 mM boric acid, 1 mM EDTA)



6 x loading dye (10 mM Tris pH 7.6, 60% glycerol, 60 mM EDTA, 0.03%
bromophenol blue)



DNA marker (e.g. 1 kb ladder)



DNA stain (e.g. Midori Green)



Gel documentation equipment (e.g. Blue/Green light LED table)

Protocol
Preparatory Work (start five days before course)
Grow bacterial colonies as described in the materials.

Course Protocol (about 2,5 h)
1. Cast an 0.8% agarose gel containing 5 µl Midori green per 100 ml of agarose
solution.
2. Using an inoculation loop or a yellow pipette tip, transfer one blue (pCas9) and one
white (pCas9_lacZ) colony to two microfuge tubes containing 20 µl cracking buffer
each. Label them with pCas9 and pCas9_lacZ, respectively.
(As a control, the course instructor prepares non-transformed E. coli cells and E. coli
transformed with pKW5).
3. Incubate the tubes at 55°C for 30 min.
4. Vortexed vigorously for 1 min.
5. Add 4 µl of loading dye and load 20 µl of each sample on the agarose gel.
6. Run the gel at 100 Volt for approx. 45 min, then view and document the gel with a
suitable documentation system (e.g. blue/green LED gel and amber filter).

2.4.

Analysis of lacZ disruption by restriction of plasmids

CRISPR-Cas9 mediated DSB in the lacZ gene results in the degradation of the lacZ
containing plasmid pKW5. To prove the loss of pKW5, plasmid DNA was isolated from blue
and white colonies with the Birnboim/Doly alkaline method [18], digested with BamHI and
then analysed on 0.8% agarose gels (Fig. 6). All plasmids (pCas9 and pCas9_lacZ as well
as pKW5) have two BamHI restriction sites, yielding two BamHI fragments of different sizes:
pCas9 and pCas9_lacZ 7977 bp and 1349 bp and pKW5 6904 bp and 601 bp.
Materials


Agar plates with colonies of a) E. coli-pKW5 transformed with pCas and b) E. colipKW5 transformed with pCas_lacZ and containing IPTG/X-Gal and appropriate
antibiotics.
(Alternatively, the course participants can use 3 ml cultures of the transformants.)



Mini prep solutions (alkaline lysis method)
o

Solution 1 (25 mM Tris-HCl, pH 7.4, 10 mM EDTA, 15% (w/v) saccharose)

o

Solution 2 (200 mM NaOH, 1% (w/v) SDS)

o

Solution 3 (3 M sodium acetate pH 4.7)



Ethanol



RNase A (stock solution 2 mg/ml)



Restriction enzyme BamHI and appropriate buffer



Heat block (37°C and 50°C)



Equipment for agarose gel electrophoresis



Power supply



Agarose



1 x TBE (100 mM Tris, 90 mM boric acid, 1 mM EDTA)



6 x loading dye (10 mM Tris pH 7.6, 60% glycerol, 60 mM EDTA, 0.03% (w/v)
bromophenol blue)



DNA marker (e.g. 1 kb ladder)



DNA stain (e.g. Midori Green)



Gel documentation equipment (e.g. Blue/Green light LED table)

Protocol
Preparatory Work (start five days before course)
Grow bacterial colonies as described in materials.
Course Protocol (about 5 to 6 h)
1. Transfer blue (pCas9) and white (pCas9_lacZ) colonies to microfuge tubes containing
100 µl of solution 1 each. Label the tubes with “pCas9” and “pCas9_lacZ”.
Resuspend bacteria in the solution.
(Alternatively, the course participants can use pelleted cells from 3 ml overnight
cultures).
2. Add 200 µl of solution 2 and mix carefully by inverting the tube three times.
3. Incubate for a maximum 5 min at room temperature.
4. Add 150 µl of cold solution 3, and invert samples several times to mix carefully.
5. Incubate for a minimum 10 min on ice.
6. Centrifuge for 10 min at 13,000 x g.
7. Transfer 350 µl of the supernatant to new microfuge tubes carefully avoiding to
transfer the slimy precipitate. (Do not forget to label the new tubes!)
8. Add 1 ml ice cold 100% ethanol and mix carefully.
9. Incubate on ice for 5 min.
10. Centrifuge for 15 min at 13000 x g.
11. Discard supernatant.
12. Add 1 ml ice cold 70% ethanol.
13. Centrifuge 5 min at 13000 x g.
14. Discard supernatant.
15. Dry plasmid DNA pellet for approx. 10 min at 50°C in a heat block.
16. Resuspend pellet in 20 µl H2O.

17. Transfer 15 µl of plasmid DNA solution to new microfuge tubes containing BamHI
digestion mix (final concentration: 1.5 U BamHI, 10 µg/ml RNase A, standard BamHI
restriction buffer)
18. Incubate for 1 h at 37°C in a heat block.
19. Cast a 0.8% agarose gel during the restriction digest. Use 5 µl Midori green per
100 ml of agarose solution.
20. Add 4 µl loading dye to each digested sample and load 15 µl of each sample on the
gel.
7. Run the gel at 100 Volt for approx. 45 min, then view and document the gel with a
suitable documentation system (e.g. blue/green LED and amber filter).

3. Discussion
CRISPR-Cas has reached the public and has elicited an intense ethical discussion on the
potentials for its use and misuse – unfortunately often with insufficient knowledge of the
scientific background.
The advantage of biosciences is the fascination that lab work usually exerts on nonscientists. Participation in even simple experiments can substantially change the attitude of
non-scientists towards science. They will not necessarily grasp the entire complexity of an
experiment, but they get insight into scientific work, into safety precautions, the necessity of
controls, the handling of instruments and the considerations scientists have to take when
planning an experiment.
In the pilot phase, five courses have been carried out (four for the general public, one for
high school students). Advertisement for school classes has just started.
The evaluations (evaluation form, see supplement) show that performing an experiment with
professional lab equipment is very impressive for non-scientists leading to new insights into
molecular biology. Some of the most common comments are:


It´s awesome to work with “incredibly” small quantities of DNA,



Something “invisible” seems to happen in the test tube.



One has to work with extremely high precision and has to exactly follow the protocol.



Research is a lot of work. It takes time and patience to carry out an experiment.



Apparently, the course supervisors have fun doing science.

These statements may appear trivial for a scientist. However, they demonstrate that the
public perception of science substantially deviates from the perception of scientists.

The experiments that we present here have the advantage that a bacterial trait altered with
CRISPR-Cas technology can be easily visualized. Moreover blue-white screening for the
identification of bacterial clones containing a transgene is routinely covered by school text
books, and techniques like PCR, transformation of plasmids and restriction of DNA are part
of the high school curriculum. The disadvantage is that the course participants will only see
the results on the following day. We mitigate this problem by presenting results from a
previous course and by mailing the pictures of the agar plates to the participants. Importantly,
we will also send out the results when the experiment has failed for a group, and we will
provide potential explanations for the (rare) failures. This demonstrates transparency and
shows that even the guided performance of an established experiment may fail in the hands
of an unexperienced non-scientist. In contrast to the claims of some biohackers, it is not so
easy for a layperson to do a gene editing experiment “in the kitchen”.
Though the experiment is very robust, it may occasionally fail due to incorrect handling.
These failures are being used to discuss trouble shooting and the necessity to reproduce
experiments. If unexpected results are obtained, we first ask the participants for potential
explanations. When data are sent by e-mail the teachers should discuss with the students
before giving the most likely solution (that we provide).
So far we have only experienced one “false result” in that blue and white colonies were
present on both the control and the experimental plate. This was most likely due to not
changing pipet-tips for plating the cells. In several cases, colonies on the periphery of the
control plate did not turn blue. This can be explained by insufficient spreading of X-gal and/or
IPTG.
So far, we have no explanation for the rare but reproducible occurrence of single blue
colonies on the experimental plate. We give potential reasons (e.g. spontaneous mutation in
the crRNA, in the target sequence or in Cas9, recombination between plasmids resulting in
deletion of an essential component). Mostly we emphasize that there are always new
questions and that research is required to answer them.
In some rare cases, DNA for the gel analysis is lost during the isolation or not sufficiently
clean for PCR or restriction digestion. Since the participants usually isolate very different
amounts of DNA, no bands on the gel can be easily explained as extremely low, invisible
amounts.
According to German gene technology legislation, all three experiments have to be carried
out in S1 safety labs since live genetically modified bacteria are used. These facilities are
available in professional laboratories and in an increasing number of schools. However, in
many regions, especially in rural areas, it is problematic to carry out the experiment. In these

cases, the only alternative in Germany is to invite school classes to visit the laboratory in a
university or research institution.
The experimental set-up is such that during long waiting periods (e.g. PCR, restriction digest,
gel electrophoresis) the time is used to explain the scientific background and to touch on
further applications, potential risks and ethical issues. Additional information and material can
be obtained from www.crispr-whisper.de.

4. Conclusion
We have developed a simple CRISPR-Cas experiment that demonstrates the function of the
system by observing a phenotype in E. coli. In addition, we provide three experimental
alternatives to show CRISPR-Cas activity on the molecular level. The experiments are easy
to perform by students and by non-scientists, although guidance by expert instructors is
required. The experiments are highly reproducible and robust, and the results are
comprehensible for non-scientists. According to the German gene technology legislation the
course can only be carried out in approved S1 safety laboratories.
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Highlights
 We have developed robust, cost-effective and simple CRISPR-Cas experiments for
schools and the public.


The experimental course is divided in two parts. Firstly, we target plasmid borne lacZ
to convert blue E. coli to white E. coli. Secondly, we analyse the CRISPR-Cas9

mediated double strand brakes in the lacZ gene a) by colony PCR, b) by colony
cracking gel or c) by restriction of the plasmids.


Experimental work is embedded in theoretical lecture parts that provide background
of CRISPR-Cas and a step-by-step tutorial for the practical work. The entire course
lasts about 6 h.

Figure Legends
Fig. 1
Schematic representation of E. coli CRISPR-Cas9 experiment. Cells harbouring plasmid
pKW5 grow in the presence of IPTG and X-Gal as blue colonies (A). After CRISPR-Cas9
mediated targeting of lacZ by transformation of pCas9_lacZ, only white cells are detected
(B).
Fig. 2
Target Sequence and Plasmid map. (A) Section of the N-terminal part of lacZ. Orange box
indicates the spacer sequence, light orange the protospacer adjacent motive (PAM). The
arrow marks the putative site of Cas9 mediated double strand cleavage. The grey bar
represents the lacZM15 deletion in the E. coli chromosome. (B) sequences of annealed
oligos used for cloning pCas9_lacZ. (C) Plasmid maps of pCas9 and pCas9_lacZ where the
non-targeting spacer is replaced by the lacZ-specific spacer. Both plasmids confer
chloramphenicol resistance (CmR).
Fig. 3
Results of CRISPR-Cas9 mediated lacZ knock out in E. coli. On the right, white colonies
indicate the successful cut of lacZ due to the expression of CRISPR-Cas9 targeting lacZ.
Left, as a control cells were transformed with a non-target crRNA encoded on plasmid
pCas9. Rare blue colonies (inset, right) indicate that the efficiency of the CRISPR-Cas
system is close to 100% (less than 0.1% blue).
Fig. 4
Analysis of blue and white colonies by PCR
Schematic representation of PCR: (A) In control cells with an intact lacZ gene, PCR results in
a 284 bp PCR-product. (B) In cells with CRISPR-Cas9 mediated disruption of the lacZ gene,
PCR yields no product. The figure only represents the initial DSB, in reality, the entire
plasmid is rapidly degraded. (C) Gelanalysis of lacZ specific PCR products from blue and
white colonies. No PCR product is found in white colonies where the lacZ plasmid is
destroyed due to CRISPR-Cas9 mediated cleavage (pCas9_lacZ). In blue cells expressing a

non-target crRNA, the 284 bp PCR product is detected (pCas). With a higher number of
cycles some residual PCR products may be detectable in white colonies.
Fig. 5
Analysis of plasmids by colony cracking
CRISPR-Cas9 mediated loss of the lacZ containing plasmid pKW5 could be observed in all
four tested white colonies (W1 to W4) of E. coli-pKW5 cells transformed with pCas9_lacZ
(only pCas9_lacZ plasmid is visible). Whereas in two tested blue colonies (B1 and B2) of E.
coli-pKW5 cells transformed with control plasmid pCas9, both pKW5 and pCas9 plasmid are
detected. As a control we also analysed untransformed E. coli cells (no plasmid) and
untransformed E. coli-pKW5 cells (pKW5 only). During the gel run plasmids are supercoiled
so that the DNA marker is not a reliable indicator of plasmid sizes. RNA is mostly contained
in the smear below the 250 bp band. The dark band around 500 bp is a known artefact of the
cracking buffer.
Fig. 6
Analysis of plasmids by plasmid DNA preparation and restriction digest
CRISPR-Cas9 mediated loss of the lacZ containing plasmid pKW5 could be observed in all
four tested white colonies (W1 to W4) of E. coli-pKW5 cells transformed with pCas9_lacZ.
Two BamHI fragments (7977 bp and 1349 bp) of the pCas9_lacZ plasmid are observed. The
two blue colonies (B1 and B2) of E. coli-pKW5 cells transformed with the control plasmid
pCas9 show additional BamHI fragments of the pKW5 plasmid (6904 bp and 601 bp). The
bands above 10000 bp are residual undigested plasmids (two bands from pKW5 and pCas9
in colonies B1 and B2 and one band from pCas9_lacZ in colonies W1 to W4.

Figure Legend Graphical Abstract
Graphical summary of CRISPR-Cas experiments for schools and the public – CRISPRCas mediated lacZ knock out in E. coli
Plasmid borne lacZ is targeted to convert blue E. coli to white E. coli. (A) Cells transformed
with lacZ containing plasmid pKW5 turn blue in the presence of the chromogenic substrate
X-Gal (left). The CRISPR components - Cas9 and crRNA - are introduced into the cells on a
single plasmid (middle). To target the lacZ gene, the plasmid (pCas9_lacZ) contains a crRNA
spacer sequence corresponding to the lacZ sequence. The lacZ-crRNA targets the lacZ gene
cut by Cas9, which eventually leads to a complete degradation of pKW5. Cells do not convert
X-Gal to a blue dye and remain white. In contrast, cells transformed with a control plasmid
(pCas9) containing a non-targeting crRNA do not cut lacZ and remain blue (right). In addition
to Cas9 and the crRNA array the plasmids harbour the tracrRNA gene and cmR. (B)
Molecular analysis of the strains is done by I) PCR using primers on the lacZ gene showing a
product only in blue colonies, II) colony cracking gels showing loss of the pKW5 plasmid in
white colonies or III) plasmid restriction digestion showing loss of all bands of the pKW5

plasmid in white colonies. It is recommended to perform one of the molecular analyses
together with the transformation experiment. nt = non-targeting crRNA; lacZ = crRNA
targeting lacZ
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