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Abstract

Background Bacterial high-copy number plasmids are the preferred DNA source for reporter constructs used in cell
transfection experiments and making transgenic invertebrates to study gene expression, develop gene therapies
and biotechnological application. They can be quickly validated from small cultures and easily generated in large
quantities. However, manipulating plasmids above 10 kb can become very tedious.

Method Here, we devised simple and highly efficient gap-repair recombineering methodology in E. coli to manipu-
late high-copy number plasmids up to 20 kb with up to 100% efficiency. This method utilises rare cutting restriction
enzymes to introduce a gap, which is then subsequently repaired through homologous recombination from a pro-
vided template. Unlike traditional cloning methods, large concentration differences among fragments are tolerated.
Moreover, CRISPR-Cas9-mediated in vitro DNA scission can be sufficiently efficient to overcome limitations from find-
ing rare cutting restriction enzymes.

Discussion Gap-repair recombineering provides a significant advancement in generating recombinant high-copy
number DNA plasmids through enhancing efficiency, speed, and robustness. We validated this technology by gen-
erating reporter transgenes of the highly repetitive Drosophila Down Syndrome Cell Adhesion Molecule (Dscam) gene
to analyse alternative splicing.
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applied to high-copy number (HCN) plasmids containing
large inserts has not been explored.

Recombineering in E. coli is dependent on A Red bac-
teriophage proteins Exo, Beta, and Gam. Gam acts as an
inhibitor of E. coli’s endogenous RecBCD and SbcCD
nucleases, which would otherwise counteract Exo and
Beta activity. Exo is a 5" to 3’ double stranded (ds) DNA
exonuclease generating the single-stranded (ss) DNA 3’
overhangs required homologous recombination initia-
tion. Beta binds these 3’ overhangs to protect them from
degradation and facilitates their annealing to comple-
mentary DNA sequences [5].

HCN plasmids, such as plUC19, can be efficiently
replicated in E. coli to quickly yield large quantities of
high-quality DNA for cell transfection experiments and
the generation of transgenic model organisms, such
as Drosophila and C. elegans. Moreover, HCN plas-
mids can be easily manipulated, and alterations vali-
dated by restriction digests, making them the preferred
option for recombinant DNA technology. As HCN plas-
mids are maintained at approximately 500-700 cop-
ies per cell, their size is limited to 20 kb (backbone plus
insert) to avoid an intolerable metabolic burden, which
if exceeded, reduces the plasmids final yield and qual-
ity [6-8]. Although 20 kb is sufficient for most applica-
tions, this maximal size is rarely utilised because cloning
and further manipulation can become very difficult with
plasmids above 8-10 kb. This is due to various factors,
including difficulty to have equimolar concentrations
of fragments, reduced transformation efficiency, lack
of unique restriction sites and undesired recombina-
tion within the plasmid requiring identification of rare
recombinant clones by filter-lifts and hybridisation of a
32p_labelled probe [9-13].

To facilitate manipulation of large HCN plasmids, we
developed a recombineering strategy based on the gen-
eration of a “gap’;, termed “gap-repair recombineering”.
Here, rare cutting restriction enzymes cut out a fragment
and the resulting gap is then repaired by homologous
recombination from a template provided. This method
enables efficient editing of large HCN plasmids (up to
100% in some instances) and takes advantage of their
maximal size, using the common DH5« E. coli strain [14].
In addition, we have demonstrated that in vitro DNA
scission by CRISPR-Cas9 is efficient enough to be used
for cloning [14].

Gap-repair recombineering exploits X Red-mediated
homologous recombination to generate the desired plas-
mid by simply transforming cells with a plasmid that
encodes the A Red proteins. The small, low-copy pSCI101-
BAD-gbaA plasmid can be efficiently transformed and
possesses all three A Red genes under an L-arabinose
inducible operon [15]. This plasmid also encodes the
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RecA DNA repair enzyme to temporarily compensate
for the recA minus genetic background of DH5a E. coli
[16]. Expression is induced by the addition of L-arabinose
to generate the molecular machinery for homologous
recombination to retrieve a sequence from a BAC con-
taining a large genomic fragment or gap-repair recom-
bineering between a parent vector and donor plasmid.

As an example, we used a BAC containing the Dros-
ophila Down Syndrome Cell Adhesion Molecule (Dscam)
gene to retrieve the part encompassing exons 3 to 5 to
generate a splicing reporter transgene (Fig. 1a and b). To
retrieve a sequence from a BAC, two short (300-600 bp)
homology arms of the beginning and the end of the
sequence are cloned into this vector. These homology
arms are designed to introduce a blunt cutting restriction
site for vector linearization when fused together (Fig. 1a
and b). For example, the 3’-end of the 5" homology arm
ended with GAT, whereas the 5’-end of the 3" homology
arm started with an ATC generating an EcoRV blunt cut-
ting restriction site (Fig. 1a and b).

To make maximal use of plasmids for Drosophila
transgenesis we generated a minimal plUCI9-based
transformation vector containing an attP attachment site
for phiC31-mediated genome integration and a photore-
ceptor-specific 3xP3 promoter-driven GFP visible marker
to identify transformant flies, flanked by LoxP sites for
possible later removal [14]. Once integrated, heterolo-
gous expression of the transgene can be initiated by co-
expressing the GAL4 transcriptional activator that will
bind to the Upstream Activation Sequence (UAS) pro-
moter [17].

To then introduce mutations into the parent vector we
employed gap-repair recombineering between the par-
ent vector and a smaller donor vector, where mutations
in variable exons were introduced (Fig. 1c and d). For this
manipulation of large HCN plasmids, a gap is generated
in the parent vector by rare cutting restriction enzymes.
The cut plasmid is transformed into recombineering
electrocompetent cells alongside a dsDNA donor sub-
strate (either a small easily manipulatable cut plasmid
or PCR product) with short homology arms flanking the
gap. The gap is then repaired by A Red proteins, incorpo-
rating the desired mutations into the large HCN plasmid
(Fig. 1c and d). Gaps can also be introduced by in vitro
CRISPR-Cas9 DNA scission; however, sgRNAs need to
be optimally designed to achieve complete digestion of
the parent vector [18].

For gap-repair recombineering the A Red genes are pro-
vided on plasmid pSCI101-BAD-gbaA, which offers dis-
tinct advantages compared to the use of specific E. coli
strains, which have the 1 Red genes inserted into their
genome (e.g. DY380). The temperature sensitive origin,
SC101, in pSCI101-BAD-gbaA enables complete removal
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Fig. 1 Schematic for BAC sequence retrieval and gap-repair recombineering of large HCN plasmids for Drosophila transgenesis. a, b Schematic

for retrieval of a DNA fragments from a BAC clone. Here, the homology arms from Dscam exon 3 and exon 5 were sub-cloned into a UAS
transgenesis vector (pUC 3GLA HAI) and the linearized vector was used to obtain the intervening sequence by recombineering to generate

pUC 3GLA Hai Dscam 3-5. Transgenes from this plasmid were then generated to analyse heterologous expression in neurons using elavGAL4

for the analysis of Dscam alternative splicing. Note, the retrieval vector possessed all necessary sequence elements for heterologous expression
from a UAS (Upstream Activation Sequence) promoter, an N-terminal haemaglutinin (HA) tag to visualize the protein a short polyA tail (from the erect
wing (ewg) transcription factor gene (pA1), and Drosophila phiC31-mediated transgenesis with the attP attachment site for genome integration,
and a photoreceptor-specific 3xP3-driven Green Fluorescent Protein (GFP) reporter for identification of transformant flies. The 3xP3-GFP visible
marker is flanked by LoxP sites for later removal, if necessary. The short 300-600 bp homology arms of the beginning and the end of the sequence
for retrieval of the Dscam variable exon 4 cluster from the BAC were linearized by EcoRV digestion of the GATAATC motif. ¢, d To introduce alterations
(e.g. swapping exon 4.6 with exon 9.8) the parent pUC 3GLA Hai Dscam 3-5 plasmid is cut by restriction enzymes and the alterations are retrieved
by gap-repair recombineering to generate the pUC 3GLA Hai Dscam 3-5 4.6/9.8 plasmid, where exon 4.6 is exchanged by exon 9.8. Please note

that the fragment cut out from the parent vector is not shown, but present in the recombineering reaction

of the Red genes by simply increasing the culture tem-
perature above 30° C. Firstly, this removes the possibility
of leaky expression of the A Red proteins, preventing any
deleterious consequences of the prolonged presence of
the recombineering enzymes. Secondly, as BACs are typi-
cally large (e.g. 150-350 kb), transformation even with
specialised protocols can be very inefficient [9]. By trans-
forming the small pSCI101-BAD-gbaA plasmid directly
into the BAC-containing cells, the loss of efficiency asso-
ciated with BAC transformation is eliminated. Thirdly,
introduction of a gap and its repair by a linear fragment
eliminates the need to introduce a selection cassette and
counter-selection for its removal [19]. Therefore, this
gap-repair recombineering protocol is both efficient and
quick.

This article is split into three distinct basic proto-
cols and three support protocols. Basic Protocol 1
describes the retrieval of large sequences directly from

a BAC by gap-repair recombineering into a HCN plas-
mid retrieval vector (Fig. 1la and b, Fig. 2). Basic Pro-
tocol 2 describes manipulation of high-copy number
plasmids by gap-repair recombineering (Fig. 1c and d,
Fig. 3) and Basic Protocol 3 describes the generation of
in vitro transcribed sgRNAs for in vitro DNA scission
by CRISPR-Cas9 to overcome a lack of unique restric-
tion sites (Fig. 4).

In addition, Support Protocol 1 describes how to effi-
ciently extract BAC DNA from the host cell (Additional
file 1). Support Protocol 2 describes the generation of
gap-repair recombineering electrocompetent cells,
which possess all the enzymes from the pSC101-BAD-
gbaA plasmid required for gap-repair recombineering
and Support Protocol 3 describes a simple and opti-
mised boiling Miniprep method for the rapid purifica-
tion of plasmid DNA for restriction digest fingerprint
screening (Additional file 1).
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Fig. 2 Schematic for retrieval of a DNA fragment from a BAC clone by gap-repair recombineering. a-d As described in Basic Protocol
1, electrocompetent cells are first prepared from the BAC containing cells (35.5° C, 12.5 ug/ml chloramphenicol, (a) and transformed
with the pSC101-BAD-gbaA plasmid containing the RecA and A Red recombineering proteins (30° C, 12.5 ug/ml chloramphenicol, 3 ug/ml
tetracycline). Then, RecA and A Red recombineering proteins are induced and electrocompetent cells are made (30° C, 12.5 pg/ml chloramphenicol,
3 pg/ml tetracycline, 0.3% arabinose, (b). Finally, the linearized retrieval vector is electroporated into the recombineering competent cells
harbouring the BAC clone and incubated at 35.5° C with no antibiotic selection for 60 min for recombineering to occur (c). Then, the final HCN
plasmid is propagated (35.5° C, 100 pg/ml ampicillin) to make plasmid DNA (see Support Protocol 3) for diagnostic fingerprint restriction digest
to identify positive clones (d)

Plasmid propagation
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Fig. 3 Schematic for the manipulation of large HCN plasmids by gap-repair recombineering. a-d As described in Basic Protocol 2, a batch of DH5a
cells containing the RecA and A Red recombineering proteins needs to be prepared by making electrocompetent DH5a cells for transformation
with pSC101-BAD-gbaA plasmid (30° C, 3 ug/ml tetracycline, (a). Then, RecA and A Red recombineering proteins are induced and again
electrocompetent cells are made (30° C, 3 ug/ml tetracycline, 0.3% arabinose, (b). Finally, the digested parent and donor vectors are electroporated
into the recombineering competent cells and incubated at 35.5° C with no antibiotic selection for 60 min for recombineering to occur (c). The
manipulated HCN plasmid is propagated (35.5° C, 100 pg/ml ampicillin) to make plasmid DNA (see Support Protocol 3) for diagnostic fingerprint
restriction digest to identify positive clones (d)



Dix et al. BMC Methods (2024) 1:11 Page 6 of 19

a sgRNA design
Identify 100-500 bp Platinum
sgRNA targeting area CRISPr
\
Web server identification
of suitable sgRNAs and ‘
check for secondary
structure
gRNA (protospacer) PAM

5" ——— GNNNNNNNNNNNNNNNNNNNNGG —— 3'

target DNA 5 ___ -\ \NNNNNNNNNNNNNNNNNNGG —— 5

b sgRNA generation in vitro

DNA oligonucleotide T7 promoter  (+) sense
annealing N TTTTITI .

Template extension

Final template s 3

sgRNA

(o]
1
T7 promoter TAATACGACTCACTATAE—:-GG
gRNA Njo
crRNA/ GUUUUAGAGCUAGAAAUAGCAAGUUAAA

tracrRNA AUAAGGCUAGUCCGUUAUCAACUUGAAA
AAGUGGCACCGAGUCGGUGCUUUUUUU

Fig. 4 Schematic for sgRNA selection, generation of dsDNA template and in vitro transcription of sgRNA. As described in Basic Protocol 3, first
a gRNA (blue) is identified within the genomic target sequence using PlatinumCRISPR and analysed for efficiency based on adopting the correct
RNA secondary structure and presence of detrimental sequences (a). A G (red) needs to be present at the start to allow for efficient in vitro
transcription by bacteriophage polymerase T7. The PAM site present in the sgRNA target site is shown in grey. Then, two oligonucleotides are
designed to incorporate the T7 promoter (brown), the gRNA sequence (blue) and homology to the constant part of the sgRNA (magenta). These
oligos are then annealed and extended by the Klenow fragment of bacterial RNA polymerase to form a double stranded template for in vitro
transcription of the sgRNA (b and ¢)
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Materials
Basic protocol 1: BAC clone retrieval
Biological materials

« NEB® 5-alpha Competent E. coli (NEB #C2987)
(provided in HiFi DNA Assembly cloning kit (NEB
E55208)).

+ Suitable BAC clone containing gene of interest, iden-
tified from flybase.

+ Retrieval vector (e.g. pUC19 or similar).
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CHCI;: Isoamyl alcohol (49:1) solution (50 ml).

3 M sodium acetate (pH 5.2): 3 M NaAc (Fisher
BP333-500) dissolved in ddH,O. pH adjusted with
glacial acetic acid (VWR36289).

Molecular biology grade glycogen (20 pg/ul Roche
RO561).

Absolute ethanol (96%, Fisher 11,384,064).

75% (v/v) ethanol.

pSC101-BAD-gbaA plasmid (GeneBridges).

Recipes
All media were autoclaved at 121° C for 30 min. Lique-
fied LB agar was allowed to cool below 60° C prior to the

Reagents

+ Qb5 HiFi DNA polymerase (NEB M0491S).

+ BAC clone DNA (See Support Protocol 1).

+ Primers for cloning homology arms (e.g. from IDT).

« HiFi DNA Assembly cloning kit (NEB E5520S).

« 10% (v/v) UltraPure glycerol (Invitrogen 15,514,011).

+ Boiling Miniprep buffers and reagents (See Support
Protocol 2).

« Midiprep kit (QIAfilter Plasmid Midi prep kit 12,145,
Qiagen).

«+ Selection of blunt cutting restriction endonucleases.

+ Agarose gels for DNA electrophoresis (Sigma A9539).

o Ice.

Solutions
10% (w/v) L-arabinose solution in ddH,O (SIGMA
A3256).

Set of bacterial growth media (See Recipes):

« LB agar bacterial growth plates supplemented with
ampicillin (100 pg/ml), chloramphenicol (12.5 pg/ml),
tetracycline (3 pg/ml), or combinations thereof.

e 2YT bacterial growth media supplemented with
ampicillin (100 pg/ml), chloramphenicol (12.5 pg/ml),
tetracycline (3 pg/ml), or combinations thereof.

+ LB bacterial growth media supplemented with ampi-
cillin (100 pg/ml), chloramphenicol (12.5 pg/ml), tet-
racycline (3 ug/ml), or combinations thereof.

« SOC bacterial growth media (Outgrowth media).

Phenol/CHCl,extraction and precipitation:

+ Phenol: CHCl,: isoamyl alcohol (50:49:1) solution
(100 ml): 50 ml phenol saturated with 10 mM Tris—
HCL pH 8, 1 mM EDTA pH 8 (Sigma P4457), 49 ml
CHCI; (VWR, 83,627), 1 ml isoamyl alcohol (Sigma
W205702).

addition of the respective selection antibiotic(s).

Ampicillin stock (100 mg/ml, Sigma A9518) in ddH,O.
Dilute 1:1000 for final concentration (100 pg/ml).
Chloramphenicol stock (36 mg/ml, Sigma C0857)
in ethanol. Dilute 1:2900 for final concentration
(12.5 pg/ml).

Tetracycline stock (6 mg/ml, Sigma 87,128) in etha-
nol. Dilute 1:2000 for final concentration (3 pg/ml).
Use fresh, colour is orange and will turn yellow with
age, which indicates that tetracycline is no longer
active (Additional file 2)

LB bacterial growth media (500 ml): 5 g peptone
(Milipore 70,169), 2.5 g yeast extract (Fisher BP9727),
1.25 g sodium chloride, 300 pl 5 M sodium hydroxide.
2YT bacterial growth media (250 ml): 4 g peptone,
2.5 g yeast extract, 1.25 g sodium chloride, 375 ul 5 M
sodium hydroxide.

SOC bacterial growth media (250 ml): 5 g peptone,
1.25 g yeast extract, 0.1251 g sodium chloride dis-
solve and add 2.5 ml of 100 mM KCl, 1.25 ml of 2 M
MgCl, and adjust pH to 7. Add 5 ml of 1 M glucose.
LB agar plates (500 ml, 20x 25 ml plates): 5 g pep-
tone, 2.5 g yeast extract, 5 g sodium chloride, 7.5 g
technical agar (Fisher A360500), 900 pl 5 M sodium
hydroxide.

Laboratory equipment

Thermocycler.

Electroporation apparatus.

Electroporation cuvettes (1 mm, Geneflow Cellpro-
jects E6-0050).

Static incubator (set to 35.5° C).

Static incubator (set to 30° C).

Orbital incubator (set to 35.5° C, 180—200 rpm).
Orbital incubator (set to 30° C, 180—200 rpm).
Agarose gel electrophoresis apparatus.

Benchtop microfuge.
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«  Water bath.
o -20° C freezer.
« Ice machine.

100 mM NaCl, 50 mM Tris HCL,10 mM MgCl,, 100 pg/ ml
BSA, pH 7.9 @ 25° C).

Reagents
Basic protocol 2: HCN plasmid gap-repair recombineering + DNA Polymerase I, large (Klenow) fragment (NEB,

Biological materials MO0210) and reaction buffer (NEBuffer 2: 50 mM
NacCl, 10 mM Tris—HCl, 10 mM MgCl,,1 mM DTT,

Parent vector (e.g. made in Basic Protocol 1).

Donor vector.

Electrocompetent cells containing A Red proteins
(See Support Protocol 2).

Reagents

Boiling Miniprep buffers and reagents (See Support
Protocol 2).
Midiprep kit (QIAfilter Plasmid Midi prep kit, Qia-

pH7.9 @ 25° C).

G-50 AutoSeq Sephadex spin column (GE Life Sci-
ences, 27,534).

G-50 ProbeQuant Sephadex spin column (GE Life
Sciences, 28,903,408).

Diethyl Pyrocarbonate (DEPC) (Sigma D5758).
Custom sense oligo: GGCTAATACGACTCACTATA
GGG Njy (gRNA) GUUUUAGAGCUAGAAAUAGC
(with T7 promoter (underlined, first G bold), proto-
spacer sequence (N;4) and tractrRNA overlap).
Constant anti-sense (complementary) oligo:

gen recommended).

» Selection of restriction endonucleases (suitable for
diagnostic fingerprint digestion screening).

+ Agarose gels for DNA electrophoresis.

AAAAAAAGCACCGACTCGGTGCCACTTTTT
CAAGTTGATAACGGACTAGCCTTATTTTAACTT
GCTATTTCTAGCTCTAAAAC (tracrRNA).

o Ice.
« T7 MEGASCRIPT Kit (Ambion, AM1333).
« RNase inhibitor (Promega N2111).
Solutions + DNase I (Ambion, AM2222).
« Urea gel solutions (National diagnostics).
« Set of bacterial growth media (See Basic Protocol + Standard agarose gels for DNA electrophoresis.
Solutions).

For *P alpha-ATP (radioactive) trace labelling for
sgRNA quantification.

32P alpha-ATP (0.1-3 pl, 800 Ci/mmol, 12.5 uM, Perkin
Elmer, NEG003X).

For non-radioactive sgRNA quantification.

+ Phenol/CHCI; extraction and precipitation solutions
(See Basic Protocol Solutions).

Laboratory equipment

+ Electroporation apparatus. « 5EndTag" Nucleic Acid Labelling System, Vector
« Electroporation cuvettes (1 mm). Laboratories, MB-9001.

« Static incubator (set to 35.5° C). . IRDye® 800CW Maleimide, Li-Cor, 929-80,020.

« Static incubator (set to 30° C). + 20 nt DNA oligonucleotide (e.g. the gRNA sequence)
« Orbital incubator (set to 35.5° C, 180—200 rpm). as standard to quantify the RNA.

» Agarose gel electrophoresis apparatus.

+ 2 Lflask.

+ Cold room.

« Ice machine. Solutions

+ DEPC-treated (1 ml DEPC per 1 1 ddH,O incubated
at room temperature overnight, autoclaved 121° C
15 min) OR nuclease-free water.

+ Phenol/CHCI; extraction and precipitation solutions
(See Basic Protocol Solutions).

Basic protocol 3: Generation of sgRNAs by in vitro
transcription

Biological materials

Recombinant Streptococcus pyogenes (Spy) Cas9 (NEB,
MO0386) with provided reaction buffer (NEBuffer 3.1:
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Laboratory hardware

+ Heat block/ water bath 40/ 80/ 85/ 95° C.

+ Refrigerated benchtop microfuge.

¢ 20%20 cm gel apparatus (alternatively, BioRad or
similar Minigels).

For *P alpha-ATP (radioactive) trace labelling for
sgRNA quantification.

+ Phosphoimager (BioRad).
« Scintillation counter.
« Agarose gel electrophoresis apparatus.

For non-radioactive sgRNA quantification.
Li-Cor 9141-WP Odyssey® CLx Infrared Imaging
System.

Procedure

Critical parameters

Linearization of vectors for recombineering

For efficient retrieval of DNA from BAC clones the vector
needs to be 100% linearized. This is normally achieved by
20-40-fold over-digestion (1 unit of enzyme cuts 1 pg of
DNA per hour), but not all enzymes cut equally well. In
our experience, the following enzymes from NEB: EcoRV
(GATMATC), Nrul (TCG"CGA), Afel (AGC*GCT), Stul
(AGG"CCT, methylation sensitive), Smal (CCC GGG,
at 25° C) work well for this application. If background
persisst from incomplete linearization, two restriction
sites separated by a few nucleotides can be incorporated
into the retrieval vector.

Growth temperature

Although 37° C is given in standard protocols for growing
bacteria, the temperature in most incubators fluctuates
and goes above 37° C. If the temperature goes above 37°
C, bacteria initiate a heat shock response fundamentally
altering their physiology resulting in increased recom-
bination [20]. Moreover, under these conditions, DNA
becomes indigestible if using the boiling prep method
(but not for the alkaline lysis method). Therefore, we set
our incubators at 35.5° C.

Cold temperatures can also induce recombination.
Therefore, plates containing large constructs should be
kept at 12-18° C for a day until positives colonies have
been identified. For large constructs, we strongly rec-
ommend to immediately analyse the Midiprep DNA
by restriction digest fingerprinting to validate that no
recombination has happened, which mostly results in
loss of large parts of the plasmid. When making Dros-
ophila transgenes by phiC31 mediated transformation,
only one molecule of the construct is inserted, and we
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recommend to validate transformants for the correct
construct. We have not observed plasmid heterogeneity
from DNA retrieval from BACs (see below).

Tetracycline

Tetracycline (orange colour when fresh) loses its activ-
ity with age and changes its colour to yellow (Additional
file 2). Inactive tetracycline is a common reason for
recombineering failure.

Competent cells and gap-repair recombineering efficiency
When growing E. coli for making gap-repair recom-
bineering competent cells (Support protocol 3) it is
important that they are well aerated, e.g. we use 500 ml in
a 21 Erlenmeyer flask and shake well (200 rpm or more).
We have generated both electro- and chemical-compe-
tent cells (with rubidium chloride) cells [14]. Generally,
if cells were competent to take up large plasmids and
tetracycline was active, positive colonies were observed
from gap-repair recombineering (1 >10). For parameters
affecting gap-repair recombineering efficiency, please see
Haussmann et al. (2019).

Design of donor vector with mutation(s) for gap-repair
recombineering

To be able to identify the recombinant clone with the
desired mutation efficiently, it is recommended to include
an additional restriction site, or delete an existing site in
the donor vector to distinguish the recombinant from the
parent. For releasing the insert of the donor vector for
Dscam gap-repair (Fig. 1c), we use the Smal blunt cutter,
because we could find three guanosines at the beginning
of the left and three cytidines at the end of right homol-
ogy arm to make up the palindrome of the restriction
site, respectively.

Preparation of parent and donor vectors for gap repair
recombineering

After digestion, phenol/CHCI; extraction and precipi-
tation, parent and donor vectors are mixed without gel
purification. Concentrations of those two fragments
required for recombineering are calculated as described
in Support Protocol 4 (Additional File 1). Ensure that
the newly generated plasmid has a new restriction site
included, or a restriction site has been removed such that
it can be distinguished from the parent plasmid.

Fingerprinting of plasmids

To evaluate the integrity of large plasmids restriction
enzymes are chosen such that distinct fragments are
observed (e.g. one larger fragment and smaller ones form
0.5—4 kb). Ideally, this ladder of fragments encompasses
the insert. To distinguish parent clones from manipulated



Dix et al. BMC Methods (2024) 1:11

clones, an additional restriction site needs to be inserted
or an existing restriction site needs to be altered. If a
combination of enzymes is required, they need to have
the same buffer conditions. Generally, classic restriction
enzymes (e.g. EcoRI, EcoRV, Xhol, BamHI, Xbal and
HinDIII) are good choice to cut boiling prep DNA, but
we noticed that low salt cutters (e.g. Kpnl and Sacl) will
not cut boiling prep DNA. If a restriction enzyme has
not been used for boiling prep DNA, it is best to test it
first. Also, we noticed that Pvull cuts slower than other
enzymes.

Heterogeneity of gap-repair recombineered bacterial
colonies

Occasionally, we observed both parental and gap-repair
recombineered plasmids, possibly from cells taking up
more than one plasmid. However, plasmid fingerprint-
ing would show a mix of fragments from parental and
gap-repair recombineered plasmids. In addition, we have
observed concatenated plasmids, likely from high plas-
mid concentrations used for electroporation. To detect
concatenated plasmids, run undigested plasmids on a
0.7% agarose gel.

Single molecule selection by phiC31 mediated
transformation

For Drosophila transgenesis, phiC31 mediated insertion
using attB-attP recombination is routinely used. This sys-
tem has the advantage that at a given attB site only one
plasmid will be inserted. Hence, it is important to estab-
lish transgenic lines from a single chromosome. If plas-
mid heterogeneity is a problem, this step could be used
for selection as transformation efficiency with plasmids is
reasonably high (1 transformant in 2-5 G, crosses).

Basic protocol 1: Retrieval of large DNA fragments

from a BAC by gap-repair recombineering

To subclone a large genomic fragment, a suitable BAC
needs first to be identified. BAC clones for Drosophila
can be found in flybase by selecting the JBrowse viewer
under Genomic Libraries and ordered from BACPAC
resource centre [21]. The BACPAC resource centre has
extensive libraries of clones available for many eukary-
otic species with the exception of plants, but does not
list available BAC clones in a catalogue-like fashion,
so they must be identified on species-specific genome
browsers or Ensembl [22]. Other sources of BAC clones
are Geneservice [23], the Sanger Institute or com-
mercial suppliers (e.g. Thermo Fisher Scientific). It is
important that the HCN retrieval vector contains a
different antibiotic resistance gene to the BAC (usu-
ally chloramphenicol resistant). Typically, we use plUC-
based plasmids, which provide ampicillin resistance, and
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chloramphenicol-resistant pOT plasmids available from
Addgene (Accession number: KM977569 [14]). For sche-
matic representation of this procedure, see Figs. 1A, B
and 2. For phiC31-mediated transgenesis in Drosophila,
our retrieval vector, pUC 3GLA UAS HAi (Accession
number: KM253740 [14]), is available from AddGene.

Generation of BAC retrieval vector

To retrieve a large fragment from a BAC, the ends of this
large fragment are cloned such that they are separated by
a restriction site composed of nucleotides present in the
genome. If using EcoRV for example, the left homology
arm sequence ends with GAT and the right homology
arm sequence starts with ATC.

These short homology arms (300-600 bp) are PCR
amplified from the BAC using Q5 HiFi DNA polymer-
ase (see Support Protocol 1) and cloned into the Multiple
Cloning Site (MCS) of the pre-engineered retrieval vec-
tor by Gibson Assembly [24]. We validate the concentra-
tion of fragments on agarose gels stained with DNA stain
(e.g. ethidium bromide, SYBR Safe and others), using a
DNA marker for quantification (see Support Protocol 4).

1. For cloning, mix the two homology arms and the
digested retrieval vector (60—100 ng/pl) in a 1:1:1
equimolar ratio in a total volume of 2—4 pl using at
least 60 ng of a 3—4 kb vector. Note: run fragments
on an agarose gel to quantify, see Support Protocol
4.

2. Add an equal volume of the 2 X HiFi DNA assembly

master mix to the homology arm/retrieval vector

mix (e.g. 4 ul DNA mixture, 4 pl master mix).

Leave on ice for 5 min.

4. Incubate at 50° C for 15 min and put on ice after-
wards.

5. Take 2 pl of the Gibson assembly mix and add to
15 ul DH5a cells (included in the kit). Gently flick
to mix and incubate on ice for 2-5 min.

6. Transform the cells by heat-shock at 42° C for
1 min in a water bath, then put on ice for 2 min.

7. Add 300 pl SOC outgrowth media (included in the
kit) and incubate for 5 min for ampicillin-resistant
vectors (Note: for chloramphenicol and tetracy-
cline a 30 min incubation period is required).

8. Plate 50 pl and 250 pl of transformed cells onto LB
agar bacterial growth plates (ampicillin 100 pg/ml,
or corresponding selection antibiotic) incubate at
35.5° C overnight (16 h) until colonies have a diam-
eter of 1 mm, then keep at ambient temperature to
prevent overgrowth.

9. Take 12 single colonies (use a small Eppendorf
pipette tip to scoop the entire colony, regrow the

W
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colony to set up fresh cultures for a later Midiprep)
to inoculate 3 ml 2YT bacterial growth media (with
selective antibiotic) and incubate at 35.5° C over-
night (16 h).

The following day perform boiling Miniprep plas-
mid DNA extraction (see Support Protocol 3) and
screen for positive clones by a diagnostic restric-
tion enzyme digest.

Once positive colonies have been identified, take
the re-grown single positive colony to inoculate
a 5 ml LB bacterial growth media (with selective
antibiotic) starter culture and incubate at 35.5° C,
200 rpm for 4 h. For plasmid Midiprep, use this
starter culture to inoculate 45 ml LB bacterial
growth media (with selective antibiotic, final vol-
ume 50 ml) and incubate at 35.5° C, 200 rpm, over-
night (16 h).

Harvest cells by centrifuging at 3000 g for 15 min
and pour the supernatant off. Either store the pel-
let at -20° C or immediately proceed to Midiprep
(QIAfilter Midiprep kit according to the manufac-
turer’s instructions).

Validate the final construct by diagnostic restric-
tion digest and validate the sequence the around
homology arm junction by Sanger sequencing.
Linearize 3 pg of the retrieval vector with the blunt
cutter between the two homology arms in a 50 pl
digestion mix (20—40 fold overdigestion, e.g. for 30
U EcoRV incubate for 2—4 h).

Increase the volume to 200 pl with ddH,O and add
an equal volume of phenol: CHCl;: isoamyl alcohol
(50:49:1). Vigorously vortex.

Centrifuge at 16,400 g for 1 min.

Transfer supernatant to a fresh Eppendorf tube
and add an equal volume of CHCl,:isoamyl alcohol
(49:1). Vigorously vortex.

Centrifuge at 16,400 g for 1 min.

Transfer supernatant to a fresh Eppendorf tube.
Add 24 ul 3 M sodium acetate (pH 5.2), 1 ul (20 pg)
glycogen (Roche R0561), and 700 ul of absolute
ethanol (96%, 3 Volumes). Mix by tube inversion.
Incubate at -80° C for 30 min (or at -20° C for
90 min).

Centrifuge at 16,400 g for 10 min then pour the
supernatant off and tip the inverted tube on a
paper tissue to get rid of excess ethanol

Wash the pellet with 750 pl 75% (v/v) ethanol.
Centrifuge at 16,400 g for 10 min then pour the
supernatant off.

Air dry the pellet (15 min in 35.5° C incubator,
longer at room temperature), ensure no residual
ethanol is left behind as this will inhibit subsequent
enzymatic reactions.

25.
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Dissolve in 50 pl water (60 ng/pl, do not use TE or
other buffers as salt compromises electroporation,
the resistance of distilled water should by around
14-18 Ohm).

Transforming BAC host cells
with pSC101-BAD-gbaA plasmid

1.

w

10.

11.

12.

13.

Take a single colony of BAC-containing cells to
inoculate 3 ml LB bacterial growth media (with
corresponding BAC selection antibiotic, typically
chloramphenicol) and incubate at 35.5° C, 200 rpm,
overnight.

Take 30 pl of the overnight starter culture and inoc-
ulate 1.4 ml fresh LB bacterial growth media (with
selective antibiotic) in a 1.5 ml Eppendorf tube, and
incubate at 35.5° C, 200 rpm for 2—3 h (optical den-
sity ODyg, should be 0.6).

Pre-cool benchtop microfuge to 0° C.

Centrifuge cells at 10,000 g for 30 s. Pour the super-
natant off and tap the tube on to a paper towel to
remove residual fluid.

Resuspend in 1 ml ice cold 10% UltraPure Glycerol
(Invitrogen) then centrifuge again at 10,000 g for
30 s. Discard the supernatant as above.

Repeat above washing procedure 3 times.

After the final wash, discard the supernatant as
above, but leave approximately 30 pl 10% UltraPure
glycerol (Invitrogen). Gently resuspend the
cells (Use 10 pl cells in the next step and put the
reminder at -80° for future use).

Add 1 ul (1-5 ng) of pSC101-BAD-gbaA plasmid
(tetracycline resistant) to 10 pl resuspended cells.
Transfer the mix of resuspended cells and pSC101-
BAD-gbaA to a 1 mm electroporation cuvette on ice.
Transform by electroporation with the following
parameters 1.8-2.5 kV, 200 Q, 25 pF. Time capaci-
tance extender set to 125 pFD. Time constant
should be 4.5-5.0 ms. A lower time constant indi-
cates presence of salt. If the samples “pop’; arcing
occurs due to too much salt is present leading to
dead cells).

Resuspend transformed cells in 300 pl SOC out-
growth media.

Incubate transformed cells at 30° C for 70 min.
Note, tetracycline is light sensitive so ensure the
incubator is dark.

Plate 50 pl and 250 pl of transformed cells on to LB
agar bacterial growth plates (with selective antibi-
otic for the BAC and tetracycline 3 pg/ml). Incu-
bate at 30° C for 48 hours.
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Preparation of BAC/pSC101-BAD-gbaA host cells for DNA
sequence retrieval

1. Take a single colony of BAC/pSCI101-BAD-gbaA-
containing cells to inoculate 3 ml LB bacterial growth
media (with chloramphenicol 12.5 pg/ml and tetra-
cycline 3 pg/ml) and incubate at 30° C, 200 rpm, for
32 h in the dark.

2. The following morning, take 30 pl of the starter cul-
ture and inoculate 1.4 ml fresh LB bacterial growth
media (with selective antibiotic for the BAC and tet-
racycline 3 pg/ml) in 1.5 ml Eppendorf tubes, and
incubate at 30° C, 200 rpm for 2 h until ODy, is
0.15-0.2.

From the remining starter, make a glycerol stock (e.g.
800 pl the starter poured to 200 pl glycerol) and freeze at
-80° C for future use.

3. Add 30 pl 10% L-arabinose to one tube and return
to the incubator (30° C, 200 rpm) for 45-60 min
until ODygy, is 0.35-0.4.

4. Pre-cool bench top microfuge to 0° C.

5. Centrifuge cells at 10,000 g for 30 s and pour the
supernatant off and tap the tube on to a paper
towel to remove residual fluid.

6. Resuspend in 1 ml ice cold 10% UltraPure Glycerol
(Invitrogen) then centrifuge again at 10,000 g for
30 s. Discard the supernatant as above.

7. Repeat above washing procedure 3 times.

8. After the final wash, discard the supernatant as
above, but leave approximately 30 pul 10% UltraPure
glycerol (Invitrogen). Gently resuspend the cells.

9. Add 50-300 ng linearized retrieval vector to the
resuspended cells.

10. Transfer the mix of resuspended cells and lin-
earized retrieval vector to a 1 mm electroporation
cuvette on ice.

11. Transform by electroporation with the following
parameters 1.8—2.5 kV, 200 Q, 25 pF. Time capaci-
tance extender set to 125 pFD. Time constant
should be 4.5-5.0 ms.

12. Resuspend transformed cells in 300 pl SOC out-
growth media and transfer to a fresh Eppendorf
tube.

13. Incubate transformed cells at 35.5° C for 1 h. This
is the stage where the gap-repair recombineering
occurs. The pSCI101-BAD-ghbaA plasmid will be
lost due to the SC101 temperature-sensitive origin
of replication, the recombineering enzymes will
remain.
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14. Plate 5 pl, 50 pl, and 245 ul transformed cells on to
LB agar bacterial growth plates (ampicillin 100 pg/
ml, or corresponding retrieval vector antibiotic).

15. Incubate at 35.5° C overnight.

16. Screen 12 colonies as per Support Protocol 2. Typi-
cally, 60—98% of colonies have the insert. If this is
not the case, either the retrieval vector was not
100% linearized or tetracycline was inactive. See
Troubleshooting section.

Basic protocol 2: Manipulation of large HCN plasmids

by gap-repair recombineering

For manipulation of a large HCN plasmid (the parent vec-
tor) by gap-repair recombineering, a small, easily manip-
ulatable vector (the donor vector) is required. For this,
we recommend using the pOT2 (BDGP, chloramphenicol
resistant) HCN plasmid which is chloramphenicol resist-
ant enabling selection of the manipulated parent vector
with ampicillin. For schematic representation of this pro-
cedure, see Fig. 1c and d, and Fig. 3. For this procedure,
a dsDNA template (e.g. PCR amplicon, synthesised gene
fragment) may also be used; however, we prefer the use
of a small vector for validation of sequences by Sanger
sequencing and as a template to introduce mutations.

Preparation of parent vector for manipulation

1. Digested the large parent vector by rare cutting
enzymes or cleave in vitro with CRISPR-Cas9 DNA
(See Basic Protocol 3) at positions flanking the region
to be manipulated.

2. Analyse the digested vector by a standard DNA aga-
rose gel electrophoresis to ensure 100% digestion has
occurred (otherwise there will be considerable non-
manipulated parent vector contamination during
screening).

3. Purify the digested parent vector by phenol:CHCI,
extraction and precipitation (see Basic Protocol 1,
steps 15-25) and resuspend in water.

Preparation of donor vector

The donor vector should be designed to have short (300—
600 bp) homology arms overlapping the digestion sites of
the parent vector.

1. Digest the donor vector with unique restriction
enzymes that flank the homology arms (see Basic Pro-
tocol 1, step 14) to liberate a linear dsDNA template for
gap-repair recombineering.



Dix et al. BMC Methods (2024) 1:11

2. Analyse the digested vector by standard DNA aga-
rose gel electrophoresis to ensure 100% digestion has
occurred.

3. Purify the digested donor vector by phenol:CHCl,
extraction and precipitation (see Basic Protocol 1, steps
15-25) and resuspend in water.

Transformation of recombineering electro-competent cells
with the donor and parent vectors

1. Prepare a mixture of 100 ng digested parent vector
and donor vector in a 1:2 molar ratio and incubate on
ice for 5 min (if unsuccessful, try 1:2-10, see Trou-
bleshooting section).

2. Add 5 pl parent/ donor vector mixture to 30 pl
recombineering electro-competent cells (see Support
Protocol 2). Gently flick to mix. Incubate on ice for
1 min.

3. Transfer the mix of cells and parent/ donor vector to
al mm electroporation cuvette on ice.

4. Transform by electroporation with the following
parameters 1.8-2.5 kV, 200 Q, 25 pF. Time capaci-
tance extender set to 125 uFD. Time constant should
be 4.5-5.0 ms.

5. Resuspend transformed cells in 300 pl SOC out-
growth media and transfer to a fresh Eppendorf tube.

6. Incubate transformed cells at 35.5° C for 1 h. This
is the stage where the gap-repair recombineering
occurs. The pSC101-BAD-gbaA plasmid will be lost
at this stage due to the SCI101 temperature-sensitive
origin of replication.

7. Plate 50 pl and 250 pl of transformed cells on to LB
agar bacterial growth plates (ampicillin 100 pg/ml,
selection antibiotic for the parent vector).

8. Incubate at 35.5° C overnight.

9. Screen colonies as described in Support Protocol 3.

Basic protocol 3: Generation of in vitro transcribed sgRNAs
for in vitro DNA scission by CRISPR-Cas9

To overcome the lack of unique restriction sites in
desired positions, DNA can be cut by CRISPR-Cas9
in vitro by providing in vitro transcribed sgRNAs. To
design sgRNAs identify a target region and enter the
sequence to the PlatinumCRISPr web server [18, 25].
This server will select suitable 20 nt sequences termed
protospacer followed by a NGG Protospacer Adjacent
Motif (PAM, where N denotes any nucleotide, and G
denotes guanosine), which is required for S. pyogenes
(Spy) Cas9 to cut DNA. This 20 nucleotides proto-
spacer is taken as the guide RNA portion of the sgRNA.
The first nucleotide of the protospacer needs to be a
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G for transcription from the T7 promoter, but this G
does not need to be in the endogenous sequence and
can be added artificially. For efficient in vitro tran-
scription with T7 RNA polymerase, we add three Gs,
which do not need to be present in the template. Plati-
numCRISPr will also assess the efficacy of the sgRNA
based on RNA folding and presence of activity compro-
mising motifs [18]. For evaluation of sgRNA folding by
PlatinumCRISPr the entire gRNA sequence needs to be
added including the G’s added for in vitro transcription.
The selection and screening of sgRNAs and the genera-
tion of the dsDNA substrate for in vitro transcription of
sgRNAs is summarised in Fig. 4. For quantification of
in vitro transcribed sgRNA we use *’P alpha-ATP trace
labelling, but the included non-radioactive labelling
protocol provides an alternative if no 32P alpha-ATP is
available. If the concentration is high enough a Nan-
odrop can also be used.

Protocol steps
Synthesis of dsDNA substrate for in vitro sgRNA
transcription

1. Design sgRNAs as detailed in [18] and order a 60
nt oligonucleotide containing the T7 promoter,
the guide RNA (gRNA) and 20 nt overlap with the
tracrRNA  (GGCTAATACGACTCACTATAG-Ny,
sgRNA-GUUUUAGAGCUAGAAAUAGC, the trac-
rRNA complementary sequence is underlined) and
the anti-sense tractRNA complementary oligo (AAA
AAAAGCACCGACTCGGTGCCACTTTTTCAA
GTTGATAACGGACTAGCCTTATTTTAACTT
GCTATTTCTAGCTCTAAAAC) for extension with
the Klenow fragment of DNA Pol L.

2. Mix the T7/sgRNA oligonucleotides and tracrRNA
complementary oligos (2 pM) in a 1:1 ratio and incu-
bate at 40° C for 15 min to facilitate annealing.

3. Make double stranded using the DNA Pol I Klenow
fragment according to the manufacturer’s instruc-
tions.

4. Heat-inactivate Klenow by incubation at 85° C for
10 min and desalt using a G-50 Autoseq Sephadex
spin column. Complete removal of salt is required as
otherwise in vitro transcription will be inhibited.

In vitro transcription of sgRNAs

1. Transcribe sgRNA from oligo template (1 pl of 2 uM
stock in 20 ul) using T7 MEGASCRIPT kit includ-
ing RNAse inhibitor and trace-label with 3?P alpha-
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ATP (0.1-3 pl, 800 Ci/mmol, 12.5 pM, Perkin Elmer)
according to the manufacturer’s instructions.

2. Digest away the oligonucleotides with DNAse I
according to the manufacturer’s instructions.

3. Remove free nucleotides with a G-50 Probequant
Sephadex spin column.

4. Quantify sgRNAs by scintillation counting (dilute
1 pl in 100 pl water and add 10 pl to a scintillation
vial containing scintillation fluid).

5. Validate sgRNA by running on an 8% urea denatur-
ing polyacrylamide gel according to the manufactur-
er’s instructions (National Diagnostics).

6. Dry the gel, expose to a phosphoimager screen (Bio-
Rad) and scan the screen in a suitable phosphoim-
ager (Cytiva).

Calculating the amount of sgRNA from trace labelling

3 ul of **PATP (800 Ci/mmole, 10 miCi/ml, 12.5 uM) cor-
responds to 30 miCi (0.66x10%dpm) on the reference
date (adjust accordingly from table).

Calculate the incorporation rate (X): total counts after
nucleotide removal in cpmx200x2x100 (dpm)/input
(dpm)=X % (200: dilution factor (0.1 pl measured from
20 pl), 2: dpm conversion, 100: percent).

Amount of RNA synthesized:

Combine the amount of unlabeled (10 pl of 1 mM
corresponds to 10 nmole) and labelled (3 pl of
12.5 uM ATP in 10 pl reaction results in 3.75 uM
which corresponds to 37.5 pmole) ATP. Here the total
is 10,037.5 pmole. Then adjust the amount to the
incorporation rate (amount of ATP (Y) in pmole).

To get the amount of RNA, Y pmole is divided by the
number of ATPs in the RNA, which yields the amount of
RNA in pmole (this amount divided by volume yields the
concentration).

Example: 60117 cpm were measured in 0.1 pl of 20 pl,
4 days before reference date.

60’117 x 200 x 2 100 divided by 660°00°000 x 1.214 = 30 %
incorporation.

30 % of 10,037.5 pmole are 3011.25 pmole.

The sgRNA contains 5 ATPs: 3011.25 pmole divided by
5 results in 602.25 pmole (30 pmole/pl, which is a 30 uM
solution).

Non-radioactive labelling and quantification of sgRNAs

Although quantification and validation of RNAs is easiest
with radioactive 32P labelling, this can be substituted as
described below using an infrared dye and visualisation

Page 14 of 19

with the Li-Cor Odyssey Imaging system [26] or using a
nanodrop.

1. After in vitro transcription of the RNA, remove the
DNA by digestion with DNAse I according to the
manufacturer’s instructions.

2. Increase volume to 20 pl and remove free nucleotides
with a G-50 Probequant Sephadex spin column.

3. Dephosphorylate the RNA arctic phosphatase, phe-
nol/CHCI; extract and precipitate, then kinase with
yS-ATP and react with maleimide-IRDye at room
temperature according to the manufacturer’s instruc-
tions (Vector Laboratories). Note that the phos-
phatase used in the kit is unable to remove the thi-
ophosphate group. For higher labelling efficiency,
increase the temperature of the maleimide reac-
tion to 50-65° C in the presence of 5 mM EDTA.
As a standard for quantification, use a DNA oligo
of known concentration and label in parallel (no
dephosphorylation required for synthetic oligos).

4. Purify by phenol/CHCI; extraction and precipitation
(see Basic Protocol 1)

5. Validate and quantify labelled sgRNAs and DNA
oligonucleotide by running serial dilutions on an 8%
urea denaturing polyacrylamide gel according to the
manufacturer’s instructions (National Diagnostics).
Compare sizes to accordingly labelled marker. Visu-
alize and quantify using the Li-Cor Odyssey infrared
imaging system.

Cleaving parent plasmid DNA with the in vitro transcribed
sgRNA for gap-repair recombineering

1. Heat sgRNA for 2 min to 95° C and leave at room
temperature until ambient temperature to adopt
folding.

2. Prepare a mixture of 100 nM recombinant SpyCas9

with 100 nM in vitro transcribed sgRNA in DEPC-

treated ddH,O.

Incubate at 25° C for 10 min.

4. Add 10 nM plasmid DNA and continue to incubate at
25° C for 2 h or until digestion is complete (e.g. 24 h).
Note, the final ratio of plasmid DNA:sgRNA:Spy
Cas9 should be 1:10:10 with a final reaction volume
of 10 pl.

5. Analyse an aliquot on an agarose gel to check
whether 100% digestion has occurred.

6. Phenol/CHCl,extract and precipitate (see Basic Pro-
tocol 1)

w
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7. Analyse an aliquot on an agarose gel to determine the
concentration and use for gap-repair recombineering
as appropriate (Basic protocol 2).

General notes

Large low copy DNA vectors cannot be efficiently
manipulated by standard cloning methods using restric-
tion enzymes. To overcome this limitation, homologous
recombination based DNA manipulation, termed recom-
bineering was adopted for manipulation of BACs for use
in mouse transgenesis [3, 27], or copy control vectors for
Drosophila or C. elegans transgenesis [7, 27-33]. How-
ever, for use with HCN plasmids, recombineering despite
its high efficiency to clone large fragments remains
underused. We used recombineering for making Dros-
ophila HCN transformation constructs of over 10 genes a
with very high efficiency [14, 18, 34-36].

The protocol for retrieval of large sequences directly
from a BAC represents significant advancement due to its
superior efficiency compared to first PCR amplify frag-
ments that are then cloned. The limitations here are that
PCR for large fragments is difficult and often inefficient
to obtain the quantities needed for standard cloning.

For retrieval from a BAC clone, we generally achieve
efficiencies above 75% even for fragments of 20 kb which
is the limit for HCN plasmids. A further advantage
of HCN plasmids is that substantial quantities can be
obtained very easily facilitating validation and transgen-
esis. Moreover, Drosophila transformation efficiency
by phiC31 integration with HCN plasmids is generally
high and we obtain about one transformant per four
injected G, flies. These advantages prevail over plasmids
larger than 20 kb, which require a copy number control
to maintain them in the host at one copy [37]. Upon
induction plasmids are amplified to obtain larger quanti-
ties, but their large size is not compatible with bacterial
growth at high copy numbers. Often a sufficient amount
can be obtained for validation and transgenesis, but the
procedure is not as straight forward to validate cloning
out-come by fingerprinting Minipreps because the large
size will yield many fragments.

For recombineering, two options are available to pro-
vide the Red proteins either integrated in the bacterial
host or on a plasmid [15, 38]. The preferred method is to
use the pSCI101-BAD-gbaA plasmid, because it contains
its own selection marker (tetracycline) and a temperature
control for maintenance only at 30° C [15]. By using the
plasmid for recombineering, the presence of Red proteins
is limited to a very short time after their induction limit-
ing any unwanted recombination events. In fact, we have
been using recombineering extensively to manipulate the
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highly repetitive Dscam gene and have not observed any
unwanted recombination events [14].

Gap-repair recombineering offers a distinct advan-
tage in efficiency compared to other conventional clon-
ing strategies such as traditional cloning, Golden Gate
cloning and Gibson assembly to clone large DNA frag-
ments due to its direct modification of DNA within the
host cell via homologous recombination. Conventional
methods often require several PCR products to clone a
large DNA fragments. In addition, conventional methods
including Gibson assembly rely on equimolar concentra-
tions of insert and host plasmid for successful cloning. In
contrast, gap-repair recombineering yields robust success
even with tenfold excess of insert over host plasmid [14].
In fact, a tenfold excess of insert increased gap-repair
recombineering efficiency significantly while there is
no enhancement option for the classic cloning methods
[14]. Ultimately, the high success rate of cloning large
DNA fragments essentially contributes to the speed of
gap-repair recombineering as conventional methods for
cloning large fragments generally fail to produce a high
number of positive colonies or often fail completely and
need to be repeated. The main reason is the difficulty
to obtain equimolar concentrations of insert and vec-
tor, which is further exaggerated when using multiple
fragments.

Although Gateway cloning can be used for efficient
transfer of large fragments between vectors, but uses a
recombinase and specific sequences, thus lacking adapt-
ability to sub-clone large DNA fragments for BAC clones
[39, 40].

The other major advantage of gap-repair recombineer-
ing in the modification of a large plasmid as detailed in
Fig. 1 lies in the efficient modification of existing large
constructs for gene function analysis. Here, a smaller
fragment flanked by unique restriction sites is sub-
cloned into a vector with a different antibiotic resist-
ance (e.g. chloramphenicol-resistant pOT) to introduce
the desired mutations. Introducing mutations in a small
DNA fragment is much more efficient than in a large
one. Afterwards, the small fragment can then be reintro-
duced into the larger construct efficiently by gap-repair
recombineering.

The gap-repair recombineering protocol is very effi-
cient in retrieving large DNA fragments form BAC
clones or for manipulating large HCN plasmids, there
are several limitations to consider. The success of the
protocol relies on maintaining precise conditions,
including carefully controlled inducer concentrations
and the use of high-quality competent cells. Variations
in these conditions can impact the overall effectiveness
of the recombineering process. Additionally, tetracy-
cline’s light sensitivity can complicate the experimental
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process and necessitates specific handling and storage
conditions to maintain its effectiveness. Potentially,
proteins required for homologous recombination could
be inefficient as a result from suboptimal expression or
activity of the recombination enzymes, but we haven't
observed this case. When recombineering failed in our
hands, either tetracycline was inactive or the cells were
not competent.

Taken together, the gap-repair recombineering pro-
tocol described here is a very efficient, fast and reliable
method to clone large DNA fragments into HCN plas-
mids. Moreover, the high efficiency of recombineer-
ing allows to manipulate HCN plasmids and avoids the
lengthy procedures associated with copy number control
vectors. Due to smaller introns, invertebrate genes are
much smaller than vertebrate genes [41]. As introns will
be spliced reliably, most genes from model organisms
like Drosophila or C. elegans can be directly incorporated
into a plasmid vector [14, 41].

Troubleshooting
Low transformation efficiency/ unknown recombinant
clones
For manipulation of large HCN plasmids by gap-repair
recombineering (Basic Protocol 2), low transformation
efficiency can be improved by increasing vector back-
bone (parent vector) concentration. By increasing the
vector backbone from 50 to 100 ng the number of colo-
nies increased ~ fourfold, with 60—-100% containing the
correct clone [14]. Moreover, the frequency of concate-
merized, unknown or otherwise incorrect recombinant
clones can be reduced by using a 1:5-10 vector: insert
ratio.

If no positive colonies are obtained, repeat the prepara-
tion of making recombineering competent cells following
exactly the protocol.

Phenol/chloroform/ethanol contamination

Following phenol:CHCI; extraction and precipitation,
the presence of residual phenol, CHCI; or ethanol will
inhibit enzymatic reactions such as Gibson Assembly and
restriction digests. Make sure there is no phenol: CHCl,
carry over and ensure the pellet is thoroughly air dried
prior to resuspension in TE. Occasionally, over-drying
pure DNA results in loss when tubes are kept inverted for
drying.

DNA quality and yield

Use 2YT for growing Miniprep cultures as 2YT is
richer than LB and gives more DNA. For QIAfilter
Midipreps, use LB, as 2YT increase impurities, mostly
polysaccharides.
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For Midipreps use the QIAfilter version to remove
the SDS precipitate, rather than using the kit with-
out the filter where the SDS precipitate is removed by
centrifugation.

We use 3 Vol of ethanol for precipitation because the
purpose is to precipitate rather than selectively pre-
cipitate for cleaning the sample. Also, precipitation is
faster. If the DNA is lost after precipitation, extend pre-
cipitation times and reduce temperature. Sometimes
pellets of pure DNA are lost. Do not overdry as the pel-
let can fall out of inverted tubes.

We use 75% ethanol (v/v) made with commercial eth-
anol (96%) by adding 12.5 ml water to a 50 ml falcon
tube and filling up with ethanol.

DNA minipreps

We favour the boiling prep method, because more
preps can be done in less time than with commercial
Miniprep Kkits, and it is very cost effective. Generally,
we calculate 6—8 preps/construct, but for more compli-
cated constructs we do up to 48 preps (which takes not
much longer than 6-10 preps). If no positive colony is
found in 48 preps, repeat the procedure evaluating pos-
sible errors including checking primer sequences and
complete digestion of parent vector.

We normally do not use colony PCR to identify cor-
rect colonies, because with PCR only a portion of the
clone is analysed and often artefacts are amplified.
Also, if clones are identified by colony PCR, a Miniprep
should be done to fingerprint clones with a restriction
digest to test the overall integrity.

In rare occasions, a construct can be toxic to bacteria,
e.g. when trying to express recombinant proteins [42].
For this, the cloning strategy needs to be changed. To
make toxic recombinant proteins, we cloned them into
a vector with a T7 promoter, such as pET26b. As the
DH5a E. coli strain does not naturally possess the T7
polymerase, leaky expression of the toxic product does
not occur. Once the correct clone was identified, it
can then be transformed in to a specific E. coil strain,
which contains an inducible T7 polymerase [42]. Alter-
natively, an FRT flanked stop cassette can be used, that
can then be removed once transgenic flies have been
generated [10, 34].

Indigestible DNA

When incubators are set at 37° C, boiling prep plas-
mid DNA becomes indigestible because the heat-shock
response is induced if temperatures go above 37° C. The
alkaline lysis protocol used in commercial Miniprep/
Midiprep kits is very robust against growing cultures at
temperatures above 37° C [40, 43].
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Isopropanol is a strong precipitant, which precipi-
tates impurities as well as the DNA [40]. The pres-
ence of these impurities can inhibit restriction enzyme
digestion. This can be avoided by limiting the incuba-
tion time with isopropanol by centrifugation for 10 min
immediately after mixing well by inversion. We also
noted that phenol/CHCI; extraction does not solve the
problem.

No or little DNA

Cell lysis in the boiling prep DNA protocol can be insuf-
ficient. This can be recognised by a brittle pellet after
lysozyme treatment, boiling and centrifugation (Sup-
port Protocol 2, step 9). The pellet of the cellular debris
should have a sticky, glue-like consistency. The main
reason for this is when incubators are set at 37° C rather
than 35.5° C, but insufficient boiling or low lysozyme
activity can be the cause as well. When preparing the
lysozyme stock, dissolve in 10 mM Tris HCI pH 7.5 and
incubate on ice. Let sit and mix occasionally by inversion
until completely dissolved. Aliquot and freeze in liquid
nitrogen, then store at -20° C. Do not refreeze lysozyme
aliquots.

Suboptimal growth of cultures can result in low
amounts of DNA. If grown for too short, not enough
plasmid DNA is present, while if grown too long, the
antibiotic is used up and bacteria quickly get rid of the
plasmid. For minipreps we use an entire 1 mm colony
to set a 3 ml culture and let it grow for 16 h at 35.5° C.
For Midipreps, we grow the 5 ml starter for 4 h and then
pour the entire starter to 45 ml LB and grow for 16 h.

Low yield in vitro transcription

Make sure template is desalted as salt inhibits in vitro
transcription. The efficiency of transcription is lower
from a short oligo. If high efficiency is required, clone
into a suitable vector. The MEGASCRIPT kit (Ambion)
includes pyrophosphatase to increase yield as pyroph-
osphate inhibits the RNA polymerase.

sgRNA/Cas9 did not cut

Design new sgRNA according to [18]. All the sgRNAs
we designed accordingly have been successful (n>15).
If a polymorphism is present in the sgRNA target
region, the activity is inhibited. Hence, we recommend
sequencing of the target region.

The presence of restriction enzymes inhibits sgRNA/
Cas9. If it is necessary to better visualize sgRNA/Cas9
activity by cutting out a DNA fragment rather than
just linearizing a plasmid, we do this sequentially and
add the restriction enzyme after heat-inactivation of
sgRNA/Cas9 (2 min at 95° C).
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Understanding results

The results of diagnostic restriction digests of extracted
plasmid DNA are generally straight forward to inter-
pret using the predesigned plasmid files generated in
Seqbuilder (Lasergene) or similar. Since the donor vector
has a different selection marker, which is usually chlo-
ramphenicol, it is not present. Rarely, the empty parent
vector is detected. However, one has to be aware of con-
catemerized plasmid, which can be detected by running
undigested plasmid on an 0.7% agarose gel. Occasionally,
we observe mixed clones, which originate from transfor-
mation of multiple plasmids.

Time considerations

The protocols detailed in this article have been optimised
to be as quick and as efficient as possible. The time scales
for each protocol are as follows:

Basic protocol 1

Subcloning a DNA fragment from a BAC clone into a
HCN plasmid takes 8 days (Table 1). From streaking out
the BAC clone it takes 5 days until transformation with
the linearized retrieval vector containing the homology
arms, which can be prepared in parallel. To identify cor-
rect clones will take 2 days and 1 day to obtain high qual-
ity Midiprep DNA.

For phiC31-mediated transgenesis in Drosophila,
we developed a small pUCI9 based retrieval vector,
pUC 3GLA UAS HAi (Accession number: KM253740),
which is available from AddGene. For expression from
UAS transgenes, genomic DNA can be used as introns
are spliced efficiently. If a genomic rescue construct is
required the UAS promoter can be cut out of plUC 3GLA
UAS Hai beforehand [14, 34].

Basic protocol 2

To alter a HCN plasmid by gap-repair recombineering
takes 4 days (Table 2), if competent cell containing the
Red proteins have been prepared (Support protocol 2,

Table 1 Timeline for subcloning a DNA fragment from a BAC
clone

Day 1: streak BAC clone
Day 2: Set up BAC clone culture

Day 3: Prepare competent cells and transform with pSC101-BAD-
gbaA plasmid

Day 4: Set up Bac/pSC101-BAD-gbaA clone culture

Day 5: Induce Red proteins, prepare competent cells and transform
with linearized retrieval vector

Day 6: Set up Miniprep cultures
Day 7: Minipreps, set up Midiprep culture
Day 8: Prepare Midiprep high quality DNA
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Table 2 Timeline for altering a HCN plasmid by gap-repair
recombineering

Day 1: streak DH5a
Day 2: Set up culture

Day 3: Prepare competent cells and transform with pSC107-BAD-gbaA
plasmid

Day 4: Set up culture

Day 5: Induce Red proteins, prepare competent cells and transform
with cut donor and retrieval vector

Day 6: Set up Miniprep cultures
Day 7: Minipreps, set up Midiprep culture
Day 8: Prepare Midiprep high quality DNA

5 days), To identify correct clones after transformation
will take 3 days and 1 day to obtain high quality Midiprep
DNA.

Basic protocol 3

Generation of template DNA, in vitro transcription and
clean-up of sgRNAs can be done in 1 day. For testing
DNA scission activity of sgRNAs a 2 h incubation period
is sufficient, but for cloning it is advisable to extend the
digestion time to 24 h. Note that presence of restriction
enzymes inhibits sgRNA/Cas9.

Support protocol 1
Generation of BAC DNA. DNA can be obtained in about
90 min.

Support protocol 2

Generation of recombineering competent cells. This pro-
cedure takes 5 days (Table 2), with actual preparation
time of approximately 4 h on day 4. The rest of the time
consists mainly of incubation periods.

Support protocol 3

Boiling prep Minipreps. Plasmid DNA extraction from 48
3 ml overnight cultures and analysis of restriction digests
on agarose gels can be achieve in 3 h.

Expected results

Generally, we obtain the correctly manipulated plasmid
with a frequency of 60-80% when using recombineer-
ing. The newly obtained plasmids are validated by diag-
nostic restriction digests of extracted plasmid DNA
and compared to the predesigned plasmid generated in
Seqbuilder (DNAstar) or similar. Since the donor vector
has a different selection marker, usually chlorampheni-
col, it is not present on the plate. The empty parent vec-
tor is rare because an excess of insert is used, unless it is
insufficiently cut by restriction enzymes of sgRNA/Cas9.
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However, one has to be aware of concatemerized plasmid,
which can be detected by running undigested plasmid on
a low percentage agarose gel (e.g. 0.7%). Occasionally, we
observe mixed clones, which originate from transforma-
tion of multiple plasmids.

Abbreviations
BAC Bacterial artificial chromosome

C.elegans  Caenorhabditis elegans

Dscam Drosophila Down Syndrome Cell Adhesion Molecule
DEPC Diethyl pyrocarbonate

ddH,0 Double-distilled H,O

dsDNA Double-stranded DNA

E. coli Escherichia coli

EDTA Ethylenediamine tetraacetic acid

ewg erect wing

GFP Green fluorescent protein

gRNA Guide RNA (protospacer, the 20 nt complementary to the target)
HA Haemaglutinin

HCN High copy number (plasmid)

MFE Minimum free energy

PAM Protospacer adjacent motif

PCR Polymerase chain reaction

sgRNA Single guide RNA (gRNA fused to tracrRNA and crRNA)
Spy Streptococcus pyogenes

sSDNA Single-stranded DNA
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tracrRNA  Trans-activating CRISPR RNA

UAS Upstream activation sequence
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