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The discovery of the position effect variegation phenomenon and the subsequent comprehensive analysis of
its molecular mechanisms led to understanding that the local chromatin composition has a dramatic effect on
gene activity. To study this effect in a high-throughput mode and at the genome-wide level, the Thousands of
Reporters Integrated in Parallel (TRIP) approach based on the usage of barcoded reporter gene constructs was
recently developed. Here we describe the construction and quality checks of high-diversity barcoded plasmid
libraries supposed to be used for high-throughput analysis of chromatin position effects in Drosophila cells. First,
we highlight the critical parameters that should be considered in the generation of barcoded plasmid libraries and
introduce a simple method to assess the diversity of random sequences (barcodes) of synthetic oligonucleotides
using PCR amplification followed by Sanger sequencing. Second, we compare the conventional restriction-ligation
method with the Gibson assembly approach for cloning barcodes into the same plasmid vector. Third, we provide
optimized parameters for the construction of barcoded plasmid libraries, such as the vector:insert ratio in the
Gibson assembly reaction and the voltage used for electroporation of bacterial cells with ligation products. We
also compare different approaches to check the quality of barcoded plasmid libraries. Finally, we briefly describe
alternative approaches that can be used for the generation of such libraries. Importantly, all improvements and
modifications of the techniques described here can be applied to a wide range of experiments involving barcoded
plasmid libraries.
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OTKpbITUE ABNEHNA MO3anyHOro 3ddeKkTa NONOXKEHNA reHa Y NOCNeayoWNiA TWATENbHbIA aHann3 ero MoJeKy-
NAPHBIX MEXaHW3MOB MPUBENU K MOHVMAHUIO TOFO, YTO JIOKasbHbIN COCTaB XPOMaTVHa OKa3blBaeT CyLLeCTBeHHOe
BAVAHME HA aKTMBHOCTb reHoB. PaszpaboTaHHbIli HefaBHO MeTog Thousands of Reporters Integrated in Parallel
(TRIP) OCHOBaH Ha WCMOMIb30BaHMMN LUTPUXKOAVPOBAHHbIX FEHOB-PEMNOPTEPOB 1 MO3BONAET BbIMONHATL BbICO-
KOMNpou3BOAUTENbHbIM aHann3 3ddeKTa NoNoXKeHna reHa B MmaclwTabe Bcero reHoma. B HacToswlen pabote mbl
OMKMCbIBAEM KOHCTPYMPOBAHME 1 MPOBEPKY KauecTBa WTPUXKOAMPOBAHHbIX MIa3MUAHbIX GUONMOTEK BbICOKOM
CNOXHOCTW, KOTOpble NpeAanonaraeTca UCnosb3oBaTh A1 BbICOKONPOW3BOANTENIbHOTO aHanm3a 3¢pdeKkra noso-
KEHUA reHa B KneTkax Apo3oduibl. Bo-nepBbix, paccMoTpeHbl Hanbonee BaXHble NapaMeTpbl, KOTopble crieayeT
YUUTBIBATb MPU CO3AAHNM LITPUXKOANPOBAHHBIX MAa3MULHbIX BUONNOTEK, N MPEASIONKEH NMPOCTON METOZ, OLEHKHN
CJIOXHOCTMN BbIPOXIAEHHOTO GparmMeHTa (LITPUXKOAA) B CUHTETUYECKMX OJIMFOHYKIeoTuAaxX C UCMOb30BaHNeEM
MNUP-amnnndukaumm n nocneayroLlero cekBeHMpoBaHus no metogy CaHrepa. [lanee npoBefeHO CpaBHeHME Tpa-
AVNUVOHHOIO MeToAa KIOHUPOBAHMS MOCPEACTBOM PECTPUKLMN-TTMTMPOBAHNA C MOAXOAOM COOPKM MO MeToay
[MbcoHa Ans KNOHMPOBAHMUA LUTPUXKOAOB B OAUH 1 TOT XKe NNa3MuUaHbIi BeKTop. Kpome Toro, onncaHbl onTumn-
3UPOBaHHbIe MapamMeTpbl ANA CO3AaHNA LWTPUXKOAUPOBAHHBIX MNa3MUAHbIX 6UBNMOTEK, Takme Kak COOTHOLLe-
HMe BEKTOp:BCTaBKa B peakuuy c6opky meTogom MMOGCcoHa 1 HanpsKeHre, NCNoNb3yemoe A dneKTponopaunm
6aKTepuranbHbIX KNeTOK NpoayKTamu NnrmpoBaHus. CpaBHMBAKOTCA TakKe pas/ivyHble NMOAXOAbl ANA MPOBEPKM
KayecTBa WTPUXKOANPOBAHHbIX M1a3sMNaHbIX 6I/I6]'IVIOTeK. HaKOHeLl, KpaTKO OnncaHbl anbTepHaTUBHbIE NOAXOAbI,
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Generation of barcoded plasmid libraries for massively
parallel analysis of chromatin position effects

KOTOpble MOXXHO UCMONIb30BaTb AN CO3AAHUA TaKKxX 61MbnnoTek. BaXKHO OTMETUTb, UTO BCe ynyuLleHuUs 1 Moandu-
Kauumy MeToAoB, NpuBefeHHble B JaHHOM paboTe, MOryT 6biTb MPUMEHEHDI K LMPOKOMY KPYry 3KCMepUMEHTOB,
B KOTOPbIX NCMOMb3YIOTCA WTPUXKOANPOBAHHbIE Ma3sMUAHble G1ONNOTEKN.

KnioueBble Cl0Ba: WUTPYXKOL; pernopTepHas KOHCTPYKLWS; NnasMuaHan 6nbnroteka; knoHmposaHue [HK; cbopka
MeToAoM [MO6COHA; MHOXKECTBEHHDbIV OAHOBPEMEHHbIV aHaNn3; PerynaLua SKCNpeccum reHoB; PeryNiaTopHble dre-
MeHTbl AHK; 3¢ deKT nonoxeHus reHa; KynbTrBMpyemble KNeTku 4po3odusbi.

Introduction

In a eukaryotic cell, an enormous number of specialized pro-
teins are responsible for dense packaging of very long genomic
DNA molecules into a nucleus. These proteins also play a
crucial role in the maintenance and replication of the genome
as well as in gene expression. These DNA-protein complexes
are referred to as chromatin, which is classically subdivided
into loosely packed, transcriptionally active euchromatin and
more tightly packed, transcriptionally inactive heterochroma-
tin (Babu, Verma, 1987; Grewal, Moazed, 2003; Huisinga
et al., 2006). Recent genome-wide localization studies of
chromatin components revealed up to 15 principal chromatin
types depending on the nature of cells. These chromatin types
differ in composition and gene activity levels. Furthermore, the
activity of genes greatly varies even within the same chromatin
type (Filion et al., 2010; Ernst et al., 2011; Kharchenko et al.,
2011; Riddle et al., 2011).

To exclude the input of unique DNA regulatory elements
associated with each gene and thus to identify the pure influ-
ence of the local chromatin environment on gene activity,
it was proposed to insert the same reporter construct (as a
sensor) in different genomic loci. The idea of this assay was
based on the position effect variegation (PEV) phenomenon,
originally described in Drosophila (Elgin, Reuter, 2013). Such
analysis performed in cells of different species substantially
contributed to our understanding of the mechanisms control-
ling gene activity throughout the genome, although only up to
a few hundred/thousand of unique genomic sites were tested
in each study due to the laborious and time-consuming na-
ture of the assay (Gierman et al., 2007; Babenko et al., 2010;
Ruf et al., 2011; Chen et al., 2013). Subsequently, usage of
unique identifiers (barcodes, or tags, or indexes, or unique
identification DNA sequences) (Kinde et al., 2011; Blundell,
Levy, 2014; Quail et al., 2014; Vvedenskaya et al., 2015;
Kebschull, Zador, 2018) for labeling the reporters enabled the
development of a high-throughput mode of the analysis. The
modified method provided a possibility of studying thousands
integrated into the genome reporters in one relatively simple
and short experiment and eliminated the bias towards selec-
tion of reporter insertions in active chromatin regions. The
approach was named Thousands of Reporters Integrated in
Parallel (TRIP), and its pilot application to mouse embryonic
stem cells (mESCs) allowed characterization of chromatin
position effects at more than 27,000 distinct genomic loci
(Akhtar et al., 2013, 2014).

From a technical point of view, TRIP is a specialized va-
riant of massively parallel reporter assays (Patwardhan et
al., 2009, 2012; Melnikov et al., 2012), so its performance
relies on barcoded plasmid libraries. Such libraries consist
of reporter plasmid constructs, which are identical except
random and a priori unknown barcode sequences. Within a
library, all barcodes are typically of the same length, which
can vary from few bp up to several dozen bp depending on
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the experimental setup. Thus, as soon as the plasmid vector
carrying all necessary components except the barcode (e. g.,
functional transposon terminal repeats, a promoter, a coding
DNA sequence, a transcriptional terminator, etc.) is avail-
able, the next technical task is to add the barcodes into such
plasmid. Several different cloning strategies can be used for
this purpose, but the easiest way to get a DNA fragment car-
rying barcodes (hereafter barcoded fragment or insert) is to
PCR-amplify it using synthetic oligonucleotides containing
a fragment of random sequence (the barcode).
Theoretically, the maximum complexity of a barcoded
plasmid library or, in other words, the total number of unique
molecules or clones in the library is determined by the barcode
length and its nucleotide composition. More specifically, this
parameter depends on whether all four nucleotides or just a
subset of them are used at each position within the barcode.
For example, a random 4-nucleotide 18-bp sequence can
generate over ~6.8 x 1010 (413) different barcodes, while a
random 3-nucleotide 20-bp sequence can give rise to only
~3.5x10° (3?9 unique sequences. Although such high
numbers are never achieved in practice due to the necessity
to propagate plasmids in bacterial cells that typically limits
the complexity to 10°~107 clones, the diversity of synthetic
barcoded oligonucleotides is nevertheless crucial for the
construction of high-quality barcoded plasmid libraries.
Indeed, a strong overrepresentation of one or two particular
nucleotides within the barcode in synthetic oligonucleotides
extremely reduces the complexity of the final plasmid library.
In addition, it leads to the appearance of very similar barcode
sequences, which can substantially complicate unambiguous
identification of barcodes during the processing and analysis
of raw TRIP datasets generated by high-throughput DNA
sequencing (HTS). Furthermore, note that barcoded plasmid
libraries frequently contain some amounts of the original
plasmid vectors due to limitations of cloning techniques. Such
contamination should be kept at the lowest possible level or,
ideally, completely eliminated to increase the proportion of
useful reads in raw TRIP datasets. All these parameters, the
total number of unique barcodes, the randomness and diversity
of'their sequences, and the level of the original vector contami-
nation, determine the quality of barcoded plasmid libraries.
We aimed to find out the simplest and most efficient way
to construct high-quality barcoded plasmid libraries for sub-
sequent TRIP experiments. In doing this, we first developed a
fast and simple test to check whether the quality of synthetic
oligonucleotides containing a barcode meets the expectations
before the generation of plasmid libraries. Next, we found
that the Gibson assembly approach was superior over the
conventional restriction-ligation cloning for the construc-
tion of barcoded plasmid libraries in terms of both the total
number of unique clones obtained per the same amount of
the vector used and the level of original vector contamina-
tion. Finally, we provide a set of quality checks of barcoded
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plasmid libraries to verify that they are suitable for subsequent
TRIP experiments.

Materials and methods
Barcoded oligonucleotide primers and quality check of
the randomness of their barcode sequence. Synthetic oli-
gonucleotides containing 18-nt barcodes, within which all
four nucleotides (A, C, G, and T) were supposed to be equally
represented at each position, were ordered either from IDT
(USA) with standard desalting purification (the PB-Barcodel-
Sall-F primer) or from DNK-Sintez (Moscow, Russia) with
PAGE purification (the PB-Barcodel-Sall-F primer) or from
Biosynthesis (Novosibirsk region, Russia) with PAGE puri-
fication (the PB-Barcode-PI-X-Gibson-F primers). Barcoded
PCR products were amplified with the following combinations
of the forward barcoded/reverse primers — PB-Barcode1-Sall-
F/3'-TR-Eagl-R or PB-Barcode-PI-X-Gibson-F/3'-TR-Eagl-R
(sequences of all primers used in the study are listed in the
Suppl. Table S1)! —using plasmids with the appropriate library
indexes (Suppl. Fig. S1) as templates. Five microliters of the
PCR products were incubated with Exonuclease I (NEB, Cat.
No. M0293S) and Shrimp Alkaline Phosphatase (NEB, Cat.
No. M0371S) at 37 °C for 30 min to remove primers and
nucleotides. The treated products were subjected to direct
Sanger sequencing with the 3'-TR-Eagl-R primer.

Preparation of PCR products for construction of bar-
coded plasmid libraries. All DNA fragments used in the
ligation or Gibson assembly reactions were amplified using
Phusion High-Fidelity DNA Polymerase (Thermo Fisher Sci-
entific, Cat. No. F530L) according to manufacturer’s recom-
mendations at the following cycling conditions: 98 °C for
60 sec followed by 35 cycles with 98 °C for 30 sec, 58 °C for
30 sec, 72 °C for 1 min and a final extension step of 72 °C for
5 min. Amplified fragments were then column-purified with
GeneJET PCR Purification Kit (Thermo Fisher Scientific, Cat.
No. K0702) before use in subsequent reactions.

Construction of barcoded plasmid libraries by restric-
tion enzyme cloning. To generate the barcoded plasmid
libraries, the 3'-terminal repeat (TR) of the piggyBac trans-
poson was amplified with primers PB-Barcodel-Sall-F and
3'-TR-Eagl-R using the pPB-Promoter1-eGFP-LI plasmid as a
template. The PCR product was digested with Sall-HF (NEB,
Cat. No. R3138L) and Eagl-HF (NEB, Cat. No. R3505L).
Then 0.9 pmol (240 ng) of PCR product were ligated with
0.3 pmol (1000 ng) of pPB-Promoterl-eGFP-LI vector
digested with Sall-HF and Notl (Thermo Fisher Scientific,
Cat. No. FD0593) restriction enzymes, using T4 DNA ligase
(Roche, Cat. No. 10799009001). The ligation mixture was
digested with Notl restriction enzyme at 37 °C for 4 h in a
volume of 100 pL to destroy the original pPB-Promoter!-
eGFP-LI vector molecules and then purified with MinElute
PCR Purification Kit (Qiagen, Cat. No. 28004); DNA was
eluted with 10 pL of pre-warmed elution buffer. Five micro-
liters of the purified ligation mixture were used to transform
Escherichia coli TOP10 electrocompetent cells.

Gibson assembly of barcoded plasmid libraries. pPB-
PromoterX-eGFP-LI vectors (where X is 0 through 6) were di-
gested with Sall (Thermo Fisher Scientific, Cat. No. FD0644)

T Supplementary Materials are available in the online version of the paper:
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and Notl (Thermo Fisher Scientific, Cat. No. FD0593) re-
striction enzymes to prepare linearized vector backbones.
The 3'-TR of the piggyBac transposon was amplified with
primers PB-Barcode-PI-X-Gibson-F and PB-Gibson-R1 using
a pPB-Promoter0-eGFP-LI plasmid as a template. The PCR
products were digested with Dpnl restriction enzyme (NEB,
Cat. No. R0176) at 37 °C for 4 h in a total volume of 100 pL.
in order to destroy plasmid template and thus minimize non-
barcoded vector contamination in the libraries. Next, 60 fmol
(200 ng) of the linearized vector and 0.30 pmol (~80 ng) of
each Dpnl-treated and column-purified PCR product were
incubated with Gibson Assembly Master Mix (NEB, Cat.
No. M5510AA) at 50 °C for 1 h. Then, the reaction mixture
was diluted 10-fold with nuclease-free water and purified with
MinElute PCR Purification Kit; DNA was eluted with 10 pL
of pre-warmed elution buffer. Five microliters of the puri-
fied Gibson reaction products were used to transform E. coli
TOP10 electrocompetent cells.

Electrotransformation of bacterial cells. £. coli TOP10
strain (F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80lac ZAM15
AlacX74 recAl araD139 A(ara-leu) 7697 galU galK rpsL
(StrR) endA1 nupG X~) was used as the host to clone plasmid
libraries. Electrocompetent cells with transformation ef-
ficiency of ~1.5x10° colony forming units (CFU) per 1 pg
of supercoiled plasmid DNA were prepared using the previ-
ously reported protocol (Morrison, 2001). For transformation,
50 pL of the electrocompetent cells were mixed with 5 pL
of purified DNA sample, transferred into a 0.1 cm cuvette
(Bio-Rad), and electroporated at the following settings: 1.8 kV,
25 mF, and 200 Q using the Gene Pulser electroporator with
the capacitance extender (Bio-Rad) unless otherwise stated.
Next, cells were grown in | mL of pre-warmed Luria—Bertani
(LB) medium at 37 °C, 220 rpm for 1 h. Then, aliquots of cells
(1/5,000) were spread on LB-ampicillin plates (LB medium
supplemented with 15 g/L bacto agar and 100 pg/mL ampicil-
lin) and allowed to grow overnight at 37 °C before manual
counting of colonies, whereas the rest of cells were transferred
into 500 mL of LB medium supplemented with 100 pg/mL
ampicillin and cultured at 37 °C and 220 rpm overnight be-
fore plasmid isolation with GeneJET Plasmid Maxiprep Kit
(Thermo Fisher Scientific, Cat. No. K0491).

Analysis of the complexity and quality of barcoded plas-
mid libraries. The complexity of each plasmid library was
defined as the average number of colonies on LB-ampicillin
plates (CFU per plate; see above) multiplied by 5,000. To
measure the contamination of each library by the original
plasmid vector, the appropriate control ligation or Gibson
assembly reaction lacking the barcoded insert DNA fragment
was always set up and processed in parallel with the main
samples, except the plasmid isolation step. The contamination
is reported as the proportion (percentage) of the number of
colonies obtained for the control sample with respect to the
number of colonies obtained for the main samples. The DNA
sequences of barcodes in the plasmid libraries and randomly
selected individual clones were analyzed by Sanger sequenc-
ing with the EGFP-int3 primer.

Preparation of barcoded plasmid libraries for Illumina
sequencing. An equimolar mixture of barcoded plasmid li-
braries was used to transform E. coli TOP10 cells in order to
obtain several thousand clones. The isolated mixture of such
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low-complexity plasmid libraries was used as a template
for amplification of barcode sequences for their subsequent
[lumina HTS. The amplification was done in duplicate by two
rounds of PCR with Phusion High-Fidelity DNA Polymerase
and 200 uM of each dNTP in a total volume of 25 pL. In the
first round, 2 ng of the plasmid mixture and primers Libr-
cDNA-for/Libr-cDNA-AN-rev (where N was 18 or 19) were
used at the following cycling conditions: 98 °C for 60 sec
followed by 15 cycles with 98 °C for 30 sec, 70 °C for 30 sec,
72 °C for 30 sec and a final extension step of 72 °C for 5 min.
In this round, each of the duplicates was marked by a unique
HTS index present within the Libr-cDNA-AN-rev primer. In
the second round, 0.5 pL of the unpurified first round PCR
products and primers Libr-P5-for and Libr-P7-rev were used
at the following cycling conditions: 98 °C for 60 sec followed
by 23 cycles with 98 °C for 30 sec, 61 °C for 30 sec, 72 °C
for 30 sec and a final extension step at 72 °C for 5 min. The
samples were purified with Monarch PCR & DNA Cleanup
Kit (NEB, Cat. No. T1030S), quantified using the KAPA Li-
brary Quantification Kit (Roche, Cat. No. 07960255001), and
sequenced on an Illumina MiSeq sequencer using a 150 cycle
MiSeq Reagent Kit v3 (Illumina, Cat. Nos. 15043893 and
15043894). The expected structure of the DNA fragments
subjected to HTS is shown in Suppl. Fig. S2.

HTS data analysis. The FASTQ files were analyzed with
custom Python scripts. First, only reads having the expected
structure (see Suppl. Fig. S2) were filtered for the down-
stream analysis. Briefly, no mismatches were allowed within
sequences of HTS and library indexes, while up to 4 mis-
matches were allowed within the first constant part (CGCC
AGGGTTTTCCCAGTCACAAGGGCCGGCCACAACTC)
and 1 mismatch was allowed within the second constant part
(CTCGATC). The barcodes were defined as sequences of any
length present between (i) the first constant part and (ii) the
sequence consisting of the CCTC motif, the library index,
and the second constant part. Next, the reverse complement
sequences of barcodes present in the filtered reads were di-
vided into individual pools according to the associated HTS
and library indexes. For each pool, unique barcode sequences
were identified and subjected to length distribution analysis.
To analyze the frequency distribution of the four nucleotides
per position within barcodes, only unique 18-nt barcodes
were considered.

Results and discussion

Quality control of barcoded oligonucleotides

The main problems associated with preparations of long
(>30 nt) synthetic barcoded oligonucleotides, which are the
key element in the cloning of barcoded plasmid libraries, are
(i) single-base deletions/insertions arising from incomplete
coupling of nucleotide monomers during oligonucleotide
synthesis and (ii) unequal representation of different nucleo-
tides at each position along the barcode. PAGE purification of
the synthesized oligonucleotides can partially reduce the first
problem, but, to the best of our knowledge, no fast, simple,
and cheap approach to assess the randomness of barcode se-
quences in an oligonucleotide preparation has been described
so far. Instead, Sanger sequencing of plasmids isolated from
dozens of randomly selected bacterial colonies, as well as
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Fig. 1. The fast and simple approach to assess the diversity of barcoded
oligonucleotides.

(a) Scheme of the DNA template and oligonucleotide primers used to prepare
the barcoded PCR product. Note that the forward primer contains a random
sequence of 18-nt long, the barcode. The obtained PCR product is purified
and Sanger sequenced from the reverse primer. (b, ¢) Sanger sequencing
chromatograms of the representative PCR products generated using (b) low-
quality and (c) high-quality barcoded primers.

Sanger or HTS of barcoded plasmid libraries were used in
previous studies (Akhtar et al., 2013; Wong et al., 2016). In
addition to being laborious, these approaches require a ready
barcoded plasmid library.

In this study, we developed a simple and fast protocol to
check the randomness of barcode sequences within synthe-
sized primers by using Sanger sequencing prior to the genera-
tion of plasmid libraries. The procedure includes amplification
of the barcoded PCR product from a non-barcoded plasmid
template followed by enzymatic removal of nucleotides and
primers from the PCR mixture by Exo-SAP (Exonuclease I
with Shrimp Alkaline Phosphatase) treatment, and direct
Sanger sequencing of the purified product (Fig. 1). If the
barcode is designed to consist of the four nucleotides equally
represented at each position, then in the case of ideally syn-
thesized oligonucleotides, the height of Sanger sequencing
chromatogram peaks for each of nucleotides along the barcode
should be equal with only slight variations.

Generation of barcoded plasmid libraries

Many approaches have been developed for cloning or assem-
bly of barcoded plasmid libraries, including traditional cloning
by restriction enzyme digestion, self-ligation of PCR products,
polymerase cycling assembly (PCA), dA/dT ligation, Gibson
assembly and others (see Table 1 and references therein). All
these approaches consist of several steps: (i) preparation of a
plasmid vector and barcoded insert, (ii) ligation of the vector
and insert, (iii) highly efficient transformation of bacterial
cells, (iv) plasmid propagation in bacteria and its subsequent
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Method Advantages “+"/Disadvantages “-" Requirements Efficiency” References
Cloning “+"(1) Simple primer design; (2) Cost effective Restriction endonucleases, 1.5x10®  Akhtaretal, 2014
by restriction  “="(1) Restriction site-depending; (2) Time-consuming;  High-fidelity DNA polymerase,
enzyme (3) Assembly of multiple fragments is complicated/  Antarctic phosphatase,
digestion inefficient T4 DNA ligase, DNA purifica-
and ligation tion columns
Self-ligation “+"(1) Simple primer design; (2) Cost effective Phosphorylated oligonucle- 5.8x107 Brueckner et al.,
of barcoded “~"(1) PCR-induced mutations in the vector sequence; otide, High-fidelity DNA poly- 2016;
PCR product (2) Not applicable for large DNA molecules (>8 kb); merase, T4 DNA polymerase, Chenetal, 2017
(3) Time-consuming; (4) Formation of concatemers Dpnl restriction enzyme,
T4 DNA ligase, DNA purifica-
tion columns
dA/dT ligation  “+"(1) Simple primer design; (2) Sequence-independent  T-tailed vector, DNA poly- 20 Seguin-Orlando
“~"(1) Nondirectional; (2) Expensive; (3) Time-consuming merase, T4 DNA ligase, etal, 2013;
DNA purification columns Davidsson et al.,
2016
Golden Gate  “+"(1) Multiple fragments assembly; (2) Single step; Nonpalindromic restriction 2.7x10*  Woodruffetal.,
assembly (3) Possible transfer of a DNA fragment library from endonucleases, High-fidelity 2017
one vector to another; (4) Fast; (5) Tolerant to repeti-  DNA polymerase, Special
tive sequences assembly kit, DNA purification
“~"(1) Complicated primer design; (2) Restriction site- columns
depended; (3) Expensive
Gateway “+"(1) Single step; (2) Possible transfer of a DNA frag- Special assembly kit, High- 2.0x10* Dickel et al., 2014;
cloning ment library from one vector to another; (3) Fast fidelity DNA polymerase, Lehtonen etal.,
“~"(1) Complicated primer design; (2) Sequence-depen- DNA purification columns 2015;
dent; (3) Necessity to use specific plasmid back- Davidsson et al.,
bones; (4) Expensive; (5) Scar att regions 2016
Gibson “+"(1) Single step; (2) Multiple fragments assembly; Special assembly kit, 6.9%x 103 Hill et al., 2018
assembly (3) Sequence-independent; (4) Seamless; (5) Fast Restriction endonucleases,

“~"(1) Complicated primer design; (2) Self-ligation of
linearized vector backbone, if only one restriction

site is used for the linearization; (3) Expensive;
(4) Not tolerant to repetitive sequences

DNA purification columns

* Efficiency is defined as the number of unique bacterial clones obtained per 1 ng of vector DNA used in an assembly/ligation reaction.

isolation, and (v) assessment of the plasmid library quality.
Each approach has its own advantages and disadvantages (see
Table 1 and Suppl. Table S2).

For example, cloning by restriction enzyme digestion and
ligation is simple and widely used, but it has the following
limitations. First, since restriction enzyme recognition sites
are short sequences, they are certainly present in a subset of
randomly synthesized barcodes. During the cloning, such
barcodes will be cut into pieces, thus leading to generation of
cloned barcodes of undesired shorter lengths. Accordingly, the
number of plasmid molecules with unique barcode sequences
of the expected length will be reduced. The longer is the
barcode, the higher is the probability of restriction site occur-
rence in its sequence. For example, a random 18-nt barcode is
expected to contain one of two 6-bp restriction sites used for
cloning at a frequency of ~1/160. Second, restriction enzymes
are not hundred-percent effective, and some of them are ex-
tremely ineffective in cutting their recognition sites located
close to the ends of linear DNA fragments (in particular, typi-
cal PCR products). This results in reduced ligation efficiency,
whose compensation requires large amounts of the prepared
vector (~1 pg) and insert (~0.2 ng) at the ligation step.

PErYNAUNA TEHOB U TEHOMOB / GENOME AND GENE REGULATION

The aim of the present study was to make a set of barcoded
plasmid libraries for high-throughput analysis of chromatin
position effects (Elgin, Reuter, 2013; Yankulov, 2013) on dif-
ferent types of promoter sequences in Drosophila cells. Since
our ultimate goal requires integration of barcoded reporter
constructs at randomly chosen genomic loci in the studied
cells, we employed the piggyBac transposon-based gene
delivery system (Handler, Harrell, 1999; Cadinanos, Bradley,
2007), which was successfully used for the same purpose in
cultured mouse embryonic stem cells (mESCs) (Akhtar et
al., 2013). We selected six different Drosophila promoters
(here referred to as Promoter1 through 6; their details will be
described somewhere else), and cloned each of them upstream
of the coding sequence for enhanced green fluorescent pro-
tein (eGFP) placed between the piggyBac TRs. The constructs
also contained polyadenylation signals immediately before
and within the piggyBac 3’-TR. As the control, we used a
similar construct without any promoter element (hereafter
Promoter0; see Suppl. Fig. S1). Next, two unique 5-bp long
library indexes were separately cloned downstream of the
eGFP coding sequence into each of the aforementioned con-
struct to generate 14 different indexed plasmids, which were
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Table 2. Barcoded plasmid libraries constructed
by Gibson assembly

#  Barcoded plasmid library Library index Efficiency®

w

N

* Efficiency is defined as the number of unique bacterial clones obtained per
1 ng of vector DNA used in the assembly/ligation reaction.

named pPB-PromoterX-eGFP-LI vectors (for exact sequences
of library indexes, see Table 2). Such indexing of plasmids
allows combinations of (even all) barcoded constructs to be
studied simultaneously in a single TRIP experiment.

At the final step, it was necessary to clone random barcode
sequences immediately downstream of library indexes to ge-
nerate barcoded plasmid libraries. We chose the length of the
barcodes to be 18 bp, which meant that, theoretically, there
might be up to 4!3=68 billion unique barcode sequences. First,
we tried to construct a set of barcoded plasmid libraries using
traditional cloning by restriction enzyme digestion and sub-
sequent ligation following the previously described protocol
(Akhtar et al., 2014) with minor modifications. Specifically,
we designed the barcoded oligonucleotide PB-Barcodel-
Sall-F, which contains the Sall restriction site at its 5" end and
is suitable to construct all 14 barcoded plasmid libraries due
to the presence of a unique Sall restriction site immediately
downstream of library indexes in pPB-PromoterX-eGFP-LI
vectors. Next, we amplified the DNA fragment containing
piggyBac 3'-TR using this barcoded primer and the reverse
primer 3'-TR-Eagl-R containing the Eagl restriction site.
We digested barcoded PCR products with Sall and Eagl and
cloned them into the pPB-Promoter1-eGFP-LI vector cut with
Sall and Notl. We used the property of the Eagl and Notl re-
striction sites, which produce compatible cohesive ends restor-
ing only the Eagl site, to remove the original (non-barcoded)
plasmid molecules from the barcoded plasmid library by Notl
digestion. Overall, we found this way of barcode cloning
simple, cheap, and convenient. However, we could not pro-
duce plasmid libraries with complexity of more than 30 clones
per 1 ng of the digested vector due to incomplete digestion of
the barcoded PCR product presumably by the Sall restriction
enzyme. The protocol consisted of six steps (PCR, restriction
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digestion, dephosphorylation of 5’-ends, DNA ligation, treat-
ment of the ligation mixture by restriction endonuclease, and
electrotransformation of bacteria) with DNA purification after
each step. As a result, using about 1000 ng of the digested
vector and 10 individual electrotransformations, we obtained
a plasmid library consisting of ~300,000 clones. Thus, the
conventional restriction-ligation method appeared to be too
laborious especially for the generation of large numbers of
different barcoded plasmid libraries, while its cloning accu-
racy, calculated as the percentage of the number of colonies
obtained for the “vector with barcoded insert” ligation with
respect to the number of colonies obtained by the control
“vector only” ligation, was satisfactory (about 0.6 %).

To optimize the construction of barcoded plasmid librar-
ies, we decided to use the Gibson assembly approach, which
employs three commonly used enzymes: (i) 5’ exonuclease
that digests the ends of dSDNA, exposing the ssDNA, (ii) high-
fidelity DNA polymerase, and (iii) T4 DNA ligase (Gibson
et al., 2009). The assembly fragments were designed so that
they contained at their ends overlapping sequences of 23 bp
in length, which were expected to anneal at the temperature
60—65 °C (Fig. 2, a). We amplified the barcoded DNA frag-
ments containing piggyBac 3'-TR using PB-Barcode-PI-X-
Gibson-F/PB-Gibson-R1 primers. The primer PB-Barcode-PI-
X-Gibson-F contains a random 18-bp barcode but lacks the
Sall restriction site in order to allow elimination of the original
plasmid molecules from the barcoded plasmid library by Sall
digestion. As vector fragments, we used Notl/Sall-linearized
pPB-PromoterX-eGFP-LI plasmids. Next, to enhance the ef-
ficiency of the Gibson assembly reaction, we tested a vector to
insert ratios of 1:3, 1:5, and 1:10 and found that the maximum
number of individual bacterial colonies was obtained with the
1:3 ratio (570,000 clones versus 470,000 and 380,000 clones
for the 1:5 and 1:10 ratios, respectively). Thus, an excess of
the insert reduced the Gibson assembly efficiency and conse-
quently yielded fewer clones possibly due to competition of
DNA molecules for enzymes. Furthermore, we revealed that
electroporation of E. coli cells at 1.6 kV increased the number
of bacterial colonies more than fourfold and greatly reduced
arcing compared to the predefined 1.8 kV in the Gene Pulser
electroporator (Bio-Rad) (see Fig. 2, b).

A total of 14 barcoded plasmid libraries were generated by
the Gibson assembly approach (see Table 2), which consists of
four steps (PCR, vector linearization, 1-h assembly reaction,
and electrotransformation of bacteria) with DNA purification
after each step. As a result, using about 200 ng of the linearized
vector and 2 individual electrotransformations, we obtained
plasmid libraries consisting of ~300,000-2,000,000 clones.

The complexity and quality of barcoded plasmid libraries

To generate populations of cells carrying thousands of uni-
quely barcoded reporter constructs integrated at different ge-
nomic loci, it is desirable to obtain appropriate plasmid lib-
raries with the highest possible complexity. This would mi-
nimize the chances of integration of the identically barcoded
reporter constructs in different genomic locations. Note that
the presence of the same barcode at different unique genomic
sites (we do not consider here integration of a reporter within
repetitive elements) makes this barcode useless for the down-
stream analysis, since its characteristics (e. g., the expression
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a Gibson cloning of barcoded DNA fragment
into plasmid vector

Library
index
gtctagagatcgag(N);gagg-3'
5'-cagatctctagctc(N)sctcc(N) g m———— g cttaattaatccagcttttgtt-3

Barcode 5'-cgaattaattaggtcgaaaacaa
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Fig. 2. Generation and quality control of barcoded plasmid libraries.
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(a) Schematic presentation of the Gibson assembly of barcoded plasmid libraries. (b) Dependence of the number of bacterial colonies obtained on the electric
field strength used in the electrotransformation. (c-g) Characterization of barcode diversity: (c) Agarose gel electrophoresis showing a negligible amount, if any,
of the original vector contamination in the barcoded plasmid library. The original plasmid vector and correct barcoded clone serve as positive and negative con-
trols of the presence of the original vector, respectively. (d) Representative Sanger sequencing chromatogram of a barcoded plasmid library generated by Gibson
assembly approach. Note the presence of only guanine (orange line), but not thymine (red line) expected in the case of extensive original vector contamination
at the position indicated by the red arrow. (e) Distribution of the barcode length revealed by HTS; n, number of reads analyzed. (f, g) Frequency distributions of
the four nucleotides per position within the barcode revealed by (f) Sanger sequencing of individual plasmids and (g) by HTS. Weblogo 3, a web based applica-
tion (http://weblogo.threeplusone.com/create.cgi), was used for visualization of the frequencies. In panel (f), n is the number of clones, and in panel (g), unique
barcodes analyzed.

level) cannot be unambiguously associated with a genomic
locus. Also, such ambiguous barcodes reduce the number of
informative HT'S reads used to identify the genomic locations
of reporter constructs and their expression levels. In addition,
barcode sequences should be easily distinguishable from each
other to avoid mistakes in the interpretation of the results.
Such diversity among barcode sequences can be achieved by
equal representation of each nucleotide at each position along

PErYNAUNA TEHOB U TEHOMOB / GENOME AND GENE REGULATION

a barcode in the plasmid library (not to mention the effects of
barcode length and the number of different nucleotides consti-
tuting the barcode). Moreover, it is crucial to avoid substantial
levels of contamination of barcoded plasmid libraries with the
original (non-barcoded) vector molecules, as the latter would
also reduce the number of informative HTS reads.

To assess the quality of the barcoded plasmid libraries ob-
tained in the present study, we performed a set of experiments.
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First, to evaluate the level of contamination by the original vec-
tor, we digested one of the barcoded plasmid libraries with the
Notl and Sall restriction enzymes. Recognition sites for both
these enzymes were present in the original vectors but not in
plasmids with properly cloned barcodes. The analysis did not
reveal any substantial amount of the original vector molecules
within the library (see Fig. 2, ¢). Consistently, the transforma-
tion of bacterial cells with the control “vector only” samples
also showed that the level of the original vector contamination
in the libraries was no higher than 0.5 %. Second, we analyzed
plasmids isolated from 20 randomly selected bacterial colo-
nies of one barcoded plasmid library by Sanger sequencing.
It showed that all the 20 plasmids had the expected structure,
although one plasmid carried a 17 bp long barcode and ano-
ther colony appeared to contain two plasmids with different
barcodes. The barcodes of the remaining 18 plasmids were
of the expected length (18 bp) and demonstrated satisfactory
representation of different nucleotides at each position (see
Fig. 2, /). Third, we subjected all barcoded plasmid libraries
to Sanger sequencing to assess the diversity of the barcode
sequences and possible non-barcoded plasmid contamination.
This analysis demonstrated almost equal representation of all
four nucleotides at the most positions within the barcode and
confirmed the absence of contamination by the original vector
(see Fig. 2, d). Fourth, we performed Illumina HTS for more
precise characterization of barcoded plasmid libraries. For this
purpose, we mixed all prepared barcoded plasmid libraries
and reduced the total number of clones by restrictive trans-
formation of E. coli cells. Analysis of the HTS reads showed
that (i) the length of vast majority of barcodes was 18 bp (see
Fig. 2, e), (ii) the representation of different nucleotides along
the barcodes was almost perfect (see Fig. 2, g), and (iii) the
contamination of the barcoded plasmid libraries by the original
vectors was about 0.4 % on the average.

Finally, as described above, we quantified the complexity of
each barcoded plasmid library by plating a small aliquot of the
transformation mixture in duplicate on LB-ampicillin plates
and counting the resulting number of bacterial colonies that
supposedly corresponded to the number of individual plasmid
molecules. Unfortunately, we noticed that this method was not
always accurate due to its dependence on bacterial concentra-
tion in liquid culture, the quality of LB-ampicillin plates, and
plating techniques. Thus, alternative simple methods for the
estimation of the complexity of barcoded plasmids libraries
need to be developed.

Conclusions

Generation of barcoded plasmid libraries is challenging. The
main difficulties are associated with the diversity of barcode
sequences and their efficient cloning in a plasmid vector, in-
cluding obtaining a sufficient number of individual bacterial
colonies. We describe a low-cost, fast, and simple technique
to check the quality of barcoded oligonucleotides by broadly
used Sanger sequencing. We also present an improved method
to create barcoded plasmid libraries in a single step with the
commercially available Gibson assembly mixture. It is worth
mentioning that the protocols developed in this study are suit-
able for generation of barcoded plasmid libraries for a wide
range of applications, including but not limited to functional
analysis of DNA regulatory elements in different species.
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