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Abstract 

Custom oligonucleotides (oligos) are widely used reagents in biomedical research. Some common applications of oligos include polymerase chain 
reaction (PCR), sequencing, h ybridization, microarra y, and library construction. The reliability of oligos in such applications depends on their purity 
and specificity. Here, we report that commercially available oligos are frequently contaminated with nonspecific sequences (i.e. other unrelated 
oligonucleotides). Most of the oligos that we designed to amplify clustered regularly interspersed palindromic repeats (CRISPR) guide sequences 
contained nonspecific CRISPR guides. These contaminants were detected in research-grade oligos procured from eight commercial oligo- 
suppliers located in three different geographic regions of the world. Deep sequencing of some of the oligos revealed a variety of contaminants. 
Given the wide range of applications of oligos, the impact of oligo cross-contamination varies greatly depending on the field and the experimental 
method. Incorporating appropriate control experiments in research design can help ensure that the quality of oligo reagents meets the intended 
purpose. This can also minimize risk depending on the purposes for which the oligos are used. 
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Introduction 

Custom oligonucleotides (oligos) are inexpensive reagents 
used widely in research, from basic- to translational- research 

to diagnostics and forensics. In addition to their most common 

application of polymerase chain reaction (PCR), oligos are 
used in sequencing, microarray, fluorescence in situ hybridiza- 
tion (FISH), and genome-wide functional screens using RNAi 
and CRISPR knockout technologies. Commercial companies 
synthesize oligos using standard methods, which involve using 
four nucleotides supplied via automated liquid handling sys- 
tems, ultimately generating the customer-requested oligo se- 
quences ( 1 ,2 ). The oligos are shipped as lyophilized reagents 
or dissolved in buffers to the end users, either in microtubes or 
multiwell-plate formats. The oligos are synthesized as a stan- 

dard grade of purity termed ‘desalted’, which is sufficient for 
most common applications. For some sensitive experiments, 
researchers opt for high-performance liquid chromatography 
(HPLC) or polyacrylamide gel electrophoresis (PAGE) puri- 
fied oligos. 

For applications requiring high throughput screening, such 

as those involving RNAi ( 3 ) or CRISPR ( 4 ) approaches, re- 
searchers procure batches of bar-coded oligos or order oligo- 
pools and clone them into plasmid vectors to build their 
knockout libraries. Fishing experiments using such libraries 
result in several hits, which are then amplified and sequenced 

to know the clone identities. While a few candidates show ex- 
pected results when tested using other confirmatory biological 
assays, it is not uncommon that many hits fail in those assays. 
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Because performing confirmatory biological assays drains a 
lot of time and resources, it is almost impossible to validate 
every hit of a screen. If the reagents used for building libraries 
themselves (or those used for amplifying and confirming the 
clones following screening experiments) inadvertently contain 

cross-contaminated oligos, it will make the situation more 
complex. 

We realized this possibility recently, as we observed some 
unexpected results (presence of unrelated sequences) when set- 
ting up a CRISPR library screening, which prompted us to in- 
vestigate the issue further. Our systematic analyses of various 
reagents, research equipment, and multiple vendor-supplied 

oligos suggested that commercially synthesized oligos are the 
source for such cross-contaminants. 

Materials and methods 

Oligonucleotides 

Oligonucleotides used in this study are shown in 

Supplementary Table S1 . 

Oligo suppliers 

We ordered oligos from leading commercial oligo-suppliers 
located in three different geographic regions of the world: 
three vendors in Europe (for the experiments performed in the 
Arakawa laboratory), three in the USA (for the experiments 
performed in the Gurumurthy laboratory), and two in Japan 

(for the experiments performed in the Ohtsuka laboratory). 
Because the oligos ordered in these countries were most likely 
synthesized at different plants / facilities, we considered a total 
of eight different oligo suppliers as the sources of the oligos 
we tested in this work. 

PCR 

In the Arakawa laboratory, most PCRs were performed with 

Advantage 2 PCR polymerase (TaKaRa), while PrimeSTAR 

GXL DNA polymerase (TaKaRa) and Q5 DNA polymerase 
(NEB) were also used as controls. PCR cycling parameters 
were as follows: various cycles at 98 

◦C for 10 s and 68 

◦C for 
10 s. 0.5 μM each of 5 

′ and 3 

′ primers were used for PCR. 
In the Ohtsuka laboratory, the PCR (for Supplementary 

Figure S4 ) was performed in a 10 μl reaction mixture con- 
taining 1 × GC buffer (TaKaRa), primer set (0.5 μM each; ‘1 

and 3’ or ‘M1159 and 3’) and 0.125 U / μl of T aKaRa T aq 

(TaKaRa) using denaturation (95 

◦C for 5 min), 40 cycles of 
95 

◦C for 45 s, 58 

◦C for 30 s and 72 

◦C for 1 min and extension 

(72 

◦C for 5 min). 
In the Gurumurthy laboratory, PCR reactions were per- 

formed using Go Taq Promega Hot Start green mix (Promega, 
Madison, WI, USA). PCR cycling parameters were the same 
as that of Ohtsuka laboratory, except that the volume of re- 
actions was 50 μl. 

Strategies to avoid routine contamination 

Aerosol-resistant filter tips were used to prepare PCR sam- 
ples. Our institute (Arakawa laboratory, where most exper- 
iments were performed) offers a service to replace contami- 
nated pipettes with pipettes that have been cleaned, washed, 
and autoclaved. However, the no template control (NTC) PCR 

products were confirmed reproducibly with the cleaned or 
brand-new pipettes. We tested various water- and TE buffer- 

sources, but the NTC PCR products were reproduced with 

different water and TE buffers ( Supplementary Figure S1 G). 
The same results of NTC PCR were obtained by independent 
PCR performed on different days. 

dsDNase 

To test the dsDNA-specificity of dsDNase (Thermo Fisher Sci- 
entific), either 10 μg of pBluescript KS (+) plasmid or 1000 

pmol of oligo 3 was incubated with 1 μl of dsDNase at 37ºC. 
After 1, 2, 3, 5, 10, 15, 20, 30 or 60 min, the reaction was 
stopped by adding EDTA (final concentration of 10 mM). To 

degrade contaminated dsDNA, either only oligo nucleotides 
or the whole PCR reaction mixture was incubated at 37 ºC 

for 2 min and then further incubated at 95 ºC for 5 min to in- 
activate dsDNase. Thus, dsDNase-treated primer pairs or the 
PCR reaction mixture were used for PCR reactions. 

Cloning and Sanger sequencing 

In the Arakawa laboratory, PCR-amplified fragments were 
cloned into a homemade T-vector by TA cloning. Plasmid 

DNA was purified using the Wizard Plus SV Minipreps DNA 

Purification System (Promega) in accordance with the man- 
ufacturer’s protocol. Gel-purified PCR products and plasmid 

clones were sequenced with the sequencing primers LEN100 

and UC1, respectively. Sequencing was done using Model 373 

Automated DNA Sequencer (Applied Biosystems). 
In the Ohtsuka laboratory, PCR-amplified fragments were 

cloned using TOPO® TA Cloning Kit (Life Technologies), and 

the insert sequences were determined by sequencing of plas- 
mid DNA using M328 primer. 

In the Gurumurthy laboratory, the PCR products were sep- 
arated on a 4% agarose gel and purified using Wizard SV Gel 
PCR Clean-up System (Promega, cat. no. A9282). Column- 
purified PCR products were cloned into pGEM®-T Easy Vec- 
tor Systems (Promega, Madison, WI, USA). Plasmid DNAs 
were sequenced using one of the M13F or M13R primers. 

Deep sequencing 

The deep sequencing library was prepared using Accel-NGS 
1S Plus DNA Library Kit for Illumina-24 reactions (Swift) 
and deep-sequenced using MiSeq Reagent Micro Kit v2 for 
300 cycles (Illumina). The libraries of 10 samples were deep- 
sequenced in a flow cell by Illumina MiSeq using φX174 DNA 

as a spike control. 

Bioinformatics 

FASTQ files demultiplexed by Illumina MiSeq were ana- 
lyzed using the CLC Genomics Workbench (Ver. 21) (Qiagen). 
Briefly, 1.9 million of the sequence reads were trimmed to ex- 
clude the adapter sequences in the Accel-NGS 1S Plus DNA 

Library Kit (Swift). From sequence reads, φX174 spike DNA 

was removed, and then the sequences of oligonucleotides were 
removed by the ‘Map Reads to Reference’ tool. Sequences 
commonly appearing in independent sequencing were consid- 
ered sequences derived from the Accel-NGS 1S Plus DNA Li- 
brary Kit and, therefore, removed. The rest of the sequence 
reads were interpreted as contaminated oligo sequences. The 
‘Map Reads to Reference’ tool was also used for mapping 
oligo contaminants to the reference genome. This tool ana- 
lyzed the read length of oligo contaminants before mapping. 
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Mapping of reads to the reference sequence can be de- 
fined by two parameters in the ‘Map Reads to Reference’ 
tool, namely length fraction, which is the minimum percent- 
age of the total alignment length that must match the refer- 
ence sequence, and the similarity fraction, which is the min- 
imum identity percentage between the alignment region of 
the read and the reference sequences. To avoid overestimat- 
ing cross-contaminants, we used the mild parameters to ex- 
clude oligonucleotide sequences (30% of the length fraction 

and 80% of the similarity fraction) and φX spikes (50% of the 
length fraction and 80% of the similarity fraction). We used 

more stringent parameters to map cross-contaminants to ref- 
erence genomes (80% of the length fraction and 80% of the 
similarity fraction). Because MiSeq Reagent Micro Kit v2 for 
300 can sequence up to 300 bases, which can cover the entire 
oligo length produced with current commercial oligo synthe- 
sis, the sizes of reads were considered the lengths of oligos. 

Because the Accel-NGS 1S Plus DNA Library Kit is single- 
indexed, a low rate of index hopping could occur during sam- 
ple preparation for deep sequencing. However, even if index- 
hopping causes cross-contamination, it could simply mix up 

the oligo sequences, and such oligo sequences were eliminated 

to extract oligo contaminants. Therefore, index hopping can- 
not explain the diverse oligo contaminants. 

Reference genomes 

The reference genomes are hg38 for Homo sapiens, GRCm39 

for Mus musculus, GRCz11 for Danio rerio, BDGP6.32 for 
Drosophila melanogaster, TAIR10 for Arabidopsis thaliana, 
ASM584v2 for Escherichia coli, and R64-1-1 for Saccha- 
romyces cerevisiae. The S AR S-CoV-2 genome (MN996528) 
and Human Immunodeficiency Virus 1 genome (NC_001802) 
were used as reference sequences of the virus genome. 

Results 

Guide sequence-like PCR products generated in the 

absence of the template DNA 

A few years ago, the Arakawa laboratory developed a novel 
molecular biological method to convert mRNA into a gRNA 

library ( 5 ). Using this method, a lentiviral CRISPR gRNA li- 
brary was generated from a mix of several human cell lines 
and subsequently used to screen high-temperature resistance 
by transducing the library to haploid myeloid cell line KBM-7 

( 6 ). 
We designed the primers based on the following two con- 

siderations (Figure 1 A). (i) We added Illumina adapter tails 
to each PCR primer to aid in MiSeq deep-sequencing. (ii) Effi- 
cient cluster identification of the Illumina sequencing platform 

depends on the base diversity in the initial 11 cycles. There- 
fore, a random sequence of 0–3 bases was inserted between 

the locus-specific sequence and the Illumina tail to generate se- 
quence diversity. We named the oligos as follows: oligo, oligo 

N, oligo NN and oligo NNN according to the number of addi- 
tional (random) nucleotides. The mixture of the four Illumina 
primers was named oligo i (Illumina) (see Figure 1 A). Four oli- 
gos for each of the forward and reverse primers were mixed 

and used for respective PCRs. 
The guide sequences integrated into the genomic DNA were 

detected after 27 cycles of PCR (Figure 1 B). Unexpectedly, 
a faint band was noticed in the no template control (NTC). 

When PCR was extended to 30 cycles, a higher intensity am- 
plicon was detected in the NTC (Figure 1 B). The size of this 
band appeared to be comparable to that of the PCR prod- 
uct of interest rather than a primer dimer suggesting potential 
contamination of guide sequences within PCR components. 
Thirty cycles of PCR reaction without primers produced no 

PCR product in the NTC sample (Figure 1 B). 
Considering the possibility that the 1i and 2i oligos could 

have been contaminated, those oligos were re-ordered (as a 
new batch), and additional primers at the 3 

′ end (3i and 4i) 
were designed. Like the first batch of oligos, we added Illu- 
mina tails in the second batch. The new set of primers (1i / 3i 
and 1i / 4i) also produced PCR products in the absence of 
a template. Of the three combinations, the 1i / 3i combina- 
tion produced higher quantities of nonspecific amplification 

(Figure 1 C). NTC PCR products were detected even when 

HPLC and PAGE grade oligos were used. Strikingly, PAGE- 
grade oligos produced even more PCR products than the 
desalt-grade oligos (Figure 1 D). Furthermore, we concluded 

that contamination did not arise from any of the components 
of our PCR, including water, PCR buffers, or polymerases 
( Supplementary Figure S1 ). 

For the initial experiments, the Arakawa laboratory pur- 
chased a collection of different primers with the same se- 
quence specificity as primers 1, 2 and 3 (Figure 1 A). Using this 
collection of primers, 35 cycles of PCR were performed for 84 

different primer combinations of 12 distinct forward primers 
and seven unique reverse primers, all in the absence of a tem- 
plate (Figure 1 E). All of the 84 primer combinations generated 

NTC PCR products. Notably, the amount of PCR product 
differed depending on the combination of primers. Combina- 
tions such as 1NN / 3N, 1NN / 3NN and 1NN / 3NNN gener- 
ated fewer PCR products (marked by * in Figure 1 E). These 
variations in slightly different sizes and amounts of NTC PCR 

products suggest the possibility of various contaminants in 

each oligo stock. 
To examine whether such oligo contamination was specific 

to the vendor, we procured oligos 1 and 2 from two other ven- 
dors. The vendor 2 and 3 oligos also generated PCR products 
in NTC although they were relatively fainter than those from 

vendor 1; a higher number of PCR cycles (35 or 40 cycles) 
generated NTC PCR products by using oligos from vendors 2 

and 3 (Figure 1 F). 

The contaminants are single-stranded DNAs. 

Electrophoresis of the 2i oligos on denaturing PAGE contain- 
ing urea revealed several unexpected bands in addition to the 
main DNA band (Figure 1 G). Failure of oligo synthesis typ- 
ically results in deletions within the oligo sequences due to 

failed coupling ( 7 ). This can result in the formation of a col- 
lection of ladder-like bands smaller than the main band. How- 
ever, we observed several large-sized bands of unknown ori- 
gin in most of the desalt-grade oligos (Figure 1 G). These ex- 
tra and larger bands were also detected in the highly purified 

HPLC and PAGE grade oligos from vendor 1 but not from 

vendor 3 

′ s PAGE grade oligo (Figure 1 G). It remains unknown 

if they are only oligos, other substances, or oligos bound with 

other substances. Nevertheless, the contaminants amplified by 
PCR were ruled out for double-stranded DNA molecules be- 
cause they were resistant to the treatment to degrade double- 
stranded DNA ( Supplementary Figure S2 ). 
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Figure 1. CRISPR guide sequence-like artifacts in no template control (NTC) PCR. ( A ) Schematic of PCR primers to amplify CRISPR guide sequences. 
Oligo i is the mix of four Illumina-tailed oligos. Positions and directions of oligos are shown by arrows. Two-colored arrows are Illumina-tailed oligos. ( B ) 
PCR in the presence or absence of template DNA. A genomic DNA sample containing guide sequences was used as a positive control. This genomic 
DNA was extracted from the KBM-7 myeloid cell line transduced by a single guide library. Genomic DNA samples containing the guide sequences 
produced a clear PCR product after 27 cycles. However, 27 cycles of PCR without a template also had a slight PCR product (NTC PCR product), which 
increased after 30 cycles. NTC PCR product was not observed after 30 cycles of PCR without primers. Triangles represent the expected size of 
guide-sequence PCR products. 100 bp ladder size marker is shown together. ( C ) NTC PCR with three different PCR primer pairs. NTC PCR products 
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1i / 2i (8 oligos) produced more NTC products than 1 / 2 (2 oligos). ( E ) NTC PCR products produced by a total 84 combinations of primer pairs. NTC PCR 

products were observed from all 84 primer pairs, including HPLC and PAGE grade primers. Because a few primers paired with the 1NN did not generate 
significant NTC PCR products (marked by *), NTC PCR products of 1NN / 2, 1NN / 2NN, 1NN / 2 (HPLC), 1NN / 2 (PAGE) (marked by the arrowhead) were 
further analyzed by Sanger sequencing in Figure 2 . ( F ) NTC PCR with PCR primers of three different vendors. Primers from two other vendors, including 
PAGE grade, also generated NTC PCR products. ( G ) Oligo DNAs in urea-PAGE. 100 pmol of oligos were run on 20% PAGE containing 50% urea. All 
PCRs were performed without a template except for (B). 
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The contaminants include CRISPR guide sequences 

While a few primers paired with the 1NN did not generate 
significant NTC PCR products (marked by * in Figure 1 E), 
1NN / 2-, 1NN / 2NN-, 1NN / 2- (HPLC), 1NN / 2- (PAGE) and 

1NN / 3-combinations generated NTC PCR products (marked 

by the arrowhead in Figure 1 E). This suggested that most of 
the contamination in these primer pairs were derived from oli- 
gos other than from 1NN. Another independent PCR with 

these primer pairs produced the same sized PCR products, 
which were gel-extracted and used for direct sequencing (i.e. 
without cloning). Each nucleotide sequence showed a differ- 
ent characteristic chromatogram (Figure 2 A). Importantly, un- 
expected sequences of approximately 20 bp were observed 

between the primer pairs used for PCR (Figure 2 A). The 
chromatogram of 1NN / 3 appeared as a single specific se- 
quence (Figure 2 A), also confirmed by other PCR polymerases 
( Supplementary Figure S3 ). In contrast, the other four NTC 

PCR products appeared as a mix of two or more sequences 
(Figure 2 A). 

To investigate further, the above PCR products were cloned 

into a plasmid vector, and six independent plasmid clones 
from each cloning reaction were sequenced. Probable guide 
sequences were detected in all six NTC PCR product clones 
derived from 1NN / 2 (PAGE) as shown in Figure 2 B. Of these, 
two different guide sequences were derived from Gallus gal- 
lus fragile X mental retardation 1 (FMR1), one was from 

Homo sapiens G protein-coupled receptor kinase 6 (GRK6), 
and one was from a non-coding sequence on the mouse chro- 
mosome (Figure 2 B). SpCas9 PAM (NGG) sequences were 
confirmed in the potential target sequences in those genomes. 
This was intriguing because guide sequences from different 
species and two guide sequences for the same gene (unrelated 

to the CRISPR library) were detected in an NTC PCR prod- 
uct. Given the diversity of the contaminates, it is highly un- 
likely that they originated in our laboratory. Likewise, many 
different guide sequences from various species were detected 

in the other four NTC PCR products (Figure 2 C). 

Contamination of CRISPR guide sequences was 

detected in every batch of research-grade oligos 

procured from all suppliers tested. 

Observations made in the Arakawa laboratory using three dif- 
ferent oligo manufacturers in Europe prompted us to inves- 
tigate whether this issue is common in other regions. Some 
of the experiments presented in Figure 2 were repeated by 
procuring oligos from manufacturers in Asia and the USA 

(experiments performed at Ohtsuka and Gurumurthy labora- 
tories, respectively). Oligos (1, 3 and M1159) were procured 

from two major manufacturers in Asia, and three in the USA 

and tested for contamination; all commercial oligos tested 

showed the presence of unrelated guide RNA contaminations 
( Supplementary Figure S4 ). 

Contaminants other than CRISPR guide sequences 

The oligos we investigated in this work for cross- 
contamination were those intended for amplifying CRISPR 

guide sequences. To understand if those oligos contained 

heterologous type (i.e. non-CRISPR guide) contaminants, we 
performed deep-sequencing analysis for 10 oligos (9 oligos 
shown in Figure 1 G and oligo 3 analyzed in Figure 2 A and 

C) using Illumina MiSeq. Since the oligo DNAs are single- 
stranded, the deep-sequencing libraries were prepared using 

a specialized kit for library preparation from single-stranded 

DNA (the Accel-NGS 1S Plus DNA Library Kit for ssDNA). 
All 10 oligos analyzed harbored various contaminants, a to- 

tal of 15 154 reads. The level of oligo contamination was vari- 
able, ranging from 0.17% to 2.88% (Figure 3 A). The lengths 
of contaminants ranged from 20 to 200 nucleotides (Figure 
3 B), indicating the presence of a variety of contaminants that 
are not resolved by PAGE (Figure 1 G). This size distribution 

reflects the standard oligos synthesized at most commercial 
vendors. The sequence of the contaminant guide sequence 
DNA was successfully identified from deep sequencing reads 
(Figure 3 C). This sequence contained the guide sequence to- 
gether with parts of the human U6 promoter and gRNA scaf- 
fold, confirming the result of Sanger sequencing (1NN / 3 in 

Figure 2 A and C). The limited length of the U6 promoter and 

guide scaffold within oligos may explain why the primer pairs 
closer to the guide sequence produce more NTC PCR prod- 
ucts ( Supplementary Figure S1 E). 

To explore the origin of the remaining contaminants, we 
first mapped the contaminants to the human genome. For ex- 
ample, 162 reads were mapped through human chromosome 
1 (Figure 3 D), and contaminants were distributed to other 
chromosomes as well. Oligo contaminants were also mapped 

on the genome of model organisms such as mice, zebrafish, 
flies, yeast, plants ( Arabidopsis ) and Esc heric hia coli (Fig- 
ure 3 E). Minor oligos were also found on pathogenic viral 
genomes such as S AR S-CoV-2 and human immunodeficiency 
virus (Figure 3 F) and on a plasmid vector, pBluescript KS (+) 
(Figure 3 G). Of note, we found a relatively much higher num- 
ber of HIV sequences (10 reads) than S AR S-CoV-2 (only 1 

read). This could probably be because the companies have 
been synthesizing HIV oligos for a much longer period than 

for S AR S-CoV-2, or possibly because HIV sequences were be- 
ing synthesized in parallel at the same time on the same equip- 
ment for another customer while our oligos were synthesized. 

Discussion 

Our observation of PCR products in no template control 
(NTC) samples of CRISPR library screening experiments 
prompted us to investigate the cross-contamination issue. Our 
systematic analysis of the issue to amplify guide sequences led 

us to detect the contamination issue. Based on our observa- 
tions, we conclude that commercially purchased custom oligo 

DNAs are frequently cross-contaminated with nonspecific oli- 
gos, including the CRISPR guide sequences (Figure 3 H). 

We suggest that the presence of near-universal cross- 
contamination of CRISPR guides and other oligonucleotides 
could be due to the following reasons. While the PCR tem- 
plate of guide sequences can be designed as oligos because 
of their short length, we used sensitive PCR primers close to 

the guide sequence, and the mix of eight different primers 
for amplifying guide sequences has further increased sensi- 
tivity for detecting contamination. Sanger sequencing of the 
guide sequences revealed the diversity of the guide sequence 
contaminants. CRISPR technology is widely used, increasing 
the chance that cross-contaminated oligos could contain un- 
related guide sequences. Finally, deep sequencing of oligos re- 
vealed the many other types of oligo contamination beyond 

guide sequences. 
Due to the following reasons, the typical contamination 

during the lab work is not considered the primary rea- 
son for the cross-contamination in this study. For instance, 
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A B

C
              contaminants             clones           accession number        gene

1NN/2
TACCGTTGGTGTGAAAATAT 4 XM_026847135.1 Athene cunicularia primase and DNA directed polymerase (PRIMPOL)
GGTTACAGCTCGACCTCTCG 1 XM_025389444.1 Theropithecus gelada mitochondrial ribosomal protein S27 (MRPS27)
CACCTCTCAAGACACTCAGT 1 no complete match       
                                                total 6

1NN/2NN
CGGGGGCCCGCAAGGTTATT 3 XM_021166722.1 Mus caroli protein arginine methyltransferase 1 (Prmt1)
GGAAGAATCTCATCTCTGGG 3 NM_021822.4 Homo sapiens apolipoprotein B mRNA editing enzyme catalytic subunit 3G (APOBEC3G)
                                                total 6

1NN/2 [HPLC]
CTTGGAGAACAGGGGGCAAGAGA 4 XM_026848446.1 Athene cunicularia neuroligin 3 (NLGN3)
GTGCTGACACTGATGAACGG 1 NM_0010043.3 Homo sapiens G protein-coupled receptor kinase 6 (GRK6)
TAACCCATACTCGCAACAAC 1 XM_028514013.1 Phyllostomus discolor AT-rich interaction domain 1A (ARID1A)
                                                total 6

1NN/2 [PAGE]
TCTTTATTATAGCCTGCAGGTGG 2 XM_015285261.2 Gallus gallus fragile X mental retardation 1 (FMR1)
CGGCTCCAACGGGGCCTTTTACA 1 XM_015285261.2 Gallus gallus fragile X mental retardation 1 (FMR1)
CAACGTGGTATCCGGCGACC 2 JN13084.1  Mus musculus targeted non-conditional
GTGCTGACACTGATGAACGG 1 NM_0010043.3 Homo sapiens G protein-coupled receptor kinase 6 (GRK6)
                                                total 6

1NN/3
ACTTGTTTTCTGGCTCGCAG 6 no complete match       
                                                total 6

CGAAACACCGTACCGTTGGTNNNNNAATATGTTTTAGAGC

CGAAACACCG                    GTTTTAGAGC CGAAACACCG                     GTTTTAGAGC

hU6 promoter gRNA scaffold

CGAAACACCGCGAAGATCTGCATNGTCTGTGTGGTTTTAGAGC

CGAAACACCGNNTGGCANACATNNNNCCNGGTTTTAGAGC

CGAAACACCGCGGCTCCACGGGGCNNTTNNCAGTTTTAGAGC

CGAAACACCGCGGCTCCACGGGGCNNTTNNCAGTTTTAGAGC

CGAAACACCGCGGCTCCAACGGGGCCTTTTACAGTTTTAGAGC

CGAAACACCGTCTTTATTATAGCCTGCAGGTGGGTTTTAGAGC

CGAAACACCGCAACGTGGTATCCGGCGACC---GTTTTAGAGC

CGAAACACCGGTGCTGACACTGATGAACGG---GTTTTAGAGC

CGAAACACCGACTTGTTTTCTGGCTCGCAGGTTTTAGAGC

hU6 promoter gRNA scaffold

GgFMR1

GgFMR1

Mm a 
genomic 
locus

HsGRK6

1 2
3

1 2
3

1NN/2

1NN/2NN

1NN
/2 [HPLC]

1NN
/2 [PAGE]

1NN/3

1NN
/2 [PAGE]

Figure 2. Contamination of CRISPR guide sequences in oligos. ( A ) Sequences of NTC PCR products without cloning. NTC PCR products were purified 
from agarose gel and sequenced without cloning. Single or mixed sequences were present within the region flanked by primer pairs. Arrows show the 
location of primers. ( B ) Sequences of NTC PCR products cloned in plasmid vectors. The 1NN / 2 (PAGE) NTC product was cloned into a plasmid vector, 
and each clone was sequenced. Sequences before and after cloning are shown as chromatograms. The genes corresponding to the guide sequence are 
also shown. ( C ) Specificity of guide sequences in NTC PCR products. NTC PCR products of 5 primer pairs were cloned into a plasmid vector, and each 
clone was sequenced. The genes corresponding to the guide sequence are also shown with accession numbers. 

contamination of pipettes, buffers, or water occurs in the lab; 
the contaminating sequence will be limited to one or a few 

sequences studied locally in a given lab. It may be possible 
for commercial PCR enzymes to be contaminated with small 
amounts of bacterial genomic DNA from which the enzymes 
are purified ( 8 ). CRISPR is a mechanism of acquired immu- 
nity in bacteria ( 9 ), so bacterial genomic DNA can contain 

guide sequences from their CRISPR locus. Because the guide 
sequence in oligo contaminants comprises the human U6 pro- 

moter, guide sequence, and gRNA scaffold, such a combi- 
nation of sequences does not exist in bacterial genomes. If 
the oligos are cross-contaminated with each other due to in- 
dex hopping during deep sequencing, the sequences detected 

would be those of oligonucleotide sequences synthesized at 
commercial facilities. Furthermore, we removed the oligonu- 
cleotide sequences to extract contaminant sequences. There- 
fore, cross-contamination between oligos by index hopping 
cannot explain the diverse contaminant sequences revealed 
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deep seq              GTGGAAAGGACGAAACACCGACTTGTTTTCTGGCTCGCAGGTTTTAGAGCTAGAAATAG
Sanger seq  CTTGTGGAAAGGACGAAACACCGACTTGTTTTCTGGCTCGCAGGTTTTAGAGCTAGAAATAGCAAGTT

hU6 promoter     guide sequence X    gRNA scaffold

1 3

Figure 3. Ratios and complexity of oligo contaminants. ( A ) Ratios of oligo contaminants. The deep sequencing library was prepared from 10 oligos 
using Accel-NGS 1S Plus DNA Library Kit for Illumina and deep-sequenced in a flow cell using Illumina MiSeq. From the 1.9 million total sequence reads, 
sequences of oligonucleotides were removed to identify oligo contaminants of 1 51 54 reads. The ratios of oligo contaminants per each oligo’s total 
sequence reads are shown. ( B ) Size distribution of oligo contaminants. Because the sequencing kit can sequence up to 300 bases, which covers the 
entire length of commercially a v ailable oligos, the read lengths of oligo contaminants were considered oligo lengths. ( C ) The sequence of CRISPR guide 
sequence contaminated in oligo 3. The full-length sequence of the guide sequence oligo contaminated within oligo 3 was aligned with the sequence 
identified by Sanger sequencing (Figure 2 A). Deep sequencing re v ealed its full-length sequence, whereas Sanger sequencing could not clarify the extent 
of the o v erlap betw een the PCR primers and the contaminated oligo. T he locations of primers 1 and 3 are indicated. ( D ) Distribution of oligo 
contaminants on Homo sapiens chromosome 1. 15154 reads of whole oligo contaminants were used for mapping on human chromosome 1. ( E ) Oligo 
contaminants on the genome of model organisms. Whole oligo contaminants were mapped on the genome of 7 model species. Some oligos may map 
to the genome of more than one species and may have been counted multiple times. ( F ) Distribution of oligo contaminants on pathogenic viral 
genomes. Whole oligo contaminants were mapped on the genome of SARS-CoV-2 and HIV. ( G ) Distribution of oligo contaminants on a plasmid vector. 
Whole oligo contaminants were mapped on the sequence of a plasmid vector, pBluescriptKS(+). ( H ) Schematic image of contaminations in commercial 
oligos. Commercial oligonucleotides contain diverse cross-contaminants, including CRISPR guide sequences. The percentages in (A) indicate 
contaminants in each oligo, while those in (D)–(G) indicate reads among whole contaminants (15 154 reads). 
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by deep sequencing. Therefore, it is unlikely that the source 
of the contamination in this study was a manipulation error 
in the laboratory, DNA in the environment, bacterial DNA in 

the enzyme, or contamination between oligos by index hop- 
ping, which is generally assumed to be the common sources of 
contamination. 

These results indicate that the contamination we observed 

was highly likely derived from the commercial oligos. Oligo 

contamination was detected from all vendors we tested from 

different regions of the world ( Supplementary Figure S4 ), and 

therefore, we conclude that this could be a universal tech- 
nical problem. Multiple methods confirmed contamination: 
PCR and electrophoresis (Figure 1 ), Sanger sequencing (Fig- 
ure 2 ) and deep sequencing (Figure 3 ). Each method has its 
strengths and weaknesses: (i) Our PCR protocol is sensitive 
to detect guide sequences (Figure 1 , Supplementary Figures 
S1 and S3 A), and Sanger sequencing can identify each guide 
sequence (Figure 2 , Supplementary Figures S3 B and S4 ) but 
cannot detect non-CRISPR sequences. (ii) PAGE gel can visu- 
alize oligos regardless of sequences (Figure 1 G), but whether 
each band shows an oligo remains unknown. 3) Deep sequenc- 
ing identified diverse sequences other than the guide sequence 
(Figure 3 ). However, since almost all of the sequences iden- 
tified in the deep sequencing differed from guide sequences, 
we presume that the guide sequences may be a minor fraction 

of types of contaminants. Nevertheless, deep sequencing char- 
acterized the full-length sequence of the guide sequence oligo 

highly contaminated in the oligo 3 (Figure 3 C), confirming the 
PCR (Figure 1 C, E, Supplementary Figures S1 and S3 A) and 

Sanger sequencing (Figure 2 A, C, Supplementary Figure S3 B) 
approaches. 

The level of contamination, as assessed by the intensity 
of PCR amplifications or the number of PCR cycles used 

for amplification, differed between manufacturers. Interest- 
ingly, HPLC- or PAGE-grade oligos also contained cross- 
contaminants. Of note, we observed the highest levels of con- 
tamination in the HPLC-grade oligos (Figure 3 A). Although 

PAGE and HPLC address the purity of oligos in reducing syn- 
thesis truncation products, these purification processes may 
likely add the risk of secondary contamination due to in- 
creased handling at facilities (i.e. while the molar purity of 
the main product is improved with purification, the addi- 
tional handling offers an opportunity for sample contamina- 
tion from other sequences being processed in parallel). While 
quality control by mass spectrometry is used to verify the cor- 
rect mass of the desired main product and identify synthesis 
failure products, such quality control methods may not iden- 
tify low-level contaminations in such preparations. 

The estimated market size for oligos is billions of USD. 
Commercial companies worldwide synthesize oligos round 

the clock in most facilities to meet the high demand. We 
observed cross-contamination among all vendors we tested 

from three different continents. Our observation of cross- 
contaminated oligos could be expected because the synthesis 
facilities produce oligos using the same set of equipment back- 
to-back to meet the high demand, and the traces of the oligos 
remaining in the equipment may become a source of cross- 
contamination of the oligos synthesized subsequently. While 
it is practically impossible for companies to extensively clean 

equipment between each synthesis step, the deep sequencing 
approach shown in this study could help manufacturers iden- 
tify the source of contaminants to ensure a higher quality of 

their oligo preparations. Widespread use of single-molecule 
detection techniques such as next-generation sequencing and 

digital droplet PCR have already led to major changes in man- 
ufacturing Standard Operating Procedures (SOPs) (at least for 
some vendors). 

End users desire fast delivery of inexpensive oligonu- 
cleotides to help accelerate the pace of their experiments 
and to do as much research as possible on limited bud- 
gets. Hence commercial oligonucleotide manufacturers em- 
ploy highly parallelized, high-throughput manufacturing sys- 
tems that focus on the quality of synthesis while risking low 

levels of cross-contamination. A single oligonucleotide syn- 
thesis event can easily produce 10 

17 or more molecules of 
that oligonucleotide. Even if the level of contamination is only 
1 part per billion, 10 

8 molecules of contaminant would be 
present in the final preparation, which can be readily detected 

using modern PCR or NGS methods. While some level of con- 
tamination may be inevitable, in our analyses, it is worth not- 
ing that relative contamination levels varied between suppli- 
ers. Zero cross-contamination can likely be achieved, but such 

results are probably only possible in the setting of GMP man- 
ufacturing of oligonucleotides (for example, products used for 
human therapeutics) where only a single oligonucleotide is 
made on a single synthesizer in its cleanroom at a very high 

cost and slow throughput. 
Our findings caution that commercial oligo DNAs can con- 

tain contaminated nonspecific sequences, which could affect 
research studies, particularly if the reagents are used for high 

throughput library preparation or screening. It would be wise 
to perform control experiments to validate oligo purity be- 
fore proceeding with sensitive studies. For example, control 
experiments, such as the no template control in this study or 
independently ordered oligos of the same sequence, should be 
helpful. The risk of contamination can be ignored if the end 

goal of the experiment is not compromised. For instance, con- 
taminants can be okay for an experiment involving amplifying 
specific genes from a given species and subsequently cloned to 

determine the nucleotide sequence. Similarly, a few percent of 
unrelated oligonucleotides are unlikely to impact the results 
of an antisense or siRNA experiment. In the deep sequencing 
of low-cycle amplified samples, the contamination could be 
overlooked in the noise behind the real signal. Thus, depend- 
ing on the purpose, the influence of trace amounts of oligo 

contaminants is limited. In contrast, the contamination of oli- 
gos may have caused unexpected artifacts in specialized exper- 
iments such as metagenomic analysis, de novo sequencing, an- 
cient genetic material sequencing, rare sequence screening and 

other experiments currently documented in published papers 
due to the high number of amplification cycles or reference- 
independent analysis. 

Cross-contamination, almost omnipresent in commercial 
oligos, has not been reported thus far. This knowledge should 

be shared among the scientific community, which is the aim of 
this paper. 

Data availability 

The deep sequencing data are publically available in DDBJ 
Sequence Read Archive (DRA). DRR452922–DRR452931 

represent the original sequence reads, and DRR452932 - 
DRR452941 represent the contaminant reads extracted from 

the original sequence reads. 
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