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Abstract

Custom oligonucleotides (oligos) play a crucial role in molecular biology applications, including sequencing, polymerase chain reaction (PCR),
and library construction. For highly sensitive techniques such as next-generation sequencing (NGS) library preparation, oligos must exhibit ex-
ceptional purity and accuracy. Here, we provide a perspective on the presence of unrelated, contaminating sequences in custom-made oligos
using a case study of an RNA-protein crosslinked immunoprecipitation (CLIP-seq) experiment. These contaminants led to artefactual results
in NGS data, rendering their results uninterpretable. Systematic investigation identified a contaminating human immunodeficiency virus (HIV)
gag sequence embedded between lllumina-compatible adapter sequences, forming a functional ‘library-structured’ molecule capable of ampli-
fication and sequencing. Additionally, other nonspecific sequences, including fragments from unrelated oligos, were detected. By sharing our
analysis strategy and outcomes, we aim to raise awareness within the research community and emphasize the need for more stringent quality
controls in oligo synthesis and validation by commercial suppliers, safeguarding academic experimenters’ time and resources. Furthermore, this
perspective provides a systematic approach for the identification of the source of contaminating sequences in custom-made oligos designed for
NGS library preparations.
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Introduction ious research and clinical applications. They are usually pro-
Oligonucleotides in research and therapy duced in the laboratory through solid-phase synthesis and can
Oligonucleotides (oligos) are short single- or double-stranded ~ be synthesized as single-stranded molecules with precise se-
DNA or RNA molecules, which are of vital importance in var- quences [1]. Double-stranded oligos are obtained by annealing
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two complementary strands after synthesis, cleavage and de-
protection, and purification. Oligos serve as versatile tools in
various applications in research, genetic testing, forensics, and
therapeutics. They are used extensively in applications such as
polymerase chain reaction (PCR), DNA and RNA sequenc-
ing, molecular cloning, artificial gene construction, molecular
probing, genome editing, and gene knockdown [2]. Increas-
ingly, they are being tried for clinical applications as antisense
oligonucleotides (ASOs), small interfering RNAs (siRNAs),
aptamers, and guides for genome editing [3].

Oligos possess the unique capability to hybridizing specifi-
cally to their complementary molecules such as DNA or RNA,
leading to the formation of duplexes, or in some cases, higher-
order hybrids. This characteristic allows the use of oligos
as probes for identifying specific DNA or RNA sequences
as well as amplifying them. Moreover, oligos can be joined
to DNA or RNA sequences by the formation of 5-3’ phos-
phodiester bonds, utilizing a variety of ligase enzymes, which
has increased their versatility. Current techniques for utiliz-
ing oligos include next-generation sequencing (NGS), fluores-
cent in situ hybridization (FISH), synthesis of artificial genes,
and clustered regularly interspaced short palindromic repeats
(CRISPR)-based genome editing (Fig. 1).

Application of oligonucleotides in CLIP-seq

NGS-based techniques have revolutionized genomics, provid-
ing deep insights into genome structure, function, and expres-
sion. Specialized applications of NGS have allowed explo-
ration of more and more specific and challenging questions
in biology, such as transcriptome dynamics and interactomics.
For example, RNA-protein crosslinking and immunoprecip-
itation (CLIP) technologies have been developed to identify
the binding sites of RNA-binding proteins (RBPs) on their
RNA targets in cells using an NGS-based approach (CLIP-seq)
[4]. Advances in CLIP-seq methodology over the last 20 years
since the original study [5] have addressed technical challenges
and improved the resolution, sensitivity, specificity, and con-
venience of the method [4].

To amplify the RNA fragments that are bound by their cog-
nate RBPs in CLIP-seq and prepare cDNA libraries, different
RNA and DNA adapter oligonucleotides (oligos) and primers
are used throughout the protocol. The correct and efficient ad-
dition of each of these sequences to the RNA or cDNA and the
complementarity of these sequences to the oligos used in the
subsequent steps is critical for obtaining reproducible results.
The reliable outcome of CLIP experiments is thus dependent
on the specificity and purity of all these oligos.

In order to understand the crucial usage of oligos in the dif-
ferent steps of CLIP-seq, it is important to have an overview of
the CLIP-seq workflow. Essentially, in most CLIP-seq variants
similar steps are involved to purify RBP-RNA complexes and
subsequently sequence the RNA fragments to profile the sites
of intermolecular contact on a transcriptome-wide level [6, 7].
The most widely used CLIP variants enable RBP binding sites
to be determined with single-nucleotide resolution. To this
end, RBPs are first covalently crosslinked to their RNA targets
by controlled ultraviolet (UV) irradiation of cells (Fig. 2B).
The crosslinked RNAs are then partially fragmented by lim-
ited RNase treatment. After immunoprecipitation using spe-
cific antibodies against the bound RBP, adapter ligation to
the RNA and sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), the RBP-associated RNA frag-

ments are reverse transcribed into cDNA (Fig. 2C-G). Then,
sequencing adapter oligos are ligated to the cDNA to enable
PCR amplification and the generation of cDNA libraries that
are subjected to high-throughput NGS sequencing (Fig. 2H-]).

As the CLIP-seq workflow is dependent on the usage
of multiple adapter and primer oligos, the purity, integrity,
and specificity of oligos is imperative for the success of a
CLIP-seq experiment. For example, it is known that cross-
contamination of index adapters can lead to the misassign-
ment of reads when samples are multiplexed, through index
cross-talk or index hopping [8, 9]. Similarly, the presence of
failed synthesis products, including truncated oligos or other
contaminants, can potentially interfere with the amplification
of the desired sequence. Although commercially synthesized
research-grade oligos are marketed with several levels of qual-
ity control, including mass spectrometry, and multiple purifi-
cation options such as high-performance liquid chromatogra-
phy (HPLC) or PAGE, such oligos have been reported to be
frequently cross-contaminated with CRISPR guide sequences
and other unrelated oligos [10].

Contamination of commercially supplied
oligonucleotides: a case study

Here, we provide a perspective about the criticality of the pu-
rity and integrity of oligonucleotides to an NGS-based tech-
nique such as CLIP-seq. We use a case study of a complex con-
tamination of commercially synthesized sequencing adapter
oligos from a reputed supplier used for library amplification in
CLIP experiments to illustrate the above perspective. The con-
tamination was identified during data analysis and required a
systematic investigation to trace its origin to the supplied oli-
gos. The adapter oligos used were reported to have passed all
quality controls advertised by the supplier, yet contained var-
ious erroneous sequences, one of which caused a significant
over representation of artefactual sequences in the CLIP data.
While we report a CLIP-seq experiment as a use case to illus-
trate the pitfalls of the presence of contaminating oligos in an
experimental workflow utilizing multiple sets of oligos, such
contaminations are of critical relevance for many NGS-based
experiments involving commercially supplied oligos.

While it is unknown how frequently such contaminations
occur in custom oligonucleotides, reports on how to system-
atically troubleshoot such issues are lacking. Therefore, this
case study highlights the need for the scientific community to
remain vigilant about potential failures in the quality control
of commercially provided oligos, which can lead to confound-
ing results and unnecessary expenditure of time and resources
in NGS-based experiments.

An abundant contaminant sequence identified in
seCLIP data

The case study is based on single-end enhanced CLIP experi-
ments (seCLIP) aimed at identifying RNA targets of two RBPs
in human hepatocellular carcinoma (HuH?7) cells. The se CLIP
experiment was performed according to a published proto-
col with modifications (Fig. 2; see Supplemental data for de-
tails of the methods and Supplementary Table S1) [11]. Briefly,
this method relies on immunoprecipitation of the RBP of in-
terest followed by preparation of a sequencing library from
the crosslinked RNAs. The crosslink-induced termination of
cDNA synthesis and adapter ligation strategy ensures that
the crosslink site is positioned at the beginning of the first
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Figure 1. Research and clinical applications of oligonucleotides. Examples of application of oligonucleotides in the laboratory and clinic, including in
polymerase chain reaction (widely used in molecular cloning, NGS, and diagnostics), as aptamers for studying molecular interactions, as guide RNAs in
genome editing, and as siRNAs and antisense oligonucleotides (ASOs) for gene knockdown.

sequencing read. A unique molecular identifier (UMI), con-
sisting of 10 random nucleotides, is part of the adapter oligo
that is ligated to these truncated cDNAs to uniquely tag each
molecule, which places the UMI upstream of the insert. This
information is thus captured in the same sequencing read as
the crosslink site. During library preparation experimental
indexes (or barcodes) of eight nucleotides are added to the
c¢DNAs via the primer oligos to uniquely label each sample,
which enables different libraries to be multiplexed and se-
quenced in the same run. Finally, these data are assembled and
analysed using computational tools to identify the RNA target
and specific crosslinking site(s). The inclusion of UMIs within
the cDNA adapter oligos also allows for the quantification of
unique cDNAs in the library and removal of PCR duplicates.
Here, a combinatorial dual indexing strategy to label the li-
braries was adopted, using four different Illumina-compatible
forward (i5) and reverse (i7) index adapters (hereafter also
abbreviated as D50_ and D70_ in figures, respectively) (Fig.
2A) for the library amplification step, permitting the multi-
plexing of the samples. Each double stranded molecule in the
sequencing library therefore had a ‘library-structure’ consist-

ing of a cDNA of interest, flanked by a 5" UMI sequence and
sequencing compatible i5 and i7 adapter sequences to the 5’
and 3’ of the cDNA sequence (Fig. 2]).

Using this method, cDNA libraries for RNAs binding to
two different RBPs, SERBP1 and PCBP1, were prepared to-
gether with appropriate controls. The experimental pipeline
was quality controlled at multiple levels. In particular, im-
munoprecipitation of the RBP with IP-grade antibodies was
visualized by western blot. The position of the RBP on the
western blot was used to determine the region of the mem-
brane (RBP + 75 kDa) to be recovered, to capture and enrich
for the desired RBP-RNA complexes. The number of PCR cy-
cles required for library preparation was also optimized in test
PCRs to avoid overamplification. The ¢cDNAs in the final li-
braries were size selected and purified as per the protocol be-
fore sequencing.

For the analysis of the sequencing data, the libraries were
first demultiplexed using the indexes and the adapter se-
quences were removed from the reads (Fig. 2K). As the or-
ganization of the sequence read is predefined (see Fig. 2]), the
UMIs were then extracted by taking the first 10 nucleotides
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Figure 2. Schematic of the seCLIP experimental protocol and bioinformatic analysis pipeline. (A) Schematic representation of the different oligos (one
oligoribonucleotide and four types of oligodeoxyribonucleotides) used in these CLIP protocol. Important characteristics/features are annotated and
listed. (B=J) Overview of the seCLIP experimental protocol [11]. (B) Live cells are irradiated with UV light at 2564 nm to induce covalent crosslinking
between RNA and proteins that are in direct contact. (C) Following cell lysis, the RNA is partially digested into fragments by RNAse | endoribonuclease.
(D) The RBP of interest is immunoprecipitated using antibody-coupled magnetic beads and after several washes and a 3'-dephosphorylation step an
RNA adapter oligo (green) is ligated to the 3’ end of co-immunoprecipitated RNA fragments in preparation for reverse transcription. (E) RBP-RNA
complexes are separated by SDS—-PAGE and transferred to a nitrocellulose membrane. A region of the membrane up to 75 kDa above the RBP size is
excised to capture the RNAs bound by the RBP. SMI: size-matched input control. (F) Proteinase K digestion removes the crosslinked RBP and the RNA is
extracted from the membrane. (G) Reverse transcription to cDNA is performed with a primer (orange) complementary to the RNA adapter ligated instep
D. Truncated cDNAs are generated due to the peptide at the crosslink site (red X). (H) Ligation of 3" DNA adapter (purple) to the cDNA molecules. This
cDNA adapter contains a 10-nucleotide random-mer at the 5" end, which is the UMI (indicated in light purple). (I) Adapterligated cDNA libraries are PCR
amplified using DNA oligos (blue and red) that comprise lllumina platform-compatible adapter sequences along with an in-line experimental index (darker
shade) and sequences complementary to either the RT primer or cDNA adapter. Amplified cDNA libraries are subsequently size selected and purified to
select cDNAs of 175-350 bp and ensure complete removal of adapter ligation products. (J) Final structure of the seCLIP library fragments including
adapters with an i5 and i7 index flanking either side of the fragment of interest. The libraries are quantified, multiplexed, and subjected to
high-throughput sequencing. (K) Representative example of an seCLIP data analysis workflow. Briefly, reads are demultiplexed, the UMls are extracted
from the fastq files, and the adapter sequences are trimmed. After quality control (QC), reads are typically first aligned to a database of repetitive
elements to remove these sequences and only the unmapped reads are mapped to the genome of interest. PCR duplicates are removed using UMI
information and finally the reads are used as input for statistical analysis and calling of interacting RNAs and binding sites.

of the read, also used later to determine PCR duplicates to
be collapsed to a single read. After alignment to Repbase
[12], a database of repetitive eukaryotic DNA sequences, to
remove repeat elements from the sequences, the reads were
mapped to the human genome. Unexpectedly, data analysis re-
vealed high PCR duplication rates across all samples. Genome
alignment demonstrated that a substantial number of reads
did not map to the human reference genome (Fig. 3A). The

proportion of unmapped reads ranged from ~25% to 90%
across different samples. Further analyses showed that the
most overrepresented unmapped sequence was identical in
all seCLIP libraries and revealed 100% identity to nucleotide
positions 1703-1737 of the human immunodeficiency virus
type 1 (HIV-1) (Fig. 3B), corresponding to the group specific
antigen (gag) gene (Fig. 3C). The gag gene encodes the gag
polyprotein that is cleaved into the core structural compo-
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Figure 3. Identification of overrepresented HIV gag sequences in seCLIP reads of human (HuH7) cells. (A) Stacked bar graph showing the percentage of
reads in the 14 seCLIP samples that were mapped (orange) or unmapped (grey) to the human genome (GRCh38). (B) NCBI Nucleotide BLAST (blastn)
results where the most overrepresented unaligned seCLIP read was queried against the default nr/nt database (top). Detailed pairwise alignment with
HIV-1 (NC_001802.1) is shown in the bottom panel. (C) EMBOSS Needle pairwise alignment of the contaminating seCLIP read to the gag gene of HIV-1

(NC_001802.1, nucleotide positions 336-1838).

nents of HIV-1 (and all other retroviruses) and is required and
sufficient to drive virion assembly [13]. As this overrepresen-
tation of a single, completely unrelated sequence was unex-
pected, we concluded that this result was artefactual. While it
is easy to identify the presence of such an artefact, it is chal-
lenging to identify its source, considering the multiple inputs
into the experimental pipeline. Therefore, a methodology had
to be developed to systematically exclude multiple possibil-
ities and finally identify the source of this likely artefactual
result.

The HIV gag contaminant sequence lacks a UMI

As a first step, we explored the possibility that the HIV gag
sequence was already present in the HuH7 cells, as retrovi-
ral genomic sequences are sometimes integrated into cellu-
lar genomes. Therefore, we performed reverse transcription
— polymerase chain reaction (RT-PCR) with primers designed
against the HIV-1 gag gene on RNA isolated from the same
HuH?7 cell lysates that were used for the seCLIP experiments.
While B-actin mRNA used as positive control was readily am-
plified from all samples, the HIV gag-specific primers failed to
amplify a product (Fig. 4A), indicating that the contaminat-
ing sequence was not present in the HuH7 cellular RNA and
had not been introduced during cell culture. Consistent with
this result, the contaminating sequence identified in these CLIP
data corresponded to only one particular fragment of the HIV
gag gene (Fig. 3C) and no other sequences from the HIV-1 gag
or other parts of the HIV-1 genome were found, indicating

the absence of functional HIV-1 (gag) RNA. Together, these
findings ruled out HIV as the contaminating source. Also, the
presence of a single, short sequence from the HIV gag gene
was inconsistent with the possibility of introduction of HIV
genomic RNA from any reagent or material during the CLIP
process as a previous report describing the presence of con-
taminating Acinetobacter jobnsonii XBB1 (CP010350.1) se-
quences in CLIP data, originating from contaminated transfer
membrane, had found sequences covering the entire A. john-
sonii genome [14].

We next excluded the possibility that the contamina-
tion originated from the sequencing facility. The remaining
aliquots of the seCLIP libraries that had been submitted to
the sequencing facility were subjected to PCR reactions with
a reverse primer specifically designed to identify the contami-
nating gag sequence and a primer against the 5’ sequence com-
mon to all forward (i5) index adapters (we refer to this as the
i5 flow cell primer) (see Figs 2] and 4B, top). A PCR product of
~100 bp was amplified from all tested samples (Fig. 4B). This
length corresponded to the expected size of the contaminating
HIV sequence and Sanger sequencing of this PCR product fol-
lowing gel-purification confirmed it as the contaminant HIV
gag DNA sequence (Fig. 4B). Identical results were obtained
over multiple experiments where a gag sequence primer was
used in combination with an i7 flow cell primer or with full
length i5 or i7 index adapters (data not shown). These anal-
yses therefore demonstrated that the contaminating sequence
was introduced during library preparation and before submis-
sion of the libraries to the sequencing facility.
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Figure 4. The contaminant HIV gag sequence was introduced post cell culture and lacks a UMI. (A) Gel electrophoresis of R-PCRs of RNA isolated from
seCLIP HuH7 cell lysates using primers designed against a region in the HIV gag gene (left) or [3-actin as positive control (right). (B) Top: The
contaminant seCLIP read from our experiment is shown with the HIV gag sequence flanked by index adapters.The expected position of the UMI is
displayed in purple as 10 N's to reflect the 10 random nucleotides. The locations of primers used in the PCR reaction shown below are indicated. Note,
the sequences of the i5 and i7 index adapters are only partially shown. Middle: Gel electrophoresis of PCRs performed on seCLIP final library samples
amplified with an HIV gag specific primer and a primer against the flow cell binding sequence of i5 index adapters. Bottom: Sanger sequencing result
shown as chromatogram data with the contaminating HIV gag sequence and (partial) i5 index adapter sequences indicated. (C) Detailed pairwise
alignment of nucleotide BLAST (blastn) results of B showing 100% sequence identity to HIV-1. The 10 nt sequence in the UMI position, but found to be

invariably aligned to HIV-1, is highlighted with a box.

Importantly, the raw seCLIP reads as well as the Sanger se-
quencing results demonstrated absence of any UMI sequence
between the i5 index adapter sequence and the HIV gag se-
quence in these reads (Fig. 4C). Instead of the UMI sequence
there was a 10 bp sequence from the HIV gag gene in the UMI
position, giving rise to a continuous 45 bp HIV gag sequence
(Fig. 4C). As the UMIs are used for identification of PCR-
duplicated reads, the absence of a UMI explained the observed
high duplication rate of the libraries with the contaminating
sequence. More importantly, this finding indicated that it was
unlikely that the contamination was present in the steps prior
to cDNA adapter oligo ligation, because all RNA fragments
obtained from earlier steps, including any potential nonspe-
cific DNA or RNA contaminants, would otherwise have been
ligated to a UMI-containing adapter oligo after reverse tran-
scription to cDNA (Fig. 2H).

Despite the absence of a UMI, the contaminating sequence
had the correct library-structure, i.e. a cDNA sequence flanked
by index adapter sequences (Figs 2] and 4B), which is strictly
necessary for it to bind to the flow cell and be sequenced on
the NGS platform. The presence of the erroneous HIV gag
sequence between the index adapters resulted in a DNA frag-
ment of 180 bp (45 bp HIV gag + 70 bp i5 index adapter
+ 65 bp i7 index adapter), which is within the 175-350 bp
size range of ¢cDNA library fragments selected for sequenc-
ing.

The index adapter oligos contain the contaminating
HIV gag sequence

Collectively, our findings suggested that the contamination
was likely introduced at one of the steps in the CLIP proto-
col subsequent to the cDNA synthesis (i.e. Fig. 2H-I). To this

end, we first questioned whether the cDNA adapter oligo (see
Fig. 2H) could have been the source of the HIV gag sequence.
We used the cDNA adapter as template in PCR reactions with
two different combinations of i5 and i7 index adapters (indi-
cated as D501-4 and D701-4 in Fig. 5). The cDNA adapter
sequence should only have had a binding site for the i5 but
not i7 index adapter and PCRs should therefore not generate
a product.

By contrast, we found that a product of about 100 bp was
amplified together with an unexpected ~100-150 bp product
that also appeared in the no template control (NTC) reactions
(Fig. SA). Different water sources were tested, but all showed
this nonspecific amplification, suggesting that this result was
not caused by the use of contaminated water in the PCR reac-
tions. Other PCR components such as dNTPs, buffers, and the
DNA polymerase were also replaced to exclude the possibility
of contamination of these reagents.

In subsequent PCR reactions, we used all i5 and i7 in-
dex adapter oligos that had been used in the seCLIP exper-
iments as primers together with an HIV gag contaminant spe-
cific primer (Fig. 5B) to test whether the index adapter oli-
gos could have been the source of the contamination. Am-
plification from these reactions would indicate that the index
adapter oligos were both acting as primers and providing the
template for these PCR reactions. Remarkably, here we found
that five out of eight reactions generated a product (Fig. 5B,
top), indicating that the index adapters were the source of the
template for these amplicons. Sanger sequencing of the gel-
extracted ~100 bp PCR product revealed that this fragment
contained the HIV gag sequence that contaminated the se CLIP
data and was directly flanked by the sequence of the index
adapter (Fig. 5B, bottom). These sequences matched with the
HIV gag sequence and i7 index adapter as shown in Fig. 4.
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Cross-contamination of commercial oligonucleotides with library-structured sequences 7

A Primers: D503 + D702 D504 + D701
cDNA cDNA
Template:  NTC1 NTC2 %DNtA sample NTC1 NTC2 %DNA sample B
adapter 4 adapter 19 Primer 1: HIV gag F primer HIV gag R primer
Primer 2/template source: ~ D701 D702 D703 D704 D501 D502 D503 D504

75nt 56nt 33nt

HIV gag i7 index adapter

i i

Figure 5. The HIV gag sequence is part of index adapter oligo molecules. (A) Gel electrophoresis of PCR reactions with two index adapters (forward i5 in
blue indicated as D503/4 and reverse i7 in red as D701/2) performed on cDNA adapter, two different NTCs and cDNA library (positive control). (B) Top:
Agarose gel electrophoresis of PCRs performed with an HIV gag contamination primer and i5 or i7 index adapter. The index adapters function as both
primer and template in these reactions. Bottom: Sanger sequencing result of the PCR product generated with an HIV gag primer and i7 index adapter
D701 gel purified from lane 2 (highlighted with asterisk). Result is shown as chromatogram data with the contaminating HIV gag sequence and (partial)
i7 index adapter sequences indicated. (C) 5 ng of the indicated oligos were run on a PAGE gel. Lanes marked with 75 nt, 56 nt, and 33 nt contain 5 pg
unrelated oligos of indicated length from a different supplier as size markers. The additional band present in the i7 index adapter D701 is highlighted with

an asterisk.

These data thus conclusively demonstrated that the contami-
nating HIV gag sequence was part of the index adapter oligo.
The different levels of product amplification with different in-
dex adapter oligos suggest that the contaminating sequence is
present at different levels in different supplied oligos.

The HIV gag contamination was found in all samples of
the seCLIP experiment to varying degrees (Fig. 3A). Because
demultiplexing of the data relies on the unique combination
of indexes for each sample in the experiment (i.e. the combi-
natorial dual indexing approach), at least one oligo in each
adapter duo was contaminated with this sequence. Indeed, we
found that the HIV gag contaminant sequence is present in at
least five out of eight supplied oligos (Fig. 5B), which can di-
rectly explain 93% of the seCLIP data (13 out of 14 samples).
Although we could not exactly quantify the level of contami-
nation, the high proportion of unmapped reads in the different
libraries (Fig. 3) indicates that this proportion was substantial.

We next compared the length of the delivered, contami-
nated oligos with the expected length of the index adapters by
PAGE, using oligos of known length as size markers (Fig. 5C).
The ordered sequences of the i5 and i7 index adapters were 70
nt and 65 nt in length, respectively. In contrast, the delivered
PAGE-purified oligos all ran at slightly different positions thus
indicating heterogeneity in length and sequence. Strikingly, in
one of the oligos (Fig. 5C, lane 9 with i7 index adapter D701)
we could even observe an additional band indicating the pres-
ence of another oligo or contaminant. Whereas smaller oligo
by-products can occur as a result of failed oligo synthesis, the
presence of larger products is unexpected, especially in PAGE-
purified oligos that have been validated by the supplier to cor-
respond to the correct mass as assessed by mass spectrometry
(Supplementary data).

HIV gag, as a library-structured molecule, is present
in index adapter oligos

The full adapter sequences must be present on both sides of
the cDNA fragment of interest in order to attach to the se-
quencing flow cell and be sequenced on the NGS platform
as these contain the sequences necessary for flow cell binding
and the sequencing primer annealing site (Fig. 2]). Therefore,
for inclusion in the seCLIP data, the contaminant sequence
must have had this organization. In support of this, our re-
sults so far identified that the HIV gag contaminant sequence
was part of the index adapter molecule (example shown for
D701 in Fig. 5B). To test this hypothesis, we set out to investi-
gate whether this contaminant sequence was already present
in the supplied oligos as a ‘library-structured’ sequence, in
which the contaminant is present between two index adapters
(see also Fig. 2]). Because these adapters were used for se-
CLIP library amplifications, the contaminant would thus have
been introduced into all of the sequences. In an unbiased ap-
proach to target away from the actual contaminant sequence,
we used the i5 and i7 flow cell primers as detecting agents
in PCR experiments where a single index adapter was used
as a template (Fig. 6A). Unless the annealing site for the sec-
ond primer is present too, this should not generate any PCR
product. If the HIV gag and other index adapters sequence
were both part of the same molecule the expected product
would be 180 bp. Indeed, in all reactions where one of four
index adapters was used as template, we amplified a prod-
uct but not in the NTC PCR. Sequencing of the gel-purified
PCR products (Fig. 6C-E) identified the 45 bp contaminant
HIV gag sequence and part of both index adapters in the ~200
bp product from the reaction where i5 index adapter D501
was used as template (Fig. 6C). Thus, even without using HIV
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i5 flow cell primer

i7 flow cell primer

— —
A ACTCTTTCCCTACACGACGCTCTTCCGATCTCAGAGCCAACAGCCCCACCAGAAGAGAGCTTCAGGTCTGGGGTAGAGATCGGAAGAGCACACGTCTGAACTCCAGT......
i5 index adapter HIV gag sequence i7 index adapter
B C D501 product (~200bp):
Primers:  i5 flow cell primer + i7 flow cell primer : i5 index adapter : HIV gag , i7 index adapter I
Template: D701 D704 D501 D504 NTC

D p704 product:

i7 index adapter

D502 specific index 5 index adapter

o7 TeATeeTe[TemARTTOG AceTe TecT T Teoanr

7 @ o AR AGAGTGTGCC TCTATE TETAGATCT S TE aTcac e T ATeATTT|che

100
50

Size (bp)

E D504 product:

i5 index adapter i7 index adapter

TR

R YR

TC CTTCACG ACG CTTCT TCCGATT

F Oligos Library PCR Excise library
- 175-350 bp
/_\/ = - e B : I 3’
e ot s -, T ————
Targets - B Target
— |
e 5 - —— 3
- — - DT @ ———
+ [ - HIV gag
Contaminating sequences =———_, J— 5
~ _ %7 Agarose gel 3 m— —
~ —

Contaminants

Figure 6. The contaminating HIV gag sequence is present between index adapter sequences as a functional library molecule in the supplied oligos. (A)
Annotated seCLIP sequencing read of the HIV gag contaminant. The HIV gag sequence is shown in black and partial i5 and i7 index adapters in blue and
red, respectively. Location of the primers used in PCR reactions shown in B are indicated as arrows. (B) Agarose gel electrophoresis of PCR reactions
with primers against the flow cell binding sites of index adapters [see panel (A)] performed with i7 index adapters (red) or i5 index adapters (blue) as
template or no template water control (NTC). (C) Sanger sequencing chromatogram of the ~200 bp gel-purified PCR product from B with i5 index
adapter D501 used as template (lane 4). The 45nt contaminating HIV gag sequence and (partial) i5 and i7 index adapter sequences are annotated. (D)
Chromatogram showing the Sanger sequencing result from the ~100 to 150 bp PCR product from B where i7 index adapter D704 was used as template
(lane 3). Partial i5 and i7 index adapter sequences and the 8nt index specific to i5 index adapter D502 are indicated. (E) Same as C and D but from the
PCR product with i5 index adapter D504 in B (lane 5). (F) Schematic image depicting how the library-structured contaminant, HIV gag, in commercial

oligos was incorporated in the CLIP library that was sent for sequencing.

gag specific primers, a product that corresponds to the exact
sequence and correct ‘library structure’ for NGS identified in
our seCLIP data could be readily amplified from the commer-
cially supplied oligo.

Moreover, analysis of the sequence of the other PCR prod-
ucts shown in Fig. 6B revealed that the HIV gag sequence
was not the only unrelated sequence that was part of the in-
dex adapter. For example, from the reaction where i7 index
adapter D704 was used as template (Fig. 6B and D) the se-
quence of i5 index adapter D502 could also be identified.
Specifically, apart from the last 21 nucleotides at the 3’ end,
the full sequence of D502 could be clearly identified from the
sequencing data directly adjacent to the i7 index adapter se-
quence. Due to the specific 8 nt index corresponding to D502
this sequence could be assigned to this 15 index adapter com-
pared to the other adapters. Thus, when we performed PCR
with the two primers against the flow cell binding sequence of
i5 and i7 index adapters, amplification was observed and sub-
sequent sequencing revealed that the received i7 index adapter
D704 was a mixture that also contains other irrelevant se-
quences within the same molecule (i.e. D502). A similar fusion

of sequences within an oligo was also observed for i5 index
adapter D504 (Fig. 6E). Here, the first 5" nucleotides of an i7
index adapter (the annealing site for i7 flow cell primer) was
flanked by the i5 index adapter sequence and thus we con-
cluded that the sequence of this oligo corresponded not only
to the ordered sequence but also partially to a (fragmented)
sequence of an i7 index adapter.

The PCR products that were mixes of index adapters with-
out the HIV gag contaminant were not identified in our se-
CLIP data as these ran below the cDNA library size cut-off
(window 175-350 bp) (Fig. 6F). If they were present within
the multiplexed library that was sent for sequencing, these
reads would have been discarded during the adapter trim-
ming stage of data processing as they only contain adapter
sequences.

To summarize this case study, we identified an HIV gag
sequence as a major contaminant in seCLIP libraries and
through systematic investigation traced the source of this se-
quence back to the commercially supplied index adapter oli-
gos that were used for the final library amplifications. Within
the commercially supplied oligos, we found molecules with the
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HIV gag between i5 and i7 index adapter sequences (Fig. 6F).
Critically, this order of sequences formed a library structure
that enabled it to be amplified and sequenced thus heavily
contaminating the reads of the NGS and precluding a mean-
ingful analysis of the correctly sequenced reads. In addition,
other unrelated sequences were found in the index adapters
in these oligos. We repeated the entire seCLIP experiment af-
ter replacing these oligos with newly ordered PAGE-purified
oligos from a different commercial source, and no contami-
nating sequences were identified in the new data, confirming
that these oligos were the unquestionable source of the con-
tamination.

Perspectives

NGS-based techniques have now become the method of
choice for a wide range of genomic and transcriptomic stud-
ies. As all these techniques require successive steps of intro-
duction of synthetic oligos to RNA and DNA intermediates,
and amplification of the resulting products, these protocols
exquisitely depend on the purity and specificity of these oligos.
Methods of oligonucleotide synthesis have vastly improved
over the last decades and currently automated solid-phase syn-
thesis has given rise to remarkable improvement in the quality
and scale of oligonucleotide synthesis. Synthesized oligonu-
cleotides are further purified by desalting, cartridge purifica-
tion, PAGE, or HPLC, respectively, in order to achieve succes-
sively higher grades of purity and minimize sequence failures
[15]. However, it is still possible to have commercially sup-
plied oligos, especially index adapter oligos, from reputed sup-
pliers which may be contaminated with unrelated sequences
or failed synthesis products [16]. It is of importance for re-
searchers using NGS-based approaches to be able to recog-
nize the presence of such contaminating sequences in their
data and detect the source of the contamination in the mul-
tiple sets of oligos which are used for NGS-based experi-
ments.

We have therefore described here an unexpected source
of experimental error that was caused by a profound cross-
contamination of commercially supplied index adapter oli-
gos. These contaminations resulted in the generation of un-
interpretable data sets in an seCLIP experiment. This became
apparent during data analysis of this highly complex and
resource-intensive experiment. Systematic investigation into
the cause of the experimental results resulted in the identifi-
cation of contaminating index adapter oligos, which included
all the required sequences to be carried over until the final step
of NGS.

Although we exemplify the importance of identifying the
source of the contamination in the interpretation of se-
CLIP data, the implications of the findings described here
extend well beyond CLIP-seq and are directly relevant to
a broad spectrum of high-throughput sequencing applica-
tions that critically depend on custom-synthesized oligonu-
cleotides for library construction. Bulk RNA-seq, ChIP-seq,
ATAC-seq, and DNA methylation profiling all rely on adapter
and index oligos that are introduced at early or intermedi-
ate steps of library preparation, where even low-level con-
tamination with amplification-competent, library-structured
molecules can profoundly distort library complexity, dupli-
cation rates and quantitative signal. In targeted resequencing
and amplicon-based workflows, such contaminants may pref-

erentially amplify due to their favourable length and primer
complementarity, leading to misleading enrichment and false-
positive target detection.

Single-cell and single-nucleus sequencing approaches are
particularly vulnerable to this class of artefact. Given their ex-
treme sensitivity, limited input material and reliance on com-
binatorial indexing or barcoding strategies, contaminating oli-
gos can propagate across large numbers of cells or droplets,
manifesting as pervasive background signal, barcode colli-
sions or spurious shared features between otherwise unrelated
cells. In such settings, artefacts introduced at the oligo level
may be incorrectly interpreted as biologically meaningful cell
populations or technical batch effects.

Similarly, CRISPR-based pooled screening platforms, which
employ guide RNA libraries and sequencing adapters in
parallel, are susceptible to cross-contamination between un-
related oligo species. Here, the presence of unintended
sequences embedded within functional adapter contexts
could result in erroneous guide assignment or confounded
genotype—phenotype associations. The systematic quality con-
trol framework presented in this study—integrating analysis
of unmapped reads, structural analysis of sequencing arte-
facts, and direct interrogation of supplied oligonucleotides—
provides a generally applicable strategy for identifying and
tracing oligo-derived contaminants. Incorporating such vali-
dation steps into routine quality control workflows, particu-
larly for adapter and index oligos used across multiple high-
throughput platforms, may substantially improve the robust-
ness and interpretability of NGS data across diverse experi-
mental contexts. In addition, to increase the stringency of the
production process and enhance the confidence in oligonu-
cleotides used for research purposes, it may be advisable
for researchers to engage directly with suppliers and share
with them the data of their systematic troubleshooting ap-
proaches in case contaminating sequences are detected in
supplied oligonucleotides. This will help suppliers to iden-
tify potential sources of cross-contamination or quality con-
trol failure in their manufacturing processes, and thereby
adopt remedial steps to limit the chances of such contamina-
tion.

Specifically, it was found that the HIV gag contaminant
sequence was flanked by full length NGS adapter oligo se-
quences but lacked a UMI. This ‘library-structure’ of the con-
taminant can explain the biased amplification of the contam-
inant at the expense of the cDNAs of interest, as normally
these adapter oligos are only partially complementary to the
intended targets. The PCR products resulting from the use of
these adapter molecules were thus grossly over-represented at
the step of data analysis.

In the particular case detailed here, the contamination was
readily detected during data processing due to its non-human
origin, which was highly dissimilar from the anticipated re-
sults. However, if this contaminant would have been of hu-
man origin, the identification of artefactual results might have
been more challenging, possibly resulting in misinterpretation
of experimental data such as incorrect RBP interaction tar-
get determinations. Crucially, the presence of the contaminat-
ing sequence(s) as part of the same molecule as the supplied
adapter oligo sequences clearly demonstrate that the contam-
inating sequences were not introduced from the laboratory
during any step of the experimental workflow. Interestingly,
given the ‘library-structure’ and the size of the major contam-
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inating oligo, it may have been designed by researchers, and
synthesized at the same manufacturing facility, as it is remi-
niscent of a ‘spike-in control’. Synthetic spike-in controls are
RNA or DNA molecules that function as internal quality con-
trols for NGS workflows and constitute sequences from dif-
ferent species to distinguish them from the sequences of inter-
est [17]. Cross-contamination however does not explain how
longer oligos composed of multiple adapter sequences were
generated.

When tracking the source of the contamination, we were
surprised to find that the quality issues of the commercially
provided and supposedly rigorously quality-controlled oligos
could be recognized by standard laboratory technology such
as PAGE. While this report documents unexpected issues with
the quality of oligos in the context of CLIP protocols, our ex-
perience does not appear to be a unique exception but a real
world challenge with commercial vendors around the world
[10]. As described here, problems with purity and integrity of
oligos, despite assurances of rigorous quality control, can have
a substantial impact on experimental results and cause waste
of scientific resources and time. Furthermore, contamination
of oligos used routinely for molecular diagnostic procedures,
such as primers for RT-PCR, poses problems of possible misdi-
agnosis. Reports of contamination of SARS-CoV-2 detection
primers during the COVID-19 pandemic by synthetic positive
control oligonucleotides manufactured by the same supplier
emphasize this point [18].

While we utilized PAGE-purified index adapter oligos in
this case study in accordance with a widely used published
protocol for seCLIP-seq [11], it is important to note that such
protocols may not reflect current best practices in oligonu-
cleotide manufacturing. In particular, PAGE purification, al-
though historically employed to increase oligo purity, involves
extensive post-synthesis handling steps that increase the risk
of cross-contamination. This is in contrast to evolving manu-
facturer recommendations, which increasingly favour alterna-
tive purification strategies optimized for high-throughput se-
quencing applications. Indeed, both PAGE and, to a lesser ex-
tent, HPLC purification have been associated with contamina-
tion levels that can compromise sensitive downstream appli-
cations such as NGS and dPCR [16]. Modern manufacturer-
recommended oligos, produced using improved chemistries
and quality control processes, typically exhibit substantially
lower cross-contamination rates (~0.01%-0.05%). We there-
fore recommend prioritizing manufacturer guidance over
legacy protocols to minimize artefacts such as index misas-
signment, thereby improving data integrity and avoiding un-
necessary experimental repetition.

While no standard protocol is available to detect similar
contaminants in commercially supplied oligos, this case study
provides a systematic methodological approach to detect con-
taminating sequences in commercially synthesized oligos de-
signed for NGS library preparation. This required successive
steps of excluding possible sources of the contamination, in-
cluding from in-house and sequencing facility sources, and
then investigating the multiple possible oligos which are uti-
lized as inputs in the NGS workflow before being able to iden-
tify the particular oligo set which contained the contaminat-
ing oligos. We hope that this perspective will help the exten-
sive community of researchers using NGS-based approaches
to be able to recognize and detect the presence of possible con-
taminating sequences in their commercially sourced oligonu-
cleotides.
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