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Tn5 tagments and transposes oligos to single-stranded
DNA for strand-specific RNA sequencing
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Tn5 transposon tagments double-stranded DNA and RNA/DNA hybrids to generate nucleic acids that are ready to be

amplified for high-throughput sequencing. The nucleic acid substrates for the Tn5 transposon must be explored to increase

the applications of Tn5. Here, we found that the Tn5 transposon can transpose oligos into the 5′ end of single-stranded DNA

longer than 140 nucleotides. Based on this property of Tn5, we developed a tagmentation-based and ligation-enabled single-

stranded DNA sequencing method called TABLE-seq. Through a series of reaction temperature, time, and enzyme concen-

tration tests, we applied TABLE-seq to strand-specific RNA sequencing, starting with as little as 30 pg of total RNA.

Moreover, compared with traditional dUTP-based strand-specific RNA sequencing, this method detects more genes, has

a higher strand specificity, and shows more evenly distributed reads across genes. Together, our results provide insights

into the properties of Tn5 transposons and expand the applications of Tn5 in cutting-edge sequencing techniques.

[Supplemental material is available for this article.]

Because of advances in high-throughput sequencing and its low
cost, the method is extensively available in many aspects of life
science research, especially for analyzing genome-wide events
(Metzker 2010). Newhigh-throughput sequencing–basedmethod-
ologies and approaches are being developed for gene expression
analysis, epigenetic information profiling, chromatin structure
analysis, noncoding RNA evaluation, high-throughput screening,
mutation detection, and so on (Kolmar et al. 2022; Severins et al.
2022).

Touse the sequencing power of high-throughput sequencing,
the DNA of interest needs to be ligated with specific adaptors on
both the 5′ and 3′ ends, and if the amount of DNA is low, the
DNA must be amplified by PCR (Quail et al. 2008; Kozarewa
et al. 2009). This procedure is usually called library preparation,
which generally requires the following steps: DNA fragmentation
and the addition of adaptors to DNA. Two major strategies are
widely used in high-throughput library preparation. One is the
DNA ligation–based technique, which fragments target DNA by
sonication or enzyme digestion, adds an adenine to DNA ends,
and then ligates specific primers to the target DNA by T-A ligation
(Oyola et al. 2012). The other method uses transposons to frag-
ment and insert specific primers into the enriched DNA of interest
(Adey et al. 2010; Hennig et al. 2018).

Transposons, which were discovered in maize by Barbara
McClintock, can “jump” fromone location to another within a ge-
nome (McClintock 1950). The Tn5 transposons, which are found
in Escherichia coli, consist of two inverted IS50 sequences. These se-
quences contain two pairs of 19-bp outside ends (OEs) and inside
ends (IEs) (Berg et al. 1975; York and Reznikoff 1996). The OEs are
inverted to be the target sites of Tn5 transposase (Johnson and

Reznikoff 1983). Tn5 transposases bind to OEs to form a synaptic
transposon complex by dimerizing two Tn5 transposases through
the C-terminal domain. Then, Tn5 transposases use water mole-
cules to catalyze the hydrolysis of the phosphodiester bond of
DNA, forming a nucleophilic hydroxyl group at the 5′ ends of
DNA. The hydroxyl group attacks the complementary DNA strand
to form a hairpin structure, which is further activated by another
water molecule to create a blunt end (Davies et al. 1999, 2000;
Steiniger-White et al. 2004). Through this process, Tn5 transpo-
sons bind to the target DNA sequence and transfer the transposon
DNA strands into both strands, leaving a 9-bp gap at the 3′ end of
targeting sites. Through this “cut and paste” process, Tn5 transpo-
sons “jump” from one location to other locations (Zhou and
Reznikoff 1997; Reznikoff 2003).

Tn5 transposases that are assembled with OEs can tagment
and transpose OEs into target DNA in vitro; as a result, owing to
the tagmentation of Tn5 with specifically designed sequences in
OEs, DNA is ready for PCR amplification (Goryshin and
Reznikoff 1998; Naumann and Reznikoff 2002). In addition, the
tagmented DNA is fragmented by Tn5 transposition, and the
step of DNA fragmentation in high-throughput sequencing is
not needed. Using these fragmentation and adaptor ligation prop-
erties, Tn5 is widely used in genomic research (Cain et al. 2020;
Adey 2021). Tn5 transposons are assembled by mixing Tn5 trans-
posases and designed adaptors with OE sequences. When Tn5
transposons recognize the target DNA, the transposons fragment
the target DNA and insert the designed adaptors into each end
of the fragmented DNA (Bourque et al. 2018; Adey 2021). The
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resulting DNA can be amplified by adding barcodes and sequenc-
ing adaptors for high-throughput sequencing (Kia et al. 2017).

We and others have found that Tn5 can tagment cDNA/RNA
hybrids to generate PCR-ready products to quickly construct RNA
sequencing libraries (Di et al. 2020; Lu et al. 2020; Sun et al. 2021).
However, little is known about how Tn5 transposon tagments
single-stranded DNA (ssDNA). Here, we applied Tn5 to tagment
ssDNA to uncover the potential applications of this widely used
enzyme in omics studies.

Results

Tn5 tagments ssDNA

We and others have shown that Tn5 tagments and transposes oli-
gos to the DNA/RNA hybrids (Di et al. 2020; Lu et al. 2020; Sun
et al. 2021). To explore how Tn5 tagments different nucleic acid
substrates, we treated double-stranded DNA (dsDNA), total RNA,
and ssDNA with the Tn5 transposon.

As previously reported (Naumann and Reznikoff 2002), Tn5
transposon tagmented dsDNA, which was purified as genomic
DNA fromHEK293T cells (Fig. 1A). The Tn5 transposon showed lit-
tle ability to tagment total RNA that was purified from HEK293T
cells (Fig. 1B). To synthesize ssDNA, we used asymmetric PCR,
which used an unbalanced concentration of forward and reverse
primers (Heiat et al. 2017), and amplified an H3.1 DNA sequence
from a plasmid as the template. After PCR, we detected an upper
and a lower DNA band (Fig. 1C). Moreover, when subjected to
ExoI treatment, which digests only ssDNA but not dsDNA, the
lower DNA band was abolished, indicating that the lower band
represented the synthesized ssDNA. As expected, Tn5 tagmented
the upper band that represented the dsDNA band. To our surprise,
the Tn5 treatment also tagmented the lower band that represented
the ssDNA band. To further validate the identities of synthesized
DNA, we purified the upper and lower bands of DNA and treated
this DNA with ExoI and DNase I, respectively (Fig. 1D). Unlike
ExoI, which only digests ssDNA, DNase I catalyzes the removal
of nucleotides from both ssDNA and dsDNA (Korada et al. 2013).
The upper band of DNA was abolished only by DNase I but not
by ExoI, and the lower band of DNA was eliminated by both
DNase I and ExoI, further showing the observation that the upper
band of DNA was dsDNA and the lower band of DNA was ssDNA.

We speculate that Tn5 requires a certain length of ssDNA to
be bound by both monomers (Davies et al. 2000; Steiniger-
White et al. 2004). To test this hypothesis, we synthesized
ssDNA with different lengths by asymmetric PCR and then sub-
jected this ssDNA to ExoI and Tn5 treatment (Fig. 1E). The synthe-
sized ssDNA was fully digested by ExoI, confirming that the DNA
was single-stranded. In addition, ≥160-nt ssDNA was tagmented
by Tn5,whereas 130-nt and 110-nt ssDNAwere not tagmented, in-
dicating that a length >130 nt was necessary for the tagmentation
of Tn5 against ssDNA. In addition to the ssDNA generated by
asymmetric PCR, we further tested whether synthesized oligos
could be tagmented by Tn5 transposon. dsDNAwas used as a pos-
itive control (Supplemental Fig. S1A). Oligos with a length >200 nt
were tagmented after being incubated with Tn5 transposon.
Together, these data suggest that Tn5 tagments ssDNA.We further
analyzed the tagmentation efficiency of Tn5 transposons against
similar lengths of dsDNA and ssDNA. When subjected to 5 min
at 37°C, 25°C, and 16°C, respectively, the dsDNA and ssDNA
were tagmented to similar degrees (Fig. 1F). In addition, the tag-
mented ssDNA at 16°C showed a higher band, which was not gen-

erated by the process of incubation (Supplemental Fig. S1B),
suggesting the ssDNA was ligated with transposon adaptors.

Tn5 transposes oligos into ssDNA

DNA fragmentation by Tn5 transposon relied on nucleophilic at-
tacks by a 3′ hydroxyl group of Tn5 adaptors (Davies et al. 1999,
2000; Steiniger-White et al. 2004). In addition, Tn5 catalyzes the
translocation of transposable elements through a “cut and paste”
mechanism, leading to a 9-bp gap between the nontransferred
strand and the target DNA (Picelli et al. 2014). This attacking direc-
tion and 9-bp gap could inhibit the transposition of oligos at the 3′

end of ssDNA (Fig. 2A). To further examine whether Tn5 could
“paste” oligos to both ends or a single end of ssDNA, we designed
to tagment ssDNA by Tn5 transposons with dual adaptors and
then used Tn5 transposon-specific primers to perform PCR amplifi-
cation on the resulting DNA. The tagmentation product was ampli-
fied by PCRwhen Tn5 transposed oligos to both ends of ssDNA and
was not amplifiedwhenonlyone end of ssDNAwas transposedwith
oligos (Fig. 2B). As previously observed, Tn5 tagmented both dsDNA
and ssDNA (Supplemental Fig. S2A). However, only the dsDNA tag-
mentation product, but not the ssDNA product, could be amplified
by PCR (Fig. 2C). To further confirm the ligation of Tn5 adaptors to
the ssDNA, we designed a tagmentation experiment using 5′ or 3′

end immunofluorescence-labeled ssDNA as the substrate. The 5′

end–labeled ssDNA was generated by asymmetric PCR with 5′ end
Alexa Fluor 594–labeled forward primer. The 3′ end immunofluores-
cence–labeled ssDNAwas synthesized by terminal deoxynucleotidyl
transferase, which added the Alexa Fluor 594–labeled dUTP to the 3′

end of ssDNA. In addition, Alexa Fluor 488–labeled Tn5 adaptors
were used to assemble the Tn5 transposons. This red Alexa Fluor
594 5′ end–labeled or 3′ end–labeled ssDNA was then tagmented
by the Tn5 transposonwith green Alexa Fluor 488–labeled adaptors.
If the ligation of Tn5 adaptors happened at the 5′ end or the 3′ end
of ssDNA, the red immunofluorescence signal at the 5′ end or 3′ end
of ssDNA would be removed, and green immunofluorescence–la-
beled Tn5 adaptors were added to the tagmentation products. If
the ligation happened to both ends, both of the red signals at the
5′ and 3′ ends of ssDNA would be removed after tagmentation
and only green signals would be detected. We successfully labeled
the ssDNA with red Alexa Fluor 594 immunofluorescence
(Supplemental Fig. S2B). The mobility shift in the 3′ end–labeled
ssDNA was because the addition of dUTP increased the length of
ssDNA. The green immunofluorescence signals corresponding to
the tagmented ssDNA indicated the ligation of Tn5 adaptors to
both 3′ and 5′ Alexa Fluor 594–labeled ssDNA. The Alexa Fluor
594 signals at the 5′ end, but not the ones at the 3′ end, were abol-
ished after tagmentation, indicating that the Tn5 transposon adap-
tors were mainly ligated to the 5′ end of ssDNA.

Because the transposed Tn5 oligo is likely at the 5′ end of
ssDNA, we designed a dsDNA adaptor with a 3′ protruding end
for ligation at the 3′ end of ssDNA (Fig. 2D). The random hexamer
at the 3′ protruding end was designed to be annealed to the ssDNA
to facilitate the ligation of the designed adaptor and tagmented
ssDNA. The phosphorylation of the 5′ end at the adaptor was
the necessary terminal modification for the ligation of the DNA
strand. In addition, we added a reversed dT to the 3′ end of the
adaptor to prevent misligation and repress the extension of ran-
dom hexamer-containing stands, which would increase the fidel-
ity and strand specificity.

Tn5 transposons with two different adaptors were used to tag-
ment dsDNA and insert two different adaptors for the PCR

Tn5 tagments single-strand DNA
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amplification (Metzker 2010). However, these two different adap-
tors lead to a loss of strand specificity in ssDNA amplification, so
this system is not suitable for ssDNA amplification with strand spe-
cificity.We then synthesized the Tn5 transposon with a single kind
of adaptor that could tagment dsDNA as the Tn5 transposon with

two different adaptors (Supplemental Fig. S2C). We then used the
Tn5 transposon with a single kind of adaptor to tagment ssDNA,
which was synthesized from asymmetric PCR. The tagmentation
product was subjected to adaptor ligation and PCR amplification.
We called this approach tagmentation-based and ligation-enabled

A

C

E

F

D

B

Figure 1. Tn5 transposon tagments ssDNA. (A) Tn5 transposon tagmented genomic DNA (gDNA). gDNA from HEK293T cells was subjected to Tn5
transposon tagmentation. (B) Tn5 transposon had little activity to tagment total RNA. Total RNA purified from HEK293T cells was subjected to Tn5 tag-
mentation reaction. RNase A, which digested RNA, was used as the control for the existence of RNA. (C) Tn5 transposon tagmented both dsDNA and
ssDNA. dsDNA and ssDNA, which were generated from asymmetric PCR, were used for Tn5 tagmentation. ExoI, which only digested ssDNA, was used
to indicate the ssDNA. (D) dsDNA and ssDNA, which were generated from asymmetric PCR, were purified and treated with different nucleases. ExoI, which
only digested ssDNA, was used to indicate the ssDNA. DNase I, which digested both ssDNA and dsDNA, was used to indicate the DNA. (E) Tn5 transposon
could not tagment ssDNA <130 nt. Different lengths of ssDNA, which were generated from asymmetric PCR, were used for Tn5 tagmentation. (F ) Tn5
transposon tagmented dsDNA and ssDNA with similar efficiencies. Purified dsDNA and ssDNAwere subjected to Tn5 transposon tagmentation under dif-
ferent temperature for 5 min.
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Figure 2. TABLE-seq-generated strand-specific sequencing library from ssDNA. (A) Illustration of how Tn5 transposon tagmented dsDNA and ssDNA. (B)
Illustration showing the design for PCR analysis of oligo transposition in ssDNA. (C) PCR results presenting only tagmented dsDNA can be amplified. (D)
Illustration showing the design for TABLE-seq. (E) Gel result presenting TABLE-seq method could amplify the tagmented ssDNA. (F,G) Profiles showing the
distributions of reconstructed paired-end sequencing fragments forwardly and reverselymapped to the ssDNA. Two independent replicates from repeat #1
(F) and repeat #2 (G) are shown. The x-axis indicates the 5′-to-3′ direction of the template ssDNA. Forward, reconstructed paired-end sequencing reads
mapped to the forward direction of ssDNA. Reverse, reconstructed paired-end sequencing readsmapped to the reverse direction of ssDNA. (H) IGV viewing
presenting the forward and reverse reads mapped across the ssDNA. (I) The distribution of fragment length in ssDNA TABLE-seq. Two independent rep-
licates from repeat #1 and repeat #2 are shown.
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ssDNA sequencing (TABLE-seq). The PCR results showed that the li-
gation product could be amplified (Fig. 2E). Moreover, when we
digested ssDNA with ExoI before tagmentation, no amplified
products could be detected, further confirming the specific amplifi-
cation of tagmented ssDNA but not the dsDNA contamination.
When using samples treated with DNase I or without ssDNA as
the starting material, the PCR results showed no detectable signal.
To further confirm the ligation of transposon oligos to the 5′ end,
we designed oligos that could be ligated to the 5′ end and performed
the same PCR analysis (Supplemental Table S1). The results showed
that only the oligos ligated to the 3′ end could be amplified
(Supplemental Fig. S2D), further supporting the idea that the Tn5
transposons ligated oligos to the 5′ end of ssDNA.

To further verify the transposition of Tn5 oligos to ssDNA, we
sent the amplified ssDNA from two biological repeats for high-
throughput sequencing. The sequencing reads were mainly
mapped to the forward direction of ssDNA (Supplemental Fig.
S2E). In addition, we profiled the distribution of reconstructed
paired-end sequencing fragment reads mapped throughout the
ssDNA. The mapped reads were highly enriched in the forward di-
rection, further indicating the strand specificity of the constructed
libraries (Fig. 2F,G).More importantly, the read densities were high-
er at the 5′ end than at the 3′ end of the ssDNA. The strong total 5′

bias was owing to the decrease of tagmentation effect when the
ssDNA was fragmented to a shorter length. It is possible that
when ssDNA was tagmented to a shorter length, Tn5 could not
transpose adaptors to the ssDNA so the signal increased from the
5′ end to the 3′ end and then dropped at the very end of the 3′

end. We further analyzed the point that led to a sharp drop in sig-
nals in the forward direction. The results showed that the read den-
sities decreased largely at ∼140 nt from the 3′ end of ssDNA,
suggesting that the minimum length necessary for Tn5 tagmenta-
tion is 140 nt. The enrichment of reads was further reviewed by
Integrative Genomics Viewer (IGV) views (Fig. 2H). In line with
this observation, the occurrence of sequencing reads with a frag-
ment length of <140 nt was much lower than that of others (Fig.
2I). Moreover, the transposition of ssDNAmay be the consequence
of transient dsDNA secondary structures. Our TABLE-seq method
used a single-kind adapter-coupled Tn5, which transposed the
same sequence of DNA to both ends of the dsDNA so the dsDNA,
if tagmented by a single-kind adapter-coupled Tn5, could not be
amplified by PCR. We then analyzed the amplification results of
tagmented dsDNA and ssDNA by the TABLE-seq method. The mo-
bility of ssDNAon PAGE gel is not the same as that of dsDNA, so the
ssDNA ran slower than the dsDNA, showing a high molecular
weight. The samples we used for the PCR were from the tagmented
results, which were shown in lane 6. The dsDNA was fully tag-
mented, and the PCR products were likely from a nonspecific PCR
result. The tagmented ssDNAbut not dsDNA could be amplified, in-
dicating the tagmentation was directly on ssDNA (Supplemental
Fig. S2F). Altogether, these results suggest that Tn5 transposes oligos
to the 5′ end of ssDNAand that the transposed ssDNA can be ligated
with specific adaptors at the 3′ end for TABLE-seq-based high-
throughput sequencing.

Tn5 can be used for strand-specific RNA sequencing

Because Tn5 tagmented and transposed oligos to ssDNA, we pro-
posed that Tn5 was capable of constructing the strand-specific
RNA sequencing library from single-strand cDNA, which omitted
the second-strand synthesis.

Many different high-throughput RNA sequencing technolo-
gies have been developed to profile enriched RNA (Stark et al.
2019). Fragmented RNA, which was enriched for RNA modifica-
tions, protein-binding RNA, focused sets of RNA, etc., and full-
length RNA, which was used to profile the whole transcriptome,
were usually used as starting materials for RNA sequencing. We de-
signed fragmented and unfragmented RNA to mimic the starting
materials while constructing the RNA sequencing library (Fig. 3A).
In addition, we used RNase A and RNase H to digest RNA and dena-
tured the reverse-transcribed cDNA by heat to prevent the potential
contamination of the RNA/DNA hybrid. The resulting single-strand
cDNA was subjected to TABLE-seq, respectively. Because the tag-
mentation of Tn5 requires a minimum nucleic acid length, the liga-
tion would increase the length of the ssDNA, which would
potentially increase the efficiency of tagmentation. We ligated the
ssDNA with adaptors and then tagmented the DNA to achieve the
maximal recovery of reads. Both fragmented and unfragmented
RNA were used to generate sequencing libraries (Fig. 3B). When
the samples were treated with ExoI after RNase digestion and dena-
turation, the sequencing library could not be amplified, further
showing that the amplified DNA was from single-strand cDNA.

To further analyze the quality of the constructed sequencing
library, we sent the libraries for high-throughput sequencing. Two
independent replicates from fragmented and unfragmented RNA
were constructed and sequenced to increase the sequencing
strength. These two replicates showed good correlations and were
merged for further analyses (Supplemental Table S2). Sequencing re-
sults from fragmented RNA and unfragmented RNA showed high
correlations (Fig. 3C). A similar number of genes (Fig. 3D) and sim-
ilar gene expression profiles were detected (Supplemental Fig. S3).
Additionally, the ratios of identified reads at exons and introns
were similar between these two kinds of libraries (Fig. 3E).

To analyze the strand specificity of sequencing reads, we pro-
filed sequencing reads at the sense and antisense strands spanning
2 kb of the transcription start site (TSS) of all genes (Fig. 3F). Reads
mapped to the sense strand were highly enriched on the gene tran-
scription side, and reads mapped to the antisense strand were en-
riched on the opposite side, indicating that the sequencing results
were highly strand specific. The read profile of unfragmented RNA
showed a preference for distal sites from TSS compared with that
of fragmented RNA, which was consistent with the method that
uses oligo(dT) to reverse-transcribe RNA from the distal sites from
TSS. Together, these data suggest that TABLE-seq can use both
fragmented and unfragmented RNA for strand-specific RNA
sequencing.

The strand-specific RNA sequencing library can be constructed in

a reproducible and time-saving manner

Subsequently, we tested different reaction conditions to improve
the reproducibility and stability of strand-specific RNA-seq
libraries.

First, we examined the effects of tagmentation temperature
and time on the sequencing results. We synthesized single-strand
cDNAs by performing reverse transcription with the total RNA ex-
tracted from mouse embryonic stem cells (mESCs). We previously
found thatwhen theDNA/RNAhybridwas treated at a high temper-
ature and a prolonged reaction time, themapped readswould be en-
riched in the introns (Sun et al. 2021). So, we used mild digestion
conditions for the TABLE-seq. The RNase-treated and heat-dena-
tured single-strand cDNA was then subjected to TABLE-seq, in
which Tn5 tagmentation was conducted for 5 to 30 min at 16°C
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and 37°C. With increased temperature and prolonged incubation
time, the fragments in the libraries became shorter (Fig. 4A). Two in-
dependent replicates were constructed and sequenced to increase
the sequencing strength. These two replicates showed good correla-
tions andweremerged for further analyses (Supplemental Table S2).
Strong correlations were observed among each library, whereas tag-
mentation for 5 min at 16°C showed the lowest correlation with
other tagmentation conditions (Fig. 4B). A similar number of genes
and similar gene expression profiles were detected among these li-
braries (Fig. 4C,D; Supplemental Fig. S4A). The ratios of detected
reads at exons compared with those at introns increased from 5
min to 30 min when tagmented at 16°C and remained similar
when tagmented at 37°C (Supplemental Fig. S4B). In addition, we
detected strong strand specificities in all the libraries. A lower tem-
perature and shorter time generated higher signals close to TSS

(Fig. 4E). It is possible that the lower temperature and shorter time
decreased the enzymatic activities of Tn5, leading to a preference
for tagmenting shorter cDNAs. To save experimental time, prevent
a loss of reads in exons, and recover distal cDNA fromTSS, we chose
to perform tagmentation for 5 min at 37°C to conduct the subse-
quent experiments.

Next, we assessed how the amount of Tn5 affected the se-
quencing results of strand-specific RNA-seq. Single-strand cDNA
was synthesized from 500 ng total RNA and then subjected to
TABLE-seq with 25, 50, and 100 ng/µL Tn5 treatment for 5 min
at 37°C. We found that higher amounts of Tn5 slightly reduced
the length of the fragmented cDNA (Fig. 4F). Two independent
replicate libraries were then constructed and sequenced to increase
the sequencing strength. These two replicates showed good corre-
lations and were merged for further analyses (Supplemental Table
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Figure 3. Tn5 is used for strand-specific RNA sequencing. (A) Illustration showing the strategy for strand-specific RNA sequencing. (B) Fragmented and
unfragmented RNA were used to generate strand-specific RNA sequencing libraries. (C) The Pearson’s correlations between the libraries generated from
fragmented and unfragmented RNA. The scatter plots show all detected genes. (RPKM) Reads per kilobase of exon per million reads mapped. (D) Venn
diagram showing the overall detected genes between libraries generated from fragmented and unfragmented RNA. (E) Bar graph showing ratios of de-
tected reads at exons and introns. The number of reads mapped to exons or introns was calculated by HOMER. (F ) Comparison of sequencing signals be-
tween libraries generated from fragmented and unfragmented RNA. Sense (strand +) and antisense (strand−) transcripts associatedwith transcription start
site (TSS) are shown.
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Figure 4. Analyses of tagmentation conditions in strand-specific RNA sequencing. (A) PCR results of TABLE-seq-constructed libraries at the indicated time
and temperature are shown. cDNAswere tagmented at the indicated time and temperature, PCR amplified, and analyzed by TBE gel.Mg2+was required for
the enzymatic activity of Tn5 transposon. Samples treated without Mg2+, which inhibited the Tn5 transposon activity, were used as negative controls. (B)
The Pearson’s correlations among libraries generated by the indicated reaction time and temperature. The scatter plots show all detected genes. (RPKM)
Reads per kilobase of exon permillion readsmapped. (C) Venn diagram showing the overall detected genes among libraries generated by reactions at 16°C
with the indicated reaction time. (D) Same as C, except libraries generated by reactions at 37°C are shown. (E) Comparison of sequencing signals among
libraries generated by the indicated time and temperature. Sense (strand +) and antisense (strand −) transcripts associated with TSS are shown. The dis-
tributions at the first 500 bp are enlarged. (F) PCR results of TABLE-seq-constructed libraries by different amounts of Tn5 are shown. cDNAs were tagmented
with the indicated amounts of Tn5, PCR amplified, and analyzed by TBE gel. Mg2+ was required for the enzymatic activity of Tn5 transposon. Samples
treated without Mg2+, which inhibited the Tn5 transposon activity, were used as negative controls. (G) The Pearson’s correlations among libraries gener-
ated by the indicated amounts of Tn5. The scatter plots show all detected genes. (H) Venn diagram showing the overall detected genes among libraries
generated by the indicated amounts of Tn5. (I) Comparison of sequencing signals between libraries generated by the indicated amounts of Tn5. Sense
(strand +) and antisense (strand −) transcripts associated with TSS are shown.
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S2). The correlations between the sequencing results from differ-
ent concentrations of Tn5 were high (Fig. 4G). The numbers of de-
tected genes, gene expression profiles, and the ratios of detected
reads at exons compared with those at introns were similar among
the tested libraries (Fig. 4H; Supplemental Fig. S4C,D).We also no-
ticed a slight batch effectwhendifferent amounts of Tn5were used
(Supplemental Fig. S4C). More importantly, we detected similar
strand-specific gene expression in all the sequenced libraries (Fig.
4I). These data suggest that during the tagmentation of single-
strand cDNA, the concentration of Tn5, ranging from 25 to 100
ng/µL, does not affect the sequencing results. Together, we used
Tn5 to construct the strand-specific RNA sequencing library
through TABLE-seq.

TABLE-seq shows higher sequencing power than that of canonical

dUTP-based strand-specific RNA sequencing

To evaluate how the strand-specific RNA sequencing library con-
structed by TABLE-seq is comparable with that constructed by a
widely used method, we benchmarked the TABLE-seq-based and
canonical dUTP–based methods (Stark et al. 2019). cDNA was re-
verse-transcribed from 500 ng of total RNA and split for TABLE-
seq-based and dUTP-based strand-specific RNA sequencing. Two
independent replicates with high correlations were performed
and merged for further analyses (Supplemental Table S2). The
dUTP-based method showed a higher ratio of reads mapped to
rRNA (∼18%) than the TABLE-seq-based method (∼8%). It is pos-
sible that the dUTP-based method required a second-strand syn-
thesis step, which increased the enrichment of abundant rRNA.
To reduce the impact of rRNA read contamination and avoid the
potential impact of sequencing depth on the benchmark analysis,
we first excluded the rRNA reads and then randomized 5 million
sequencing reads from each sequencing result to perform the
comparison.

The duplication rate of reads was similar between the TABLE-
seq-based and dUTP-based sequencing results (Supplemental Fig.
S5A). To further compare the similarity between sequencing re-
peats, we analyzed the coefficient of variation between each gene
in two replicates. The TABLE-seq-based method showed a similar
coefficient to that in the dUTP-based method (Supplemental Fig.
S5B). Gene expression profiles and ratios of detected reads at exons
compared with those at introns were similar between the TABLE-
seq-based and canonical dUTP-based methods (Supplemental Fig.
S5C,D). There were slightly more genes detected by the TABLE-
seq-based method than by the dUTP-based method (Fig. 5A). The
GC contents between these two methods were similar (Fig. 5B).
To further analyze the detected gene number by sequencing reads,
we calculated the saturation curves using randomly gradient sam-
pled reads. At about 1 million total reads, the two analyzed meth-
ods reached a plateau of saturation, and the TABLE-seq-based
method resulted in a higher detected gene number when the
same amount of sequencing reads was used (Fig. 5C). In addition,
the complexity of the TABLE-seq-based method was higher than
that of the dUTP-based method (Fig. 5D). Moreover, we calculated
the RPKM per gene. Themedian PRKM per gene in the TABLE-seq-
based method was similar (Fig. 5E).

We then analyzed the strand specificities of these two tested
methods. Strand specificities of both methods were detected in
read profiles and IGV views (Fig. 5F,G). Most sequencing reads
were mapped to the sense strand of cDNA (Fig. 5G). To further an-
alyze the coverage of sequencing reads spanning the genes, we cal-
culated the read densities in detected genes. Read distributions

spanning the gene region were evenly distributed in the TABLE-
seq-based method, indicating that this method recovered genes
without 5′ or 3′ end preference (Fig. 5H). Consistent with previous
observations (Agarwal et al. 2015), the sequencing reads were bias-
edly enriched at the 5′ end in the dUTP-based method. Moreover,
to benchmark our sequence results with published strand-specific
RNA sequencing, we compared the sequencing quality with the
data set (obtained from the NCBI Gene Expression Omnibus
[GEO; https://www.ncbi.nlm.nih.gov/geo/] under accession num-
ber GSE29278) that used rRNA depletion before constructing the
strand-specific RNA sequencing library in mESCs (Shen et al.
2012). The mapping ratio, reads mapped to mRNA, and reads
mapped to the right direction were similar among TABLE-seq-
based, dUTP-based, and rRNA depletion–based methods
(Supplemental Fig. S5E). As expected, the reads mapped to rRNA
were lower with rRNA depletion. The reads distributions around
TSS regions were similar between TABLE-seq-based and rRNA
depletion–based methods (Supplemental Fig. S5F). The transcrip-
tion reads were also close to the TSS sites. We speculated that the
enrichments of reads at TSS were caused by the higher expression
of short genes inmESCs. To test this idea, we calculated the expres-
sion levels of genes with different lengths. Indeed, the results
showed that the expression levels of shorter genes were higher
than those of longer genes (Supplemental Fig. S5G). Previous re-
sults have shown that the tagmentation of dsDNA has a specific
bias in the preferential bases (Gertz et al. 2012). We also analyzed
bases usage in the first 20 bases of dsDNA tagmentation (Picelli
et al. 2014), TABLE-seq, cDNA/RNA hybrid tagmentation (Di
et al. 2020), dUTP-based sequencing, and rRNA depletion–based
sequencing (Supplemental Fig. S5H; Shen et al. 2012). The Tn5-
based double-strand nucleic acid tagmentation showed a prefer-
ence for dG at the first, 11th, and 13th bases; dA/T preference at
the second to eighth bases; dC preference at the ninth base; and
dT preference at the 10th base. The TABLE-seq showed a dG pref-
erence at the first 5 bp, which were different from the double-
strand nucleic acid tagmentation. Together, these data suggest
that the TABLE-seq-based strand-specific RNA sequencingmethod
has a comparable, and even higher, sequencing power than that of
the dUTP-based method.

30 pg of RNA is sufficient to construct a strand-specific RNA

sequencing library by TABLE-seq

Because we constructed strand-specific RNA sequencing libraries
through TABLE-seq, we further evaluated the minimum amount
of total RNA necessary to construct the sequencing libraries. To
construct the libraries, we used a series of 10-fold dilutions starting
from 300 ng of total RNA as the initiating materials. In addition,
we did not scale the reagents during library preparation to avoid
the influence of other potential factors. Total RNA as low as 30
pg, which was equal to the total RNA from a single mESC (van
den Hurk et al. 2018), was sufficient to be amplified by PCR after
TABLE-seq library construction (Fig. 6A).

To analyze how the amount of RNA affected the sequencing
results, we sent all the samples for sequencing. Two independent
replicates were conducted and showed high correlations
(Supplemental Table S2). We then merged these replicates for
further analysis. The library constructed from30pgof RNA showed
the lowest correlationwith other libraries (Fig. 6B,C; Supplemental
Fig. S6A). The correlations among other sequencing results were
high, and the ratios of readsmapped to exons and intronswere sim-
ilar. A total of 12,879, 10,739, 9387, 2773, and 2020 genes were
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Figure 5. Benchmark between TABLE-seq-based and dUTP-based strand-specific RNA sequencing. (A) Venn diagram showing the overall detected genes
between libraries generated by TABLE-seq-based and dUTP-based methods. (B) Percentage of GC content in TABLE-seq-based and dUTP-based methods.
(C ) TABLE-seq-based and dUTP-based methods shared a plateau of saturation at around 1million total reads. Saturation curves were constructed with ran-
dom gradients. N=2 M, 1.5 M, 1 M, 0.5 M, and 0.25 M reads from total reads. Data were mean± SD. (D) The library complexity of TABLE-seq-based and
dUTP-based methods. (E) Boxplot showing the read counts per gene in libraries generated by the indicated methods. (F ) IGV views showing the enrich-
ments of mapped reads at the sense (strand +) and antisense (strand −) transcripts. (G) Comparison of sequencing signals between libraries generated by
the indicated methods. Reads were mapped to the genome without ribosomal RNA sequences. Sense (strand +) and antisense (strand −) transcripts as-
sociated with TSS are shown. (H) The reads distributions spanning the gene regions. (TES) Transcription end site.
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detected from 300 ng, 30 ng, 3 ng, 300 pg, and 30 pg of total RNA,
respectively (Fig. 6D). Fewer genes were identified when less RNA
was used. The TABLE-seq-based method detected approximately
2000 genes from the total RNA similar to one single mESC (van

den Hurk et al. 2018). In addition, the reads enrichments were dis-
tributed evenly across genes except for the 30 pg, which showed a
higher enrichment at the 5′ end (Fig. 6E). The strand specificity
gradually decreased when less RNA was used for sequencing.

A

C

D

E

F

B

Figure 6. The 30 pg of RNA is sufficient to construct a strand-specific RNA sequencing library. (A) PCR results of libraries constructed from different
amounts of RNA are shown. (B) The Pearson’s correlations among libraries generated by the indicated amounts of RNA. The scatter plots show all detected
genes. (RPKM) Reads per kilobase of exon per million reads mapped. (C) Bar graph showing ratios of detected reads at exons and introns among the li-
braries generated by the indicated amounts of RNA. (D) Bar graph showing the overall detected genes among libraries generated by the indicated amounts
of RNA. (E) The reads distributions spanning the gene regions among libraries generated by the indicated amounts of RNA. (TES) Transcription end site. (F )
Comparison of sequencing signals between libraries generated by the indicated amounts of RNA. Sense (strand +) and antisense (strand −) transcripts
associated with TSS are shown.
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When the amount of total RNA decreased to 30 pg, we could still
detect a high enrichment (although the amount was less than
those identified from a large amount of RNA) of reads mapped to
the sense strand compared with reads mapped to the antisense
strand (Fig. 6F; Supplemental Fig. S6B). These data suggest that as
little as 30 pg of RNA, which is similar to the amount of RNA
from a single mESC (van den Hurk et al. 2018), is sufficient to con-
struct strand-specific RNA sequencing libraries by TABLE-seq.

Discussion

Acting as natural DNA transfer vehicles, transposons are widely
used as genetic tools in many aspects of life science research, in-
cluding transgenesis of genetic elements into cells, transgenic ge-
netic screening, and mouse generation (Bourque et al. 2018).
The most widely used transposon systems are Sleeping Beauty,
piggyBac, andTol2. Because transposons tagment and transpose de-
signed adaptors into target nucleic acids, resulting in PCR-ready
DNA fragments for high-throughput sequencing, transposon-de-
pendent library construction strategies draw increasing attention
to the increased need for omics data (Hennig et al. 2018). Here,
we explored the new molecular properties of Tn5 transposons in
substrate recognition. Tn5 can tagment and transpose the de-
signed adaptor into the 5′ end of ssDNA. Using this feature, we de-
signed a high-throughput sequencing library construction
strategy, TABLE-seq, to apply Tn5 as a new methodological tool.
We applied TABLE-seq to strand-specific RNA sequencing, which
shows similar, or even higher, sequencing power compared with
that of the canonical dUTP-basedmethod. This TABLE-seq strategy
is suitable for any applications using ssDNA and RNA as the start-
ingmaterials, including eSPAN (Li et al. 2020), ReIN-Map (Xu et al.
2021), DNA bisulfite sequencing (Gu et al. 2011), Okazaki frag-
ment mapping (Kit Leng Lui et al. 2021), and GRO-seq (Lopes
et al. 2017).

Because the relocation of transposon elements can causemuta-
tions in the genome, which subsequently leads to genome instabil-
ity, the transposition activity of Tn5 transposons is very weak in the
cells (Cordaux and Batzer 2009). In vitro, wild-type Tn5 has no
transposition effect, likely owing to the inhibitory effect of the N-
terminal domain. Luckily, a hyperactivemutation of Tn5 is generat-
ed and shows strong tagmentation activity in vitro (Goryshin and
Reznikoff 1998). Tn5 transposons are assembled with Tn5 transpo-
sase and OE sequences to facilitate a direct tagmentation of target
nucleic acids. Unlike the in vivo system in which Tn5 needs to
bind with OE sequences to “cut” the transposon sequence out of
the genome, Tn5 is preloadedwithOE sequences to attack the target
nucleic acids in vitro. This preloading of OE sequencesmay increase
the diversity of nucleic acid recognition that is tagmented.

Tn5 transposases bind to OEs to form a synaptic transposon
complex by dimerizing two Tn5 transposases through theC-termi-
nal domain. Then, Tn5 transposases use water molecules to cata-
lyze the hydrolysis of the phosphodiester bond of DNA, forming
a nucleophilic hydroxyl group at the 5′ ends of DNA. The hydroxyl
group attacks the complementary DNA strand to form a hairpin
structure, which is further activated by another water molecule
to create a blunt end (Davies et al. 1999, 2000; Steiniger-White
et al. 2004). Through this process, Tn5 transposons bind to the tar-
get DNA sequence and transfer the transposon DNA strands into
both strands, leaving a 9-bp gap at the 3′ end of targeting sites.
Through this “cut-and-paste” process, Tn5 transposons “jump”
from one location to other locations (Zhou and Reznikoff 1997;
Reznikoff 2003).

Tn5 is able to tagment a RNA/cDNAhybrid, leading to a trans-
position of oligos to both 5′ and 3′ ends to generate a PCR-ready
sequence (Di et al. 2020). Using this property, SHERRY, which re-
duces preparation steps and costs during library preparation, is
conducted for RNA sequencing. The SHERRY is based on direct tag-
mentation of RNA/cDNAhybrid; the information on strand specif-
icity would be lost by the transposition of transposon adaptors at
both the 5′ and 3′ ends.With somemodifications, such as denatur-
ing the tagmented RNA/cDNA hybrid, digesting the RNA strand,
or adding a ligation step, SHERRY can be used to generate strand-
specific RNA sequencing libraries. Compared with SHERRY, the
TABLE-seq is designed to generate a strand-specific RNA sequenc-
ing library by tagmentation on the cDNA. Moreover, TABLE-seq
can be used for ssDNA sequencing in vitro and probably in vivo
by coupling Tn5 with protein A, which is similar to CUT&Tag
(Carter et al. 2019).

Wedonot perform rRNAdepletion or poly(A) enrichment be-
fore strand-specific RNA sequencing because we intend to perform
TABLE-seq on single cells. The depletion of rRNA by oligo hybrid-
ization and the enrichment of poly(A) by oligo(dT) bindingwill re-
sult in RNA loss before reverse transcription, especially when the
input amount of RNA is low. Oligo(dT) was used in reverse tran-
scription in SMART-Seq3 to enrich poly(A)-containing RNA
(Hagemann-Jensen et al. 2020). To reduce rRNA contamination,
we also use oligo(dT) in reverse transcription to mimic the
SMART-Seq3 method. When performing bulk strand-specific
RNA-seq, rRNA depletion or poly(A) enrichment would increase
the detected mRNA/rRNA ratio and the number of genes.

When a very low amount of RNA is used to construct a strand-
specific RNA sequencing library, the strand specificity decreases a
lot (Fig. 6E; Supplemental Fig. S6B). One possibility for this
decrease in strand specificity is library preparation. The commer-
cially used library preparation primers contain a short DNA se-
quence of OEs that is essential for the tagmentation of Tn5
(Supplemental Table S1). These sequences in the forward and re-
verse PCR primers are reverse complementary to each other.
When a low amount of template DNA is used for the PCR amplifi-
cation, the specificity of PCR primers at either end may decrease,
leading to the complementary use of PCR primers at the opposite
end of the template DNA. The other possibility for this decrease in
strand specificity is reverse transcription. The reverse transcriptase
uses RNA as the temple to synthesize first-strand cDNA for strand-
specific sequencing. However, the reverse transcriptase has themi-
nus-strand transfer property, which will use synthesized first-
strand cDNA as the template to synthesize the second-strand
cDNA (Svarovskaia et al. 2000). So, actinomycinD is used to inhib-
it the minus-strand transfer step in reverse transcription (Perocchi
et al. 2007). When a low amount of input RNA is used, the relative
ratio of reverse transcriptase to RNA has to be high enough to cat-
alyze a successful reverse transcription. It is possible that the mi-
nus-strand transfer effect of reverse transcriptase is not fully
inhibited, leading to the generation of second-strand cDNA and
subsequent loss of strand specificity.

To keep the single variable, we do not change the reagents we
use, such as Tn5, when we compare TABLE-seq performance on
different amounts of input RNA. However, if a low amount of in-
put RNA is used, the amount of Tn5 could be systematically adjust-
ed and controlled to get a maximal recovery of cDNAs. In the
future, a series of condition tests can be conducted to increase
the sequencing power of TABLE-seq during low-input RNA exper-
iments. In addition, the enzymatic activity should be tightly con-
trolled during the preparation and storage of Tn5 to get stable
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results frombatch-to-batch experiments (Wu et al. 2021;Wei et al.
2022; Zhang et al. 2022).

In conventional strand-specific RNA sequencing experi-
ments, dUTP is usually incorporated during the second-strand
cDNA synthesis (Zhang et al. 2012). After the ligation of PCR adap-
tor, this dUTP-containing second-strand cDNA is digested by
UDGase treatment, leaving an ssDNA that is amplified by strand
direction information. In the TABLE-seq-based RNA-seq method,
the fragmentation and second-strand cDNA synthesis steps are
omitted to reduce the time of library preparation and prevent
the biased enrichment of cDNA. Furthermore, total RNA is re-
verse-transcribed by oligo(dT), which reduces the amount of
rRNA synthesized. In TABLE-seq, adaptors at the 3′ end of ssDNA
are ligated by T4 DNA ligase and a splint DNA oligo. Other meth-
ods can be further tested to increase the ligation efficiency, for ex-
ample, using other ligation enzymes, using a DNA/RNA hybrid
with a 3′ protruding end that can be ligated with the Splint R en-
zyme, using ssDNA as adaptors to be directly ligated to tagmented
fragments, and adding polyethylene glycol (PEG) into the ligation
reaction. We speculate that with the improvement in ligation effi-
ciency, Tn5 could be used to recover more genes from a low
amount of total RNA. Because Tn5 transposon tagments dsDNA,
ssDNA, andDNA/RNAhybrids, it would also be interesting to eval-
uate the substrate preference of Tn5.

In cells, ssDNA is frequently generated to serve as a template
for various cellular processes (Ashton et al. 2013). Naked ssDNA, if
exposed without the protection of proteins, is harmful to cells.
Compared with dsDNA, ssDNA is more sensitive to nucleolytic
and chemical radicals, which are common reactors causing muta-
tions in the genome (Maréchal and Zou 2015). In addition, the
thermodynamic stability of DNA decreases with unwinding, lead-
ing to the spontaneous development of duplex secondary struc-
tures that inhibit DNA replication. Cells bypass the potential
damage from ssDNA by expressing ssDNA-binding proteins that
stabilize ssDNA and recruit other partner proteins for DNA repair,
recombination, and replication. During DNA replication, the lag-
ging strand is synthesized discontinuously and is composed of
multiple fragments, the Okazaki fragments, which generate
ssDNA at the replication bubble (Kit Leng Lui et al. 2021). It will
be interesting to apply TABLE-seq to profile the enrichment in
ssDNA and ssDNA-binding proteins.

Methods

Cell cultures

E14mESCs were cultured on 0.1% gelatin-coated dishes in DMEM
supplemented with 15% fetal bovine serum (FBS), 1% antibiotic
solution (penicillin/streptomycin), 1% GlutaMAX, 1%MEM non-
essential amino acids, 1% sodium pyruvate, 0.1 mM beta-mercap-
toethanol, and 1000 U/mL recombinant leukemia inhibitory
factor (LIF). HEK293T cells were cultured in DMEM supplemented
with 10% FBS and 1% antibiotic solution (penicillin/streptomy-
cin). All cells were grown at 37°C and 5% CO2.

Oligos

Oligos were listed in Supplemental Table S1.

Asymmetric PCR

Asymmetric PCR was used to generate ssDNA (Heiat et al. 2017).
The Tsin-H3.1-flag plasmid was used as the template. The forward
primer and reverse primer amounts were used at a 1:10 ratio. One

microliter of 10 ng/μL plasmid, 1 μL 1 μM forward primer, 1 μL 10
μM reverse primer, 12.5 μL 2×HiFi PCRmastermix (NEBM0541L),
and 10.5 μL H2O were mixed and incubated for 5 min at 95°C; 34
cycles for 30 sec at 95°C, for 30 sec at 55°C, and for 30 sec at 72°C;
then 10 min at 72°C; and 16°C to hold. To separate dsDNA and
ssDNA from amplification products, PCR samples were subjected
to agarose gel electrophoresis. The bands corresponding to
dsDNA and ssDNA were cut from the gel and purified by the
DNA gel purification kit (Tiangen DP209-03), respectively. To syn-
thesize different lengths of ssDNA, forward primers’ annealing po-
sitions were designed accordingly, whereas the same reverse
primer was used.

RNA extraction

RNA extraction was performed by RNeasy plus mini kit (Qiagen
74134). In brief, 106 mESCs were harvested and washed with PBS
once. Cells were lysed with 350 μL buffer RLT and vortexed for
30 sec. Then the lysates were added to a gDNA eliminator spin col-
umn and centrifuged at 10,000 rpm for 30 sec. The flow-through
was mixed with 350 μL of 70% ethanol before being transferred
to an RNeasy spin column. Samples were bound to the column
by centrifuging at 10,000 rpm for 15 sec. The RNA-bound column
was washed with 700 μL buffer RW1 once and 500 μL buffer RPE
twice. RNA was eluted with 30 μL of RNase-free H2O. Extracted
RNA was treated with 1 μL of DNase I (NEB M0303S) for 1 h at
37°C to further eliminate genomic DNA. Treated RNA was precip-
itated by 75% ethanol and dissolved in RNase-free H2O. The puri-
fied RNA was stored at −80°C until usage.

Reverse transcription

Reverse transcription was performed with SuperScript IV kit
(Thermo Fisher Scientific 18091050). Different amounts of RNA
were annealed with 1 μL 50 μM oligo(dT)20 and 1 μL 10 mM
dNTP for 5 min at 65°C and on ice immediately for 2 min. Then
each sample was mixed with 4 μL 5× SSIV buffer, 1 μL 100 mM
DTT, 1 μL ribonuclease inhibitor, and 1 μL SuperScript reverse tran-
scriptase.Onemicroliterof 100 μg/mLactinomycinDwas also add-
ed to inhibit the minus-strand transfer step in the reverse
transcription. H2O was added up to a total of 20 μL volume.
Samples were incubated for 90 min at 42°C; 10 cycles of 2 min at
50°C and 2 min at 42°C; then 5 min at 85°C, and 16°C to hold.
After reverse transcription, 1 μL ExoI (NEBM0293S), 3 μL 10× reac-
tion buffer, and 6 μL H2O were added to digest oligo(dT)20 primers
for 30 min at 37°C. After inactivation of ExoI for 15 min at 80°C, 1
μL RNase A (Takara 2158) and 1 μL RNase H (Thermo Fisher
Scientific 18091050) were added to digest RNA for 30 min at 37°C.

Tn5 transposon assembly and treatment

Tn5 transposase was purified as described previously (Picelli et al.
2014; Hennig et al. 2018). One microliter of 100 μM Tn5ME-A or
Tn5ME-B and 1 μL 100 μM Tn5MErev were added to 8 μL H2O
and annealed as Tn5-A or Tn5-B, respectively. Ten microliters of
Tn5-A and 10 μL Tn5-B were incubated with 70 μL of 200 μg/mL
Tn5 transposase for 1 h at 25°C to assemble the dual-adaptor
Tn5 transposon, whereas 20 μL Tn5-B was incubated with 70 μL
of 200 μg/mL Tn5 transposase to assemble the single-adaptor
Tn5 transposon. The assembled transposons were stored at
−20°C until usage. Nucleic acids were treated as indicated in the
paper, and then the treated samples were run by 6× gel loading
dye (NEB B7024S), which contained 0.48% SDS, to dissociate
Tn5 with DNA.
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TABLE-seq

A step-by-step protocol was deposited on protocols.io (https://
www.protocols.io/view/table-seq-for-strand-specific-rna-sequencing-
8epv5jrw6l1b/v1) and as Supplemental Protocol.

Fluorescence labeling of ssDNA and transposon adaptors

5′ Alexa Fluor 594–labeled ssDNA was generated by asymmetric
PCR with Alexa Fluor 594–labeled forward primer (Supplemental
Table S1). 3′ Alexa Fluor 594–labeled ssDNA was synthesized by
terminal deoxynucleotidyl transferase. In brief, 1 μM ssDNA was
labeled with a TUNEL assay kit (fluorescence, 594 nm) in a 50-μL
reaction for 30 min at 37°C. To extract DNA, 52.5 μL chloro-
form/isoamyl alcohol (24:1) was added to the reaction, vortexed,
and centrifuged at 12,000 rpm for 2 min. Samples were then puri-
fied by a MinElute PCR purification kit (Qiagen 28004).
Transposons with Alexa Fluor 488–labeled adaptors were assem-
bled as follows: 1 μL 100 μM Tn5ME-A-5′AF488 and 1 μL 100 μM
Tn5MErev were added to 8 μL H2O and annealed as Tn5-A-488.
Twenty microliters of Tn5-A-488 was incubated with 70 μL of
200 μg/mL Tn5 transposase for 1 h at 25°C.

Tagmentation of cDNA

The reverse-transcribed cDNA, which was treated by RNase A and
RNaseH, was denatured for 10min at 98°C and on ice immediately
for 5 min. Fourteen microliters of cDNA was mixed with 4 μL 5×
DMF buffer (50% DMF, 50 mM Tris-HCl at pH 7.5, 10 mM
MgCl2) and 2 μL transposon Tn5 A+B or Tn5 B+B, respectively.
Tagmentation reactions were incubated for 5 min at 37°C and
stopped by adding stop buffer (1.5 μL 0.5 M EDTA, 1.8 μL 10%
SDS, and 0.5 μL 20 mg/mL Proteinase K) and incubating for 30
min at 55°C and then for 20 min at 70°C. The tagmented DNA
was purified by 0.9× of VAHTS DNA clean beads (VAHTS N411-
03) and eluted into 10 μL H2O.

TABLE-seq library construction

Two microliters of 100 μM 5ph_Tn5a and 2 μL 100 μM
Tn5a_N6_invert_dT were added to 16 μL H2O. Samples were an-
nealed for 5 min at 95°C and ramped to 25°C at 5°C/min. One mi-
croliter of ExoI, 3 μL 10× ExoI reaction buffer, and 6 μL H2O were
added and incubated for 30 min at 37°C followed by 15 min at
80°C. The annealed adaptors were purified by 2× of VAHTS DNA
clean beads, eluted into 20 μL H2O, and stored at −20°C until
usage.

Tenmicroliters of tagmented ssDNA or cDNAwasmixedwith
2 μL annealed adaptors, 0.5 μL T4 DNA ligase (Takara 2011A), 2 μL
10× ligation buffer, 2.5 μL 40% PEG6000, and 3 μL H2O and incu-
bated for 1 h at 20°C. The ligated DNAwas purified by 0.8× VAHTS
DNA clean beads and eluted into 10 μLH2O. The purified DNAwas
amplified by primers with sequencing indexes. One microliter of
10 μM forward primer, 1 μL 10 μM reverse primer, 8 μL DNA, and
10 μL 2× HiFi PCR master mix (NEB M0541) were mixed and am-
plified for 5 min at 72°C, for 30 sec at 98°C, for 20 cycles of 10
sec at 98°C and 10 sec at 63°C, then 1 min at 72°C, and 16°C to
hold. PCR products were purified by 0.9× VAHTS DNA clean beads
and eluted into 20 μL H2O. The concentrations of DNA were de-
tected by Equalbit 1× dsDNA HS working solution (Vazyme 121-
01-AA). The libraries were sequenced on an IlluminaNovaSeq plat-
form with pair-end reads of 150 bp.

dUTP-based library construction

First-strand cDNA was synthesized as described previously in re-
verse transcription. Starting from second-strand cDNA synthe-

sized, the RNA-seq library prep kit (VAHTS NR604) was used
under the manufacturer’s instructions. Twenty-five microliters of
first-strand cDNA was mixed with 25 μL second-strand synthesis
buffer with dUTP and 15 μL second-strand synthesis enzyme super
mix. Samples were incubated for 30 min at 16°C followed by 15
min at 65°C. Adaptors were then ligated to dsDNA by using 25
μL rapid ligation buffer, 5 μL rapid DNA ligase 2, and 5 μL 10
mM adaptors for 15 min at 20°C. Adaptors were then removed
by a sequential 0.45× and 1× VAHTSDNA clean beads purification.
Samples were dissolved in 19 μL H2O and mixed with 5 μL PCR
primer mix, 25 μL NEBNext high-fidelity 2× PCR master mix
(NEB M0541S), 1 μL heat-labile UDG. Samples were amplified for
10 min at 37°C; for 30 sec at 98°C; 10 cycles of 10 sec at 98°C, 30
sec at 60°C, and 30 sec at 72°C; followed by 5 min at 72°C. PCR
product was purified by 0.9× VAHTSDNA clean beads before send-
ing to sequencing.

Data sets

Tn5-based genomic DNA sequencing data were downloaded from
the NCBI Gene ExpressionOmnibus (GEO; https://www.ncbi.nlm
.nih.gov/geo/) database under accession number GSE58652.
rRNA-depleted strand-specific RNA sequencing data were down-
loaded from the GEO database under accession number
GSE29278. TnRNA-seq data were downloaded from the GEO data-
base under accession number GSE32307. SHERRY sequencing data
were downloaded from the Genome Sequence Archive database
(GSA; https://ngdc.cncb.ac.cn/gsa/) under accession number
CRA002081.

Strand-specific data processing and analysis

For removing adaptors and low-quality reads, Trim Galore!
(version 0.6.4) (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) was used with the parameter “‐‐paired.”
Bowtie 2 (version 2.3.5.1) (Langdon 2015) was used to map
trimmed reads to the mouse reference genome mm9 and Tsin-
H3.1-flag plasmid construct reference. The reference genome
used in this study is available in the UCSCGenome Browser under
mouse reference genome mm9. Realigning the reads to mm10
would not significantly affect the conclusions because the coordi-
nates of most genomic regions could be uniquely converted be-
tween these two genome assemblies, and our study compares
samples across different treatments and does not perform absolute
analyses. PCR duplicates were removed byGATK4 (version 4.1.4.0)
(Poplin et al. 2018) with the parameter “‐‐REMOVE_DUPLICATES
= true” in cDNA data.

For visualizing the read densities, normalizing the
mapped reads, and calculating the coverage of features across the
genome, BEDTools (version 2.92.2) (Quinlan 2014) and
bedGraphToBigWig (version 4) (Kent et al. 2010) were used with
the following parameters: “genomecov ‐‐scaleFactor 10,000,00/
(the number of reads mapped to mm9 or Tsin-H3.1-flag plasmid
construct reference).” Normalized signals were visualized in IGV
(version 2.6.3) (Thorvaldsdottir et al. 2013). The correlations be-
tween two repeats were summarized in Supplemental Table S2.
The correlations were calculated by the Pearson’s productmoment
correlation.

Forward reads and reverse reads were filtered by SAMtools
(version 1.11) (Sun et al. 2021) with the parameters “samtools
view -F 0×10” and “samtools view -f 0 ×10.” deepTools (version
3.5.1) (Sun et al. 2021) functions “computeMatrix” and
“plotProfile” were used to draw the profile in ssDNA data.
HOMER (version 4.11) (Heinz et al. 2010)was used to draw forward
and reverse read densities profiles in cDNA and benchmark data.
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Gene expression results were counted using featureCounts
(version 2.0.0) (Liao et al. 2014) and normalized as reads per kilo-
base per million mapped reads (RPKM) by edgeR (version 3.28.1)
(Robinson et al. 2010). Heatmaps were drawn by the R package
pheatmap (version 1.0.12) (https://github.com/raivokolde/
pheatmap). R (version 4.0) (R Core Team 2021) was used for data
analysis.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE208316. The code used in this study is available at GitHub
(https://github.com/Fanglab-zju/TABLE-seq) and as Supplemental
Code. The bigWig files for the sequencing were uploaded as
Supplemental Results.
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