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ABSTRACT

Small RNAs are important regulators of gene expres-
sion and are involved in human development and dis-
ease. Next generation sequencing (NGS) allows for
scalable, genome-wide studies of small RNA; how-
ever, current methods are challenged by low sen-
sitivity and high bias, limiting their ability to cap-
ture an accurate representation of the cellular small
RNA population. Several studies have shown that
this bias primarily arises during the ligation of single-
strand adapters during library preparation, and that
this ligation bias is magnified by 2’-O-methyl mod-
ifications (2°0OMe) on the 3’ terminal nucleotide. In
this study, we developed a novel library prepara-
tion process using randomized splint ligation with
a cleavable adapter, a design which resolves previ-
ous challenges associated with this ligation strat-
egy. We show that a randomized splint ligation based
workflow can reduce bias and increase the sensitiv-
ity of small RNA sequencing for a wide variety of
small RNAs, including microRNA (miRNA) and tRNA
fragments as well as 2’0OMe modified RNA, includ-
ing Piwi-interacting RNA and plant miRNA. Finally,
we demonstrate that this workflow detects more dif-
ferentially expressed miRNA between tumorous and
matched normal tissues. Overall, this library prepa-
ration process allows for highly accurate small RNA
sequencing and will enable studies of 2’0OMe modi-
fied RNA with new levels of detail.

INTRODUCTION

Small RNAs (sRNAs) are a diverse class of RNA that
have a fundamental role in transcriptional and post-
transcriptional gene regulation. Members of this cate-
gory range in size from approximately 18-33 nucleotides
and include microRNA (miRNA), small interfering RNA
(siRNA), PIWI-interacting RNA (piRNA) and tRNA de-
rived fragments (tRFs). Typically, SRNAs associate with

members of the Argonaut protein family to form ribonu-
cleoprotein complexes and act as guides for targeted RNA
silencing through complementary base-pairing (1). SRNA
based RNA silencing regulates a wide variety of biologi-
cal processes including development, maintenance and de-
termination of cell fate, fine tuning of gene expression, si-
lencing of transposons and antiviral defenses (1,2). Fur-
thermore, aberrant expression of sSRNAs are involved in
many human diseases. miRNAs in particular are often aber-
rantly expressed in tumor cells and are useful biomarkers
for both diagnosis and prognosis in a variety of cancer types
(3). tRNA fragments are a newly discovered and important
class of sSRNAs. tRFs are organized into two main cate-
gories: longer tRNA-halves and shorter tRNA fragments.
Longer 3’ and 5’ tRNA-halves have a role in regulating pro-
tein synthesis and their biogenesis is triggered by cellular
stress such as infection, oxidative or nutritional stress (2).
Less is known about shorter 3'-tRFs and 5'-tRFs, however
it has been shown that they can be loaded onto Argonaute
proteins and guide mRNA silencing on a variety of tar-
gets using mechanisms similar to miRNA induced silencing
(4,5).

Several methods are available to quantify sSRNAs, includ-
ing hybridization-based techniques, qPCR and next gener-
ation sequencing (NGS). NGS is a particularly attractive
method that allows for low cost, genome-wide quantifica-
tion of SRNA. Furthermore, it is the only technique that can
identify novel sSRNAs of unknown sequence, distinguish
closely related sSRNAs, and identify post-transcriptionally
modified sequences (6). Typical SRNA library preparation
workflows involve adding adapters using sequential single-
stranded ligations, followed by reverse transcription and
PCR. Several studies have identified the ligation steps as
the main source of bias in the library preparation process
(7-11). The ligation efficiency and ligation bias of the single-
stranded ligations depends on the sequence of the target and
the adapter, therefore different adapter sequences can cause
profound changes in library content (8,12,13). Cofolding
structure between the target SRNAs and the adapters has
been identified as a key determinant of ligation efficiency
(9,11). Some RNAs form favorable cofold structures with
the adapters that allow for ligation at a much higher rate
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than targets that don’t base-pair with the adapter, or form
cofold structures that are unfavorable to ligation, leading to
biased representation in the library.

Several methods have been employed to ameliorate this
bias. PEG, an intramolecular crowding agent, improves lig-
ation efficiency and reduces bias, a finding that has been in-
corporated into several commercially available kits (14,15).
Furthermore, it was found that adding randomized bases
into the adapter helps to increase the diversity of favorable
cofold structures and reduces bias (8,11,16). These find-
ings have been commercialized in the NEXTflex kit (Perkin
Elmer), which includes adapters that have 4 bp degenerate
sequences incorporated at the ligation junctions. Further-
more, several kits have been designed to reduce or eliminate
the ligation steps involved in the process. The SMARTer
small RNA kit (Takara) uses poly-adenylation followed
by reverse transcription and template switching to make
ligation-free libraries. While this technique does eliminate
ligation associated biases, template switching on uncapped
sRNAs itself has some sequence bias (17). Furthermore,
for reasons that are not well understood, template switch-
ing has a very low detection sensitivity for miRNAs com-
pared to ligation-based approaches when performed on to-
tal RNA, due to a large amplification of background RNA
such as rRNA (18-20). Finally, because template switching
approaches involve non-templated tailing at both ends of
the target molecule, precise determination of the original
3" and 5 ends is not possible making it more difficult to
confidently identify miRNAs from the same family or post-
transcriptionally modified miRNAs (21).

Some classes of sRNAs contain a 2'-O-methylation
(2’0OMe) modification on the ribose moiety of the 3’ termi-
nal nucleotide. This modification stabilizes the SRNA and
is present in endogenous siRNAs, miRNAs in plants and
piRNAs in animals (1). The 2’0OMe modification severely
impacts ligation efficiency to ssDNA adapters, as well as
the efficiency of the 3’ polyadenylation or polyuridyla-
tion required for template-switching approaches (22). Com-
bined with structural and sequence biases, this modifica-
tion can make sequencing and discovery of 2’OMe modified
RNA difficult and bias sequencing libraries against modi-
fied SRNA (18).

Randomized splint ligation is a technique in which a
double-stranded adapter with a short single-stranded de-
generate extension is used to anneal to unknown target nu-
cleic acids. After hybridization to the degenerate portion
of the adapter, ligation can occur. This method has been
shown to be effective in ssDNA library preparations (23—
25) and to reduce bias compared to the ligation of ssDNA
adapters (25). Randomized splint ligation has been also
used for sSRNA library preparations; however, it has not
gained widespread adoption in the field presumably due to
comparably lower accuracy and sensitivity (6). In this study,
we have overcome these challenges through a novel adapter
design and an optimized workflow that significantly reduces
bias and increases yields, accuracy and sensitivity of SRNA
sequencing. We show that our method significantly outper-
forms the leading SRNA sequencing methods on a variety
of sSRNA classes including examples of human miRNA and
tRFs as well as 2’0OMe modified small RNA such as human
piRNA and plant miRNAs.
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MATERIALS AND METHODS
RNA samples and oligonucleotides

The miRXplore synthetic RNA mix was obtained from
Miltenyi Biotec Inc., (Auburn, CA, USA). All total RNA
samples were obtained from BioChain Inc., (Newark, CA,
USA). Total RNA was extracted using guanidine thio-
cyanate techniques, treated with DNase I and verified as
DNA free using PCR by BioChain. RNA integrity and pu-
rity were checked using gel electrophoresis and NanoDrop.
A subset of samples were analyzed by Agilent bio-chip and
all had RIN values >6. All oligonucleotides were synthe-
sized by Integrated DNA Technologies Inc. (Coralville, IA,
USA). See Supplementary Table S2 for oligonucleotide se-
quences used in this study.

Preparation of randomized splint adapters

The components of the 3’ and 5’ adapters were resuspended
in annealing buffer (10 mM Tris—-HCI pH 7.5, 50 mM NacCl,
0.1 mM EDTA). The adapter strand of the 3’ adapter
was preadenylated using the 5 DNA adenylation kit (NEB
E2610) and purified using the Monarch DNA cleanup kit
(NEB T1030). The splint strands of each adapter (oligos 5
and 7, Supplementary Table S2) were diluted to a concen-
tration of 20 wM and mixed with the corresponding adapter
strands (oligos 4 and 6, Supplementary Table S2) at a 10
M concentration in annealing buffer. The 3’ adapter was
annealed in a thermocycler by heating to 95°C for 2 min, fol-
lowed by 70 cycles with the temperature decreasing 1°C per
minute for each cycle. The 5" adapter was annealed by heat-
ing to 82°C for 2 min followed by a 0.1°C/s cooling ramp to
4°C. Annealed adapters were stored at —20°C and thawed
before use.

Capillary electrophoresis measurement of ligation efficiency

To test the ligation efficiency of sequential 3" and 5’ liga-
tions, we used a library of oligos containing 20 degenerate
ribonucleotides, with an internal fluorescent FAM label in
the center (Oligo 1, Supplementary Table S2). The oligo
library was heat denatured and treated with T4 Polynu-
cleotide Kinase (NEB M0201) to add a 5’ phosphate and
purified using the Monarch RNA cleanup kit (NEB T2030).
For testing the effect of the 2’0OMe modification on lig-
ation efficiency, we used libraries containing 21 degener-
ate oligoribonucleotides with 5 FAM fluorescent labels.
Two versions were synthesized, one with the terminal nu-
cleotide including the 2’0OMe modification (Oligo 3, Sup-
plementary Table S2) while the other contained a normal
ribonucleotide at the terminus (Oligo 2, Supplementary Ta-
ble S2). All experiments were carried out in quadruplicate
along with ligase-free and adapter-free negative controls.
Randomized splint reactions were carried out as follows:
1 pmol of FAM labeled oligo library was diluted to a fi-
nal volume of 5 ul in nuclease free water, heated to 70°C
for 2 min and then cooled on ice. The following compo-
nents were then added: 1x final concentration of T4 RNA
ligase buffer (NEB M0204), 20% final concentration of
PEG (NEB M0204), 0.05% final concentration of Tween
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20 (VWR Radnor, PA), 10 pmol annealed 3’ adapter (Sub-
strate to adapter ratio of 1:10; 10 pmol top adapter strand,
20 pmol bottom splint strand), 200 units of T4 RNA Lig-
ase 2, truncated KQ (NEB M0373) and nuclease free water
to a final volume of 20 pl. These reactions were incubated
in a thermocycler at 25°C for 1 h. The ligase was heat inac-
tivated by heating the reaction to 75°C and cooled to 4°C.
4 wl samples of each reaction were then diluted to a con-
centration of 20 nM and capillary electrophoresis was per-
formed on a 3730x1 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). Reactions containing the internal
FAM substrate continued on to the sequential 5 ligation.
First, the volume removed for sampling from the reaction
was replaced with 4 pl of 1x reaction buffer. The 5’ ligation
was then performed by adding ATP to a final concentration
of 1 mM, 20 pmol of the 5" adapter (Substrate to adapter ra-
tio of 1:20; 20 pmol adapter top strand, 40 pmol splint bot-
tom strand) and 20 units of T4 RNA ligase 2 (NEB M0239)
in a final volume of 29 wl. These reactions were incubated
at 37°C for 1 h, the ligase was heat inactivated at 75°C for 5
min and the samples were diluted to 20 nM and run on cap-
illary electrophoresis as described above. For comparison to
the standard single-stranded ligations, the NEBNext sSRINA
kit was used with some modifications to the procedure to
standardize the adapter concentrations across both meth-
ods: 1 pmol of the FAM labeled oligo libraries was com-
bined with the 10 pmol of the 3’ SR Adaptor for Illumina in
a final volume of 7 wl (Substrate to adapter ratio of 1:10).
The mixture was heated to 70°C for 2 min and cooled to
4°C. The 3’ Ligation Reaction Buffer and enzyme mix were
added as described in the kit and the mixture was incubated
at 25°C for 1 h. The ligase was heat inactivated at 75°C for 5
min and 4 pl samples of each reaction were then diluted to
a concentration of 20 nM and capillary electrophoresis was
performed as described above. Reactions containing the in-
ternal FAM substrate continued on to the sequential 5’ lig-
ation. First the volume removed for sampling from the re-
action was replaced with 4 pl of 1x reaction buffer. The
5 ligation was then performed by adding 20 pmol of heat-
denatured 5’ SR adapter (Substrate to adapter ratio of 1:20),
1 pl of the 5 ligation buffer, 2.5 pl of the 5’ ligation enzyme
mix and water to a final volume of 30 wl. The reaction was
incubated at 25°C for 1 h, the ligase was heat inactivated at
75°C for 5 min and the samples were diluted to 20 nM and
run on capillary electrophoresis as described above.

2’OMe spike-in

Spike-in oligos were designed by Dard-Dascot et al. (18).
Briefly, 12 oligos were synthesized in six pairs (Oligos 8-19,
Supplementary Table S2). These oligos do not map to any
known miRNA sequences and each pair has the same se-
quence except for a single nucleotide polymorphism (SNP)
that is used to uniquely identify the oligo. The SNP was de-
signed in such a way as to not affect the predicted secondary
structure of the oligos (18). Finally, one member of each
pair carries the 2’0OMe modification in the 3’ terminal nu-
cleotide. Oligos were resuspended at a concentration of 1.5
wM in TE buffer. Oligo concentrations were measured using
the Qubit miRNA Assay Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and 10 ng of each oligo was added to
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the spike-in mix. TE buffer was added to create a final mix
with all 12 oligos and a final concentration of 1 ng/pl. 1 ng
of the spike-in mix was spiked into a background of 500 ng
total human brain or testes RNA and libraries were con-
structed as described below.

Library construction

50 fmol of synthetic miRXplore RNA, or 500 ng of to-
tal RNA was used as input to the libraries. Libraries were
constructed with NEBNext (New England Biolabs Inc., Ip-
swich, MA), NEXTflex (PerkinElmer Inc., Waltham, MA)
and TruSeq (Illumina Inc., San Diego, CA, USA) kits fol-
lowing the manufacturer’s directions. For experiments test-
ing a range of RNA inputs, between 1 and 1000 ng was used
as input and the adapter concentrations were adjusted as
noted in Supplementary Table S1. Based on initial testing
PCR cycles were adjusted so that all libraries would be am-
plified to approximately the same concentration, which gen-
erally entailed amplifying the libraries made with the ran-
domized splint method 2-3 cycles less than the other meth-
ods, see Supplementary Table S1. Randomized splint liga-
tion libraries were constructed using the following method.
Total RNA samples were diluted to a volume of 5 pl in nu-
clease free water and heated to 70°C for 2 min and then
cooled on ice. The following components were then added:
1x final concentration of T4 RNA ligase buffer (NEB
MO0204), 20% final concentration of PEG (NEB M0204),
0.05% final concentration of Tween 20 (VWR Radnor, PA),
2.5 pmol annealed 3’ adapter (2.5 pmol top strand, 5 pmol
bottom strand), 200 units of T4 RNA Ligase 2, truncated
KQ (NEB M0373) and nuclease free water to a final vol-
ume of 20 pl. These reactions were incubated in a ther-
mocycler at 25°C for 1 h. Following ligation 2.5 units of
lambda exonuclease (NEB M0262) and 25 units of 5’ dead-
enylase (NEB M0331) were added and the reactions were
incubated for 15 min at 30°C, 15 min at 37°C and 5 min at
75°C. Five units of Uracil-DNA Glycosylase (NEB M0280)
and 20 units of Endonuclease IV (M0304) were added and
reactions were incubated for an additional hour at 37°C.
The 5 ligation was then performed by adding ATP to a
final concentration of 1 mM, 5 pmol of the 5 adapter (5
pmol top strand, 10 pmol bottom strand) and 20 units of
T4 RNA ligase 2 (NEB M0239). The reaction was incu-
bated at 37°C for 1 h. Reverse transcription was performed
by adding 50 mM final concentration of Tris—HCI buffer
(pH 7.5), 75 mM final concentration of potassium chloride,
10 mM final concentration of DTT, 500 uM final concen-
tration of each DNTP, 20 units of Murine RNase inhibitor
(MO0314), 200 units of Protoscript II reverse transcriptase
(NEB M0368) and nuclease free water to bring the final
volume to 50 wl. This reaction was then incubated for 1
h at 42°C. First strand cDNA products were purified us-
ing 70 wl NEBNext sample purification beads (NEB E7767)
and 70 pl of 100% Isopropanol. Reactions were washed and
eluted in 10 pl of nuclease free water according to the man-
ufacturer’s directions. PCR amplification of the library was
performed using NEBNext High-Fidelity 2X PCR Mas-
ter Mix (NEB M0541) and 25 pmol each of the forward
and reverse primers. PCR was performed with the follow-
ing program: An initial denaturation of 98°C for 30 s fol-
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lowed by a varying number of cycles depending on input
(see Supplementary Table S1) of: 98°C for 10 s, 62°C for
30 s and 72°C for 30 s. Followed by a final elongation step
of 72°C for 5 min. Libraries were size selected using the
NEBNext sample purification beads (NEB E7767) and us-
ing the small RNA library size selection protocol from the
NEBNext small RNA library kit (NEB E7330). Purified li-
braries were assayed on the Agilent 2100 Bioanalyzer (Ag-
ilent, Santa Clara, CA, USA) to assess purity and concen-
tration before being pooled and sequenced using 50 cycles
of single-end Illumina sequencing. Representative bioana-
lyzer traces are shown in Supplementary Figure S1.

qPCR

cDNA was synthesized using human brain RNA and the
miRCURY LNA RT Kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. miRNAs were am-
plified in quadruplicate using the primers from the miR-
CURY LNA miRNA miRNome PCR Panels I and II (Qi-
agen, Hilden Germany) and Luna Universal gPCR master-
mix (NEB M3003). Assays were performed on a CFX-384
real time PCR detection system (Bio-Rad, Hercules, CA,
USA).

Bioinformatic analysis

MiRXplore analysis: Raw reads were trimmed using cu-
tadapt (26). Low quality reads and reads <15 bp were re-
moved. Additionally, the eight degenerate bases incorpo-
rated into the NEXTflex adapters were removed. Reads
were then subsampled to a total 1 million reads per replicate
using the reformat function in BBtools (https://sourceforge.
net/projects/bbmap/). Reads were mapped to the miRX-
plore reference sequences using bowtie (27). Possible align-
ments were considered with up to 1 mismatch in the first
10 bp seed region of the read. Reads with >100 possible
alignments were considered unmapped and only the single
best alignment was reported for each read. Sequence counts
were generated from mapped reads using the idxstats func-
tion in samtools. For each library, we generated an expected
read count by dividing the total number of mapped reads
by 962, since the 962 miRNAs in the mix are expected to
be equimolar. We then divided the raw read counts by the
expected read count to normalize them. Analysis was then
performed on the normalized read counts.

Analysis of human brain RNA: Brain samples were
trimmed using the cutadapt method described above. Reads
were mapped to the 2’OMe spike-in mix allowing no
mismatches using BBMap (https://sourceforge.net/projects/
bbmap/) and coverage statistics were generated after map-
ping using samtools. Spike-in read counts were divided by
the total number of reads mapping to the spike-in mix and
multiplied by 1 x 10° to obtain the counts in reads per
million (rpm). They were then normalized by dividing by
the expected value of 8333 rpm, given that there were 12
equimolar oligos in the mixture. Remaining reads that did
not map to the spike-in set were subsampled to a total
2 million reads per replicate using the reformat function
in BBtools (https://sourceforge.net/projects/bbmap/). Reads
were mapped to the human genome (build GrCH38) using
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bowtie (27) with the settings described above. HTSeq (28)
was used to generate counts of miRNAs from the mapped
reads using the genomic coordinates from miRbase (29).
For analysis of sensitivity we repeatedly randomly subsam-
pled the trimmed reads, increasing the number of reads sam-
pled by 5000 in each sample until we reached 2 x 10° reads.
Each of these subsamples was then subjected to the map-
ping pipeline described above. Trimmed and subsampled
reads were also mapped to tRFs using MINTmap and cov-
erage statistics were generated during mapping, considering
only unambiguous tRFs (30).

piRNA analysis: Libraries were made from 500 ng hu-
man testes total RNA. Technical replicates were pooled to
create a large set of reads for each method. Raw reads were
trimmed using cutadapt (26). Low quality reads, reads map-
ping to the spike-in mix and reads <15 bp were removed.
Reads were then subsampled to a total of 16.5 million reads
per method using BBtools (https://sourceforge.net/projects/
bbmap/). These datasets were further analyzed using the
PILFER pipeline to characterize the piRNA (31). Briefly,
reads were mapped to the human genome (build hgl9) and
piRNAbank (32) using bowtie. Reads between the sizes of
26 and 33 nucleotides mapping to piRNAbank were con-
sidered to be canonical piRNAs. Additionally, reads were
considered to be putative piRNA if they met the following
criteria: (i) mapped to the genome but were not in piRNA-
bank, (ii) between the sizes of 26 and 33nts and (iii) did not
match any other non-coding RNA annotations in ensem-
ble. Finally, piRNA clusters were identified in each dataset
using the PILFER algorithm. The sets of canonical and pu-
tative piIRNA were then filtered to contain unique species
and the number of piRNAs were counted using custom R
scripts. Plots of sequence content and 5’ uridine bias of the
unique piRNA species were created using ggseqlogo (33).
To plot genome coverage, we divided the raw read counts
by the number of times they mapped to the genome to nor-
malize the values of multimapping reads. We then used the
bedmap function from BEDOPS (34) to divide the genome
into 100kb non-overlapping windows and calculate the sum
of the normalized read counts within each window. Addi-
tionally, we downloaded the RepeatMasker bed file from the
UCSC genome browser (35) and used bedmap to calculate
the percentage of each 100 kb window covered by repeti-
tive elements such as retrotransposons. A circos plot of the
results was created using the R-package BioCircos (36,37).

Arabidopsis: Reads were trimmed with cutadapt and
mapped to the Arabidopsis thaliana genome (build
TAIR10) using bowtie (27) with the settings described
above. HTSeq (28) was used to generate counts of miRNAs
from the mapped reads using the genomic coordinates
from miRbase (29).

Cancer samples: Each sample was sequenced with two
technical replicates per sample, per technique. Reads were
trimmed, mapped and counted using the workflow de-
scribed above for human brain samples. Differential expres-
sion was performed on the read counts. Because we did
not have biological replicates, we used a non-parametric
method which uses the technical replicates to model noise
distribution as implemented in the R package NOlIseq (38).

gPCR: qPCR data were analyzed using the CFX Man-
ager software (Version 3.1, Bio-Rad, Hercules, CA, USA).
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An inter-plate calibrator (IPC) target provided by the man-
ufacturer was used to correct the quantification cycle val-
ues (Cqs) for any batch effects. To generate the correction-
factor, the Cq of each IPC was subtracted from the mean
IPC. The correction factor for each replicate was then sub-
tracted from the raw Cq values. Targets were included in the
analysis if they met the following criteria: (i) Were detected
in the qPCR assay with an average Cq of <37, (ii) had a
coefficient of variation of <5% among the four qPCR repli-
cates and (iii) were detected by at least one of the sequencing
methods with an average of at least 10 reads per million.

Statistics

All analyses were conducted in R (R Core Team, ver-
sion 3.6.3. https://www.R-project.org/). Statistical compar-
isons were done using ANOVA followed by post-hoc test-
ing using the estimated marginal means (R package, version
1.4.5. https://CRAN.R-project.org/package=emmeans). P-
values were corrected for multiple comparisons using a
Tukey correction. Detection and expression patterns were
plotted using pheatmap (R package version 1.0.12. https://
CRAN.R-project.org/package=pheatmap) and ggVennDi-
agram (R package version 0.3. https://CRAN.R-project.
org/package=ggVennDiagram).

RESULTS

Randomized splint ligation is more efficient than single-
stranded ligation

We compared the ligation efficiency of randomized splint
ligation to the ligation efficiency of single-stranded ligation
for small RNA (sRNA). We used a FAM labeled fully de-
generate RNA oligo as a test substrate. The adapters used
in this experiment had the same sequence but differed on
the presence or absence of the splint strand. The substrate
was first ligated at the 3’ end to an adapter and then lig-
ated at the 5’ to another adapter, as diagramed in Figure 1A.
Capillary electrophoresis (CE) was used to measure the per-
centage of the substrate that was converted to the ligation
products by integrating the area under the peaks, which we
define as ligation efficiency (Figure 1B). In the first ligation,
the randomized splint ligation had a significantly higher lig-
ation efficiency, converting 3-fold more of the RNA oligo
substrate to ligation product (Figure 1C, P < 1 x 107%). In
the subsequent 5’ ligation, the randomized splint ligation
produced >6-fold more of the full ligation product (Figure
1C, P < 1 x 107*). Furthermore, randomized splint ligation
resulted in much less side product formation during the 5’
adapter ligation than the single-stranded ligation method
resulting in higher overall efficiency (Figure 1B).

Design of novel randomized splint ligation based sRNA li-
brary preparation

Based on our findings that randomized splint ligation ex-
hibits higher ligation efficiency for sSRNA than the widely
used ssDNA adapter ligation, we developed a novel library
preparation workflow (Figure 2). The workflow involves se-
quential randomized splint ligations to attach adapters to
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each side of the sSRNA, followed by PCR to enrich adapter-
containing molecules for sequencing. We have several novel
design features of the 3’ adapter that serve to increase ef-
ficiency and reduce adapter dimer formation. We included
an inverted deoxythymidine blocking nucleotide on the 3’
end of the degenerate portion of the bottom strand of the
adapter, which increases efficiency of ligation to the tar-
gets by blocking adapter to adapter ligations (Supplemen-
tary Figure S2A). Secondly, we included a deoxyuridine
nucleotide before the degenerate portion of the adapter.
This allowed us to cleave off the degenerate nucleotides
and use the fixed portion of the splint strand as a primer
in the reverse transcription, ensuring that the degenerate
nucleotides are not incorporated into the cDNA product.
Cleaving off the degenerate portion of the adapter before
the 5’ ligation also strongly reduced the amount of adapter
dimer formation, which is a major challenge in small RNA
sequencing (Supplementary Figure S2B). Finally, we used
a preadenylated top strand adapter to reduce the forma-
tion of side products and sequential ligations to reduce the
formation of adapter dimers. We then compared our opti-
mized workflow with several leading SRNA library prepa-
ration methods.

Randomized splint ligation based method reduces bias and in-
creases sensitivity

To evaluate the sequencing bias of our library prepara-
tion workflow, we used a synthetic reference RNA called
miRXplore. This RNA is an equimolar mix of 962 syn-
thetic miRNA sequences from several species including hu-
man, mouse and rat and is commonly used to benchmark
the bias of SRNA workflows. We prepared libraries from
50 fmol of the miRXplore RNA using Illumina’s TruSeq,
New England Biolab’s NEBNext, Perkin Elmer’s NEXTflex
and our randomized splint ligation library prep workflow.
Reads were mapped, counted and normalized such that
each miRNA was expected to have a normalized read count
of 1. Values < 1 represent miRNA that are underrepre-
sented in the library compared to their expected values,
while values > 1 are overrepresented. We found very high
technical reproducibility for all the methods tested (Spear-
man p > 0.99, Supplementary Figure S3). Normalized read
values are plotted in log scale (Figure 3A). We found that
our randomized splint ligation based method could achieve
similar yields to other methods with 2-5 cycles less PCR,
indicating higher efficiency of miRNA capture (Supplemen-
tary Table S1). We found a large bias mainly towards under-
representation in TruSeq library preparations (>50 000-fold
between the highest and lowest represented sequences). This
is improved using the NEBNext kit and further improved
using the NEXTflex kit. However, even in libraries pro-
duced with the NEXTflex kit, <40% of sequences are rep-
resented in the sequenced library within 2-fold of their ex-
pected values, and only 66.5% within 4-fold. Using our ran-
domized splint method, we were able to capture a signifi-
cantly higher percentage of targets (>75%) within 2-fold of
their expected values and the representation of all targets
was improved, with 96.3% of targets within 4-fold of their
expected value. Comparing the number of targets within
2-fold of their expected values we found that the random-
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ized splint method was significantly higher than the 3 other
methods (Figure 3B, Tukey corrected P < 1 x 10~ in all
three comparisons). Furthermore, the randomized splint
method was the only one that captured all 962 targets in the
library. To investigate potential sequence bias caused by the
randomized splint method, we focused on the first six bases
(5 end of miRNA) and last six bases (3’ end of miRNA),
the regions of the miRNAs that would hybridize to the
adapters. First, we investigated the GC bias in these regions,
under the assumption that high GC sequences might hy-
bridize to the adapter more efficiently and therefore be over-
represented in the library. We grouped the data in three cate-
gories, either >2-fold (overrepresented), within 2-fold (cor-
rectly represented) or <2-fold (underrepresented). In fact,
there is no pronounced enrichment for high GC sequences
using the randomized splint method (Supplementary Fig-
ure S4). Furthermore, we analyzed the sequence motifs for

these regions in each category using sequence logos (39). We
did not see any strong motifs, aside from a slight overrepre-
sentation of purines in the 5’ end among the overrepresented
sequences in the randomized splint method, which may be
due to the fact that randomized splint method has much
less miRNAs in the overrepresented category compared to
the other three methods. (Supplementary Figure S5). Over-
all, the splint method has much lower bias than the other
methods.

To confirm our results in libraries prepared from biolog-
ical samples, we made libraries with 500 ng of total hu-
man brain RNA as an input using each of the four library
preparation methods. We evaluated the bias by comparing
miRNA sequencing read counts to qPCR measurements
from the same sample on 379 miRNA targets. The results
were plotted on a log scale with the average qPCR threshold
cycle (Cq) values on the y-axis and the average number of



PAGE 7 OF 14 Nucleic Acids Research, 2020, Vol. 48, No. 14 e80

Total RNA or sRNAs
5 P’
3’ Adapter Ligation
5’ App ) 3’
3 = 5’
5 — 3’
3’ i 5°
5’ App 3’
3 i 5’
Excess Adapter Depletion + , ,
USER Cutting "
5’ App RXXXX 3’
5’ ] 3’ 3’ Ko 5’
3] 5’ 345
5’ Adapter Ligation
Y"1
I—T »5’ 5’ —3
F—I1 b i ———1}
)"
[} I—
CcDNA synthesis . ,
e 3
3’ — — 5’
PCR Enrichment
p5
5 13’
- | e 5’
K ———— ———
BC p7

Figure 2. Schematic of randomized splint ligation library preparation. First the preadenylated 3’ adapter is ligated on using randomized splint ligation.
Following adapter ligation, the excess adapter is depleted using 5’ deadenylase and lambda exonuclease, and the degenerate portion of the adapter is
cleaved off by excising the deoxyuracil using USER. Next the 5" adapter is ligated on using randomized splint ligation and cDNA is synthesized using the
remaining portion of the 3" adapter splint strand as a primer for the reverse transcription. Finally, library molecules containing both adapters are enriched
and extended using PCR.



e80 Nucleic Acids Research, 2020, Vol. 48, No. 14

A
101
%)
kS
o) 21
o 14
T~ 0.5+
oo
53
g *a 0.1
(=)
23
o — 0.011
o)
o
)
Z 00019 " |
TrulSeq NEB'Next NEXleIex Spllint
944 955 961 962
C TruSeq
30 1
o 20
O
[0)
o)
g
g
<
30
20 1

Percentage of miRNA within 2—fold

PAGE 8 OF 14

80.0% A

D
60.0% 1
40.0% c
B
20.0% 1 A i
000/0 . -

TruSeq NEBNext NEXTflex

Method

B TruSeq
I NEBNext
B NEXTflex
B Splint

of the expected value

Spllint

NEBNext

1 100 10000

1 100

Average Reads per Million

Figure 3. Comparing bias of leading library prep methods with randomized splint ligation. (A) Normalized read counts of libraries prepared from an
equimolar mix of 962 synthetic miRNA are plotted in logarithmic scale. Each miRNA was expected to have a normalized read value of 1 (central dashed
line). The upper and lower dashed lines correspond to the interval of 2-fold over- or underrepresented. The total number of miRNA detected with each
method is listed below the X-axis label. (B) Percentage of miRNAs falling within 2-fold of their expected values shown as the average of two technical
replicates per method. Error bars represent the standard deviation. Letter codes indicate groups that are significantly different from each other with Tukey
corrected P < 0.001. (C) Quantification of human brain miRNAs using qPCR compared to each sequencing method. qPCR values are represented as the
average Cq of 4 technical replicates while sequencing values are represented as the average number of reads per million for 3-4 technical replicates per
method, both are plotted on a logarithmic scale. Linear models were used to plot the line of best fit for each correlation and the R? value of the correlation
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reads per million for each method on the x-axis (Figure 3C).
We found that the randomized splint method had a higher
correlation to the qPCR data than any other method. To
test if the randomized splint method was significantly bet-
ter correlated to the qPCR data than the other methods,
we used Hittner, May and Silver’s Z-statistic for compar-
ing overlapping dependent correlations (40). We found that
the randomized splint method was significantly better cor-
related to the PCR data than any other library preparation

method (Figure 3C, Corrected P < 1 x 1072 in all compar-
isons).

Further analyses of human brain miRNA showed that
the randomized splint method detected significantly more
miRNA sequences than any other method (Figure 4A, cor-
rected P < 1073 in all comparisons) and the most unique
detections (Supplementary Figure S6A). Furthermore, the
randomized splint method had the highest detection sensi-
tivity at all subsampled read depths (Figure 4B). Overall ex-
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pression patterns were similar across all four methods, with
NEBNext and NEXTflex being the most similar to each
other (Supplementary Figure S6B). We were also able to
use the method to detect miRNA with a variety of input
RNA amounts ranging from lug to 1ng of total RNA. Cor-
relations between technical replicates were highly repeatable
within an input level as well across input levels (Supplemen-
tary Figure S7, Spearman p values > 0.75).

In addition, the randomized splint method detected
more unique tRFs than the other methods (Figure 4C,

corrected P < 107* in all comparisons and Supplemen-
tary Figure S6C). The overall profile of the tRFs de-
tected using the randomized splint method was notably
different from the other methods tested, mainly due to
the large number (44% of all detected species) that were
only detected by the splint method (Supplementary Fig-
ure S6D). The randomized splint method detected a greater
number of tRF species in all categories but in particu-
lar had a much richer sampling of shorter 5’ and 3'-tRFs
(Figure 4D).
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Randomized splint ligation based method improves detection
of 2'-0-methyl modified RNA

The 2’0OMe modification at the 3’ end of sSRNA has posed
challenges for library preparation. We compared the lig-
ation efficiency between single-stranded ligation and ran-
domized splint ligation methods using a 5-FAM labeled
degenerate RNA oligos which either contained a 2’OMe
modified ribonucleotide at the 3’ terminus or a normal ri-
bonucleotide (Figure 5A). We found that the 2’0OMe mod-
ification caused a decrease in ligation efficiency compared
to the unmodified substrate in both the single-stranded and
randomized splint ligations (Figure 5B). However, random-
ized splint ligation was much more efficient on both sub-

strates (Figure 5C, corrected P < 10~* in all comparisons).
Furthermore, we found that splint ligation significantly de-
creased the impact of the 2’0OMe modification (1.9-fold
less efficient compared to 5.7-fold less efficient with single-
stranded ligation; interaction P-value = 9.88 x 107?).
Next we compared the ability of different library prepa-
ration methods to capture 2’OMe modified RNA in a back-
ground of total RNA. We spiked a mixture of 2’0OMe mod-
ified synthetic oligos and their unmodified counterparts
into total human brain RNA. The 2’0OMe spike-in mix
contained six pairs of oligos; oligos in each pair were of
the same sequence except for a non-structural single nu-
cleotide polymorphism to allow for mapping. Oligos in
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at least three of the methods. The inner five tracks were broken up into 100 kb

non-overlapping windows. The second outermost track represents the percentage of each window containing repetitive elements such as retrotransposons.
The 4 innermost tracks represent the number of piRNA mapping within each window, normalized by the number of times they mapped to the genome
and plotted on a log scale. Each method is represented by its own track with the Illumina as the innermost track, followed by NEBNext, NEXTflex and
randomized splint. (C) SeqLogo plots showing the sequence motifs for the piRNA species detected by each method.

each pair contained one with a 2’0OMe modified 3’ ter-
minal nucleotide and the other with a normal nucleotide.
We found that the methods varied with respect to their
ability to detect the 2’0OMe modified RNA (Figure 5D).
TruSeq had the lowest detection, followed by NEBNext and
NEXTflex, while the randomized splint method had the
best detection. Comparing unmethylated and methylated
oligos within each method, we found significantly reduced
sensitivity for 2’0OMe in all methods except the randomized
splint method (corrected P-values < 0.05 in all methods ex-
cept randomized splint).

Furthermore, we compared the sensitivity of different li-
brary preparation methods to detect naturally occurring
sRNAs containing the 2’0OMe modification. First, we se-
quenced human testes SRNAs and mapped the piRNAs.
We found that the randomized splint method detected the
highest number of the unique species of piRNA, followed
by NEXTflex while NEBNext and TruSeq were not signif-
icantly different from each other in detection (Figure 6A
and Supplementary Figure S6E). We found that the piRNA
mapped to repeat containing regions of the genome and ex-
hibited similar genomic clustering patterns across methods
(Figure 6B), while expression levels of individual piRNAs

varied among methods (Supplementary Figure S6F). Fur-
thermore, we found a prominent 5 U bias in the sequences
identified with each method, which is a feature of piRNA
related to their biogenesis (Figure 6C). We also sequenced
total RNA from a plant, Arabidopsis thaliana. Most plant
miRNAs naturally contain the 2’0OMe modification. We
found that the randomized splint method detected signifi-
cantly more miRNAs compared to the NEBNext method
(Supplementary Figure S8, P < 1 x 1073, other methods
were not tested).

Randomized splint ligation based method detects more differ-
entially expressed miRNA

Finally, we tested our method in miRNA differential ex-
pression. We obtained archived total RNA samples from
tumors and adjacent normal tissue from the same donor.
Libraries were constructed using four matched pairs from
stomach, lung, kidney and breast tissue using the random-
ized splint and NEBNext methods. In all cases we found
that the randomized splint method detected more miRNA
than the NEBNext method (Table 1). Furthermore, the ran-
domized splint method found more differentially expressed
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Table 1. Differential expression of miRNAs. miRNAs were compared between tumor and adjacent normal tissue in four human donors. Each sample
was assayed using the randomized splint workflow and the NEBNext workflow in duplicate

Number
Biochain Average number of differentially Shared
Lot Donor Donor Tissue miRNA detected expressed differential
Tissue number age sex Technique type (rpm > 5) (probability > 0.9) expression
Stomach A612105 51 M NEBNext Normal 302.0 45 38
Tumor 333.0
Randomized Splint Normal 441.0 57
Tumor 479.0
Lung B501175 67 M NEBNext Normal 315.0 22 18
Tumor 328.0
Randomized Splint Normal 404.5 73
Tumor 476.5
Kidney A610274 2 M NEBNext Normal 349.0 72 53
Tumor 349.5
Randomized Splint Normal 504.0 86
Tumor 496.0
Breast B610021 56 F NEBNext Normal 330.5 29 15
Tumor 332.5
Randomized Splint Normal 447.5 29
Tumor 464.0

miRNA in most cases, except for the breast tissue samples
where we detected the same number of differential expressed
genes using both methods.

DISCUSSION

sRNAs are important regulators of gene expression which
present unique challenges in quantification due to their size.
Low bias and highly sensitive methods are necessary to pro-
vide accurate and complete information in small RNA se-
quencing. In this study we designed a novel randomized
splint ligation-based workflow which improves many long-
standing challenges in the field. Randomized splint ligation
is a highly efficient and low bias process, requiring only tran-
sient hybridization to the degenerate extension, as opposed
to more complex cofolding interactions necessary for single-
stranded ligation reactions. High ligation efficiency is im-
portant to increase yield and allow for low input samples.
With our optimized workflow we found that randomized
splint ligation could be used with inputs as low as 1 ng of to-
tal RNA and generally required fewer PCR cycles to achieve
the same yield as the other commercially available methods
and does not require gel-purification.

We further showed that our randomized splint liga-
tion workflow has lower bias and higher sensitivity com-
pared to the commercially available kits. In our tests using
962 equimolar synthetic miRNAs, the randomized splint
method detected by far the most targets within 2-fold of
their expected value, indicating that it has minimal sequence
bias. Further, it was the only method tested to detect all se-
quences in the synthetic library. The bias was much lower
than any other commercially available methods, even com-
pared with the NEXTflex kit which also makes use of de-
generate nucleotides and is frequently cited as the best low-
bias method currently available (16,18). Furthermore, in
our tests comparing each method to qPCR, randomized
splint ligation detected the most miRNAs that were also de-
tected by qPCR and had the best correlation to the gPCR
data. In our testing on human brain RNA, we found that

randomized splint ligation detected more miRNA than any
other method.

Bias in miRNA detection is important for several reasons.
During miRNA maturation, the double stranded precursor
miRNA is cleaved, and one strand is loaded on to the Arg-
onaut, while the passenger strand is degraded. For annota-
tion in databases, the proposed functional strand is mainly
determined by the relative sequencing depth of the two
species (41). Accurate quantification of the relative abun-
dance of each is critical to make that determination and
biased methods may not detect it correctly, leading to in-
correct annotations. Furthermore, it is possible for the pas-
senger strand to become functional in a poorly understood
process known as ‘arm-switching’ (21). A low-bias sequenc-
ing method will enable comprehensive genome-wide studies
of arm switching and corrections of functional annotations
in existing miRNA databases.

The most common use-case for SRNA sequencing is to
look for differential expression between samples. We exam-
ined the performance of our method in this type of exper-
iment using archived matched tumor samples. Because we
have minimal information on the patients and we do not
have biological replicates of the tumors, we can’t evaluate
the biological significance of our results. However, we do
have technical replicates and can compare between differ-
ent techniques done on the same samples. We found that
the randomized splint method detected more miRNA than
the NEBNext method and importantly more differentially
expressed miRNA between the matched tumor and normal
tissue. Although many of the differentially expressed genes
were found by both methods, having a low-bias method
permits accurate quantitation of the expression levels. This
is important for ranking possible therapeutic targets and
avoids losing targets that are not captured correctly by bi-
ased methods.

We found that our method detected a much wider diver-
sity of tRNA fragments than any other method. In particu-
lar, we detected a much larger diversity of short tRFs, falling
into the category of 5-tRFs and 3’-tRFs. While the func-
tional relevance of these fragments is not well understood,
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our method will enable investigations into their targets and
role in cellular physiology and disease that may not be pos-
sible with other methods that don’t detect them well. In all
methods, we detected very few tRNA half species. This is
likely because all of the surveyed methods require a free 3’
hydroxyl group and a 5 phosphate group in the targets in
order for ligation to occur. tRNA halves are mainly gen-
erated during stress induced cleavage by angiogenin. An-
giogenin cleavage results in a 2-3’ cyclic phosphate on the
3" end of the 5 cleavage product and a 5" hydroxyl on the
3’ cleavage product, thus we would not detect them unless
these products were repaired by cellular kinases or phos-
phatases prior to library construction (42). Future stud-
ies could employ an end repair strategy using T4 polynu-
cleotide kinase or a similar enzyme to better capture these
species.

Finally, we have shown that our method is particularly
well suited to studies of 3’ terminal 2’OMe modified SRNA,
such as plant miRNA and piRNA. The randomized splint
ligation significantly relieves the impairment in ligation ef-
ficiency caused by the modification, perhaps by forming a
more favorable structure for the enzyme to complete the
phosphodiester bond formation. Munafé6 and Robb (22)
showed that increasing incubation time and enzyme concen-
tration can improve the ligation efficiency in single-stranded
ligations, it is possible that the same strategies could be used
with our workflow to optimize the recovery of this class of
sRNAs even more. Our technique will significantly aide in
discovery and quantification of plant miRNAs which are
significantly underrepresented in miRbase, probably due to
structural and modification based biases that lead to large
numbers of miRNA not being represented in sequencing
datasets (43). Furthermore, our method will be useful for
the study of piRNA. As we demonstrated in this study, we
were able to identify a higher diversity of piRNA than any
other method. The piRNA we identified showed the char-
acteristic clustering patterns and 5 uridine bias related to
their biogenesis and feed-forward amplification mechanism
(31,44).

In conclusion, we have developed a novel method that sig-
nificantly improves the accuracy and sensitivity of sSRNA li-
brary preparations. Our method is particularly well suited
for low-input samples and 2’OMe modified SRNAs which
have been challenging to study in the past and will there-
fore provide new insights into the biology of sSRNAs.
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