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Abstract
MicroRNAs (miRNAs) are 18-22 nucleotide long non-coding small RNAs
that regulate protein expression and are involved in various cellular
process such as development, growth, and physiology. Many studies have
shown that miRNA expression in plants is altered by stress-response
and environmental changes. Thus, the analysis of miRNA profiles using
next generation sequencing can be beneficial to our understanding of
stress tolerance of crops and other plants. Although miRNAs in plants
and animals share many similarities, most mature miRNAs in plants
contain 2’-O-methylation at the 3’ end. Typically, ligation of a 3’ adapter
via the 3’ OH of the miRNA molecule is the first step in small RNA
next-generation sequencing (NGS) sequencing library construction.
2’-O-methylation of plant miRNAs reduces ligation efficiency of the 3’
OH, making plant miRNA libraries difficult to generate. Here, we show
that miRNA profiling from bean, wheat, corn, and rice using total RNA
inputs can be successfully achieved using the NEXTflex® Small RNA
Sequencing Kit v3, without library purification from PAGE gels, and that
extending the ligation incubation step increases library yield. Importantly,
many putative novel miRNAs were discovered with the NEXTflex® Small
RNA Sequencing Kit v3 that were not discovered using other methods.
Thus, this protocol allows generation of reduced-bias small RNA libraries
from plant total RNA without the tedious step of gel-based size selection,
enabling researchers to discover and profile more small RNAs from more
samples than with traditional methods.

Introduction
MicroRNAs in plants play a key role in growth, development, reproduction,
and proliferation. The growth and reproduction of plants are constantly
adjusted by various environmental stimuli. It has been shown that
environmental changes result in alteration of miRNA expression profiles1.
Therefore, it is important to analyze changes in miRNA profiles in response
to different environmental cues in order to improve crop yield and quality.
After transcription of primary miRNAs (pri-miRNA), pri-miRNAs are
processed into mature miRNA by DICER-LIKE protein. This process
results in 3’ OH and 5’ phosphate groups on the miRNA. During this
process, HUA ENHANCER1 (HEN1), a methyltransferase, adds a
methyl group onto the 2’ OH of the 3’ terminal ribose on each strand of
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miRNA/miRNA* duplex. Thus, most mature miRNAs in plants contain
2’-O-methylation at the 3’ ends. HEN1-mediated 2’-O-methylation
increases stability by protecting from 3’-to-5’ exonuclease activity and
destabilizing uridylation activity2.
The yield of small RNA NGS sequencing library preparations is greatly
dependent on the efficiency of the ligation of the 3’ adapter to miRNAs.
Because 2’-O-methylation at the 3’ end decreases the efficiency of 3’
adapter ligation, plant miRNA NGS sequencing library generation
generally requires modification to increase the yield. Here we show that
plant miRNA NGS sequencing libraries can be successfully generated
using the NEXTflex® Small RNA Sequencing Kit v3 without library
purification from PAGE gels, and that longer incubation of the ligation
reaction increases library yield.
Compared to the human genome and other model organism genomes,
plant genomes are not well defined. The number of known miRNAs is
small and the locations and sequences of miRNAs are not well defined in
many plant species. Therefore, discovery and prediction of miRNAs are of
interest in many plant species, with NGS techniques applied to finding new
miRNAs. The discovery of miRNAs is heavily dependent on the diversity of
miRNAs detected in small RNA NGS sequencing libraries. The NEXTflex®
Small RNA Sequencing Kit v3 is the only commercially available small
RNA sequencing kit that uses adapters with randomized bases to reduce
ligase-associated bias3. The reduction of bias usually increases the diversity
of miRNAs in small RNA NGS sequencing libraries. Thus, the use of the
NEXTflex® Small RNA Sequencing Kit v3 in plants has clear benefits to
detect and discover small RNAs that other kits cannot.

Results
The NEXTflex® Small RNA Sequencing Kit v3 was used to prepare libraries
from 1 µg of total RNA from bean, wheat, corn, and rice. Non-diluted 3’
and 5’ adapters were used in library preparation with 18 cycles of PCR,
and final libraries were size-selected with the gel-free protocol option.
To determine whether the longer 3’ ligation time increases the yield of
the desired library product, overnight 3’ ligation (16 hours at 20°C) was
compared to the standard two-hour 3’ ligation at 25°C. As shown in
Figure 1, overnight incubation for 3’ ligation increased the yield 2.7 - 3
fold compared to 2-hour incubation. This result indicates that plant small
RNA NGS sequencing libraries can be successfully generated using the
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NEXTflex® Small RNA Sequencing Kit v3 gel-free protocol despite the
presence of 2’-O-methylation, and that overnight 3’ adapter ligation at
20°C can increase library yield.
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Figure 1. Plant miRNA NGS sequencing libraries generated using the NEXTflex®
Small RNA Sequencing Kit v3. Bioanalyzer® profiles of bean (A), wheat (B), corn
(C), and rice (D) small NGS sequencing libraries from 1 µg of total RNA as input.
The blue lines represent libraries from overnight incubation for 3’ ligation and the
red lines represent libraries from 2-hour incubation. The arrows indicate the peaks
corresponding to miRNA library products.

with the gel-free protocol. For the wheat, corn, and rice libraries, adapter
dimer formation was greatly reduced by overnight 3’ ligation compared to
2-hour 3’ ligation (Figure 2B-D). The molar ratios between miRNA library
product and adapter dimer product (molar ratio of 150 peak/130 peak)
increase by overnight 3’ ligation from 1.61, 3.03, and 2.18 to 3.14, 7.60, and
10.82 for wheat, corn, and rice libraries respectively. For bean, the libraries
with either overnight or 2 hour 3’ ligation contained a large amount of
adapter dimer and adapter dimer was only slightly reduced in overnight 3’
ligation (molar ratio of 150 peak/130 peak from 0.82 to 0.85) (Figure 2A).
This result is consistent with our previous observations that greater yield
of the miRNA product correlates with lower yield of the adapter dimer
product, likely because fewer adapters are available to form adapter dimer
when more miRNA is present. Therefore, the observation that overnight
3’ ligation decreases adapter dimer formation, is likely a result of greater
yield of miRNA products. However, as shown in the bean libraries, this
phenomenon is not applicable in all cases.
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To examine the effect of overnight 3’ ligation on plant small RNA libraries
generated from less RNA input, sequencing libraries were prepared from
50 ng of total RNA from bean, wheat, corn, and rice using the NEXTflex®
Small RNA Sequencing Kit v3. A 1/4 dilution of 3’ and 5’ adapters was used
in library preparation with 21 cycles of PCR. Then, libraries were purified
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Figure 2. Plant miRNA NGS sequencing libraries generated using the NEXTflex®
Small RNA Sequencing Kit v3. Bioanalyzer® profiles of bean (A), wheat (B), corn
(C), and rice (D) small NGS sequencing libraries from 50 ng of total RNA as input.
The blue lines represent libraries from overnight incubation for 3’ ligation and
the red lines represent libraries from 2-hour incubation. The red arrows indicate
the peaks corresponding to miRNA libraries. The blue arrows indicate the peaks
corresponding to adapter dimers.

In order to compare the quality of the small RNA NGS sequencing
libraries prepared with the NEXTflex® Small RNA Sequencing Kit v3 to
libraries prepared with other commonly used kits, small RNA sequencing
libraries were prepared from 1 µg of total RNA from bean, wheat, corn,
and rice using the NEB® NEBNext® Multiplex Small RNA Library Prep
Kit and the Illumina® TruSeq® Small RNA Library Preparation Kit .
Despite multiple attempts, libraries could not be generated from any of the
samples using the TruSeq® Small RNA Library Preparation Kit. The gelfree method was used for bean and wheat small RNA library preparation
using the NEBNext® Multiplex Small RNA Library Prep Kit. Bean small
RNA libraries contained a large amount of contaminant at ~300 bp, so
another round of cleanup was required (Figure 3A). Corn and rice small
RNA libraries prepared using the NEBNext® Multiplex Small RNA Library
Prep Kit had final libraries eluted from a PAGE gel (Figure 3).
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Figure 3. Plant miRNA NGS sequencing libraries generated using the NEBNext®
Multiplex Small RNA Library Prep Kit (NEB®). Bioanalyzer® profiles of bean (A),
wheat (B), corn (C), and rice (D) small NGS sequencing libraries from 1 µg of total
RNA as input. Bean and wheat libraries were generated with gel-free final library
isolation, and corn and wheat libraries were gel-eluted. The arrows indicate the
peaks corresponding to miRNA library products.

Sequencing data from libraries prepared using the NEXTflex® Small RNA
Sequencing Kit v3 and the NEBNext® Multiplex Small RNA Library Prep
Kit was analyzed and compared. Among the trimmed reads, the percentage
of the reads aligned to known miRNA sequences was ~2.5 times higher
in the libraries prepared using NEXTflex® Small RNA Sequencing Kit v3
(1.9-7.8 %) than libraries prepared using NEBNext® Multiplex Small RNA
Library Prep Kit (0.3-2.9 %) (Figure 4).
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Figure 4. Libraries generated using the NEXTflex® Small RNA Sequencing Kit v3
(Bioo Scientific) have higher miRNA alignment rates than those generated using
the NEBNext® Multiplex Small RNA Library Prep Kit (NEB®). Bowtie2 alignment
rate to known miRNA hairpins from miRBase after trimming is shown.
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Because the rice genome is well defined, we tested miRNA detection
rates from the rice small RNA NGS sequencing libraries prepared using
NEXTflex® Small RNA Sequencing Kit v3 and NEBNext® Multiplex Small
RNA Library Prep Kit. After the normalization of the numbers of the
reads (174,089), predicted and known miRNA reads were compared. The
numbers of the predicted and known miRNA reads were higher in the
library prepared using the NEXTflex® Small RNA Sequencing Kit v3 than
the library prepared using the NEBNext® Multiplex Small RNA Library
Prep Kit (Figure 5).
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v3 versus those created with the NEBNext® Small RNA Library Prep Kit
demonstrated detection of more known and predicted miRNAs with the
same number of reads with the NEXTflex kit, likely due to reduced bias
achieved with the randomized adapters in the NEXTflex kit. Surprisingly,
we were unable to generate libraries from any of the total RNA samples
using the Illumina® TruSeq® Small RNA Library Preparation Kit.
This study shows that small RNA sequencing libraries can be prepared
successfully from plant total RNA from a variety of species using the
NEXTflex® Small RNA Seq Kit v3 gel-free protocol. We also show that
the NEXTflex Small RNA Seq Kit v3 offers distinct advantages over
other popular kits, making it the clear choice for plant small RNA library
preparation.
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Plant RNAs were purchased from ASMBIO. Libraries were sequenced on an
Illumina® MiSeq® with single-end 75 bp reads. To align sequencing reads to
known miRNAs, single-end reads were trimmed with Cutadapt 1.9.1, then
mapped to the appropriate reference using Bowtie 2.2.6. The references
consisted of known miRNA hairpins of Phaseolus vulgaris, Triticium
aestivum, Zea mays, and Oryza sativa downloaded from miRBase. To
compare rice miRNA profiles, trimmed reads were normalized to 174,089
reads. Known and predicted miRNAs were determined by running
miRPlant v54 (https://sourceforge.net/projects/mirplant/) with miR length
set to 18 to 23, min reads set to 5, precursor length set to 200, and all other
parameters set to default.
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The adapters with randomized bases used in the NEXTflex® Small RNA
Sequencing Kit v3 have been shown to reduce ligase-associated bias. This
reduction in bias is the likely cause for the higher miRNA mapping rates
and greater number of known and predicted miRNAs detected in libraries
created using the NEXTflex® Small RNA Sequencing Kit v3.

Conclusions
Regulation of and by small RNAs is an important aspect of plant biology,
and NGS offers many advantages to studying small RNAs in plants. We
thus set out to determine whether the NEXTflex® Small RNA Sequencing
Kit v3 could be used to prepare small RNA libraries from total RNA from
several agriculturally relevant plant species. We showed that libraries
could be successfully prepared from total RNA of all species tested using
a gel-free protocol, and that by incubating the 3’ adapter ligation reaction
longer and at a lower temperature we could increase yield, in some cases
allowing gel-free library preparation from only 50 ng of plant total RNA.
Comparison of libraries created with the NEXTflex® Small RNA Seq Kit
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