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        The phylogenic characterization of microbial 
communities rests mainly on the small 
subunit ribosomal RNA (SSU rRNA) genes, 
16S rRNA in prokaryotes and its counterpart 
18S rRNA in eukaryotes; however, the 
lack of good universal primer sequences 
and incomplete reference databases 
complicates the analysis of eukaryotic 
species. Our previous phytoplankton mock 
community study showed that RNA-based 
community profi ling correlated better with 
the biomass measures than DNA-based 
sequencing, in which the variation in the 
rRNA gene copy numbers per algae cell 
can be over 100-fold  [1] . Moreover, profi ling 
microbial communities using 16S/18S rRNA 
instead of rRNA genes especially brings out 
living organisms with active protein synthesis 
and is free of dissolved or relic DNA  [2] . 

 To amplify RNA templates without the 
natural poly(A)-tail, the use of gene-specifi c 
primers can be avoided by 3′- and 5′-end 
poly(A) tailing of RNA or by ligation of adaptor 
sequences as reviewed by van Dijk  et al.   [3] . 
When primer-independent methods have 
been applied, our knowledge on the rRNA 

molecules and the diversity of life have been 
expanded  [4–6] . Commercial kits have been 
fabricated for nontargeted amplifi cation of 
RNA. In small RNA library construction of 
NEBNext products of New England Biolabs 
(MA, USA), the workfl ow is based on a 
ligation of 3′ and 5′ adaptors, whereas in 
mRNA library construction, cDNA synthesis 
is based on RNA fragmentation and random 
priming. Diagenode’s (Seraing, Belgium) 
CATS RNA-seq kit is based on poly(A) 
tailing and the ligation-free ‘Capture and 
Amplifi cation by Tailing and Switching’ 
method. In the common Illumina (CA, 
USA) library preparation workfl ow, random 
fragmentation of the cDNA sample is 
followed by 5′ and 3′ adapter ligation. 
Machida and Lin  [7]  describe in their article 
other commercial library preparation kits, 
such as SMART cDNA library construction 
kit of Clontech and Exact START Eukaryotic 
mRNA 5′- & 3′- RACE kit of Epicenter (WI, 
USA), for which the procedures are easy 
to repeat. However, the kits available are 
either designed to cover the entire length 
of RNAs, and therefore not effi cient for 

rRNA sequencing where the full alignment 
of the fragments would be benefi cial, or are 
rather expensive to use for environmental 
studies. When we searched a suitable 
method to perform rRNA 5′-end sequencing 
of phytoplankton samples, amplifi cation 
of poly(A)-tailed cDNA products with an 
oligo(dT) primer preferentially resulted 
in internal poly(A) priming and truncated 
amplifi cation fragments, as was warned 
by Nam et al.  [8] . Therefore, we recognized 
a lack of a directional 5′-end sequencing 
method that could be readily used for 
preparing barcoded RNA sequencing 
libraries without the need for gene-specifi c 
primers or oligo(dT) priming. 

 Our target was to construct a library 
preparation workfl ow to study the 5′-end 
of the SSU rRNAs of all organisms without 
the bias caused by gene-specifi c primers 
or poly(A) tailing. We validated the workfl ow 
 (Figure 1)  by exploiting a eukaryotic cell 
pool consisting of six phytoplankton 
species:  Diatoma tenuis ,  Melosira 
arctica ,  Apocalathium malmogiense , 
Kryptoperidinium foliaceum ,  Monoraphidium
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a tailed random-hexamer primer and further barcoding. The sequencing results of a phytoplankton mock 
community showed a highly similar profi le to the biomass indicators. This method has universal potential for 
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METHOD SUMMARY
The primer-independent RNA library construction workflow includes ligation of the RNA oligo (M13) to the 5´-end of the 
gel-extracted small subunit ribosomal RNA, and subsequent reverse transcription of the template using a random hexamer 
primer with a sequencing adapter overhang. Following amplification of the RNA fragments with barcoded Ion Torrent primers, 
the amplicons are size-selected with magnetic bead purification.
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sp. and Chlorella pyrenoidosa. The 
biomass, dry mass, carbon content and cell 
number values of each species of the pool 
were determined earlier [1], but symbiotic 
prokaryotic cells were unidentified. Here, 
total RNA was extracted from the mock cells 
(a detailed protocol and list of the reagents 
is available in the Supplementary Protocol) 
using a Direct-Zol RNA MicroPrep isolation 
kit (Zymo Research, CA, USA). 16S/18S 
rRNA fragments were cut from a precast 1% 
agarose E-Gel EX gel (Invitrogen, MA, USA) 
and purified using a Zymoclean Gel RNA 
Recovery Kit (Zymo Research). The universal 
M13-RNA forward adapter sequence 
(5′-UGUAAAACGACGGCCAGU-3′) was 
ligated to the purified 16S/18S rRNA 
fragments with T4 RNA ligase (Promega, 
WI, USA) applying the manufacturer’s 
instructions. After purification of the 
ligation product, Ion Torrent sequencing 
adapter P1 was exploited as an overhang 

in the random primed (5′-CCTCTCTATG
GGCAGTCGGTGATNNNNNN-3′) cDNA 
synthesis. Purified cDNA was amplified 
with a barcoded Ion Torrent sequencing 
adapter (IonA) with M13-sequence in the 
3′-end and P1 as the reverse primer. For 
one-step size-selection and purification of 
amplicons, the dual size selection procedure 
of the ProNex Size-Selective Purification 
System (Promega) was applied, targeting 
the selection between 300 and 550 bp. 
Sequencing was performed with the Ion 
Torrent Personal Genome Machine (PGM) 
as described by Mäki et al. [1]. The data was 
analyzed using CLC Genomics Workbench 
11 software (www.qiagenbioinformatics.
com) using a phytoplankton reference 
database comprising mock community 
sequences [1] or Silva v128 16S reference 
rRNA gene database for prokaryotic 
analysis and using OTU 97% identity 
clustering level (Supplementary Figure 2). 

Relative abundances of strains were used 
to calculate Bray-Curtis similarity matrix, 
based on which nonmetric multidimensional 
scaling (NMDS) was calculated with 
1000 repeats in PRIMER v. 6.1.12 and 
PERMANOVA+ v.1.0.2 (PRIMER-E/Quest 
Research Limited, Albany, New Zealand).

Two steps were critical for the workflow. 
First, when the RNA template is ligated to 
the M13 RNA oligo, self-ligation of fragments 
may occur. To avoid this, we tested blocking 
the free OH-group of the original RNA with 
ddATP using the TdT enzyme, but this 
caused extra steps in the process. The 
other method was to block self-ligation 
by introducing an excess of M13-RNA 
adapters during the ligation reaction. 
When the concentration of the M13-RNA 
adapter in the ligation reaction was 10,000 
times greater than the rRNA concentration, 
self-ligation of 16S/18S rRNAs was efficiently 
prevented (Supplementary Figure 1), and the 
latter procedure was selected.

The second critical step was related 
to random priming, which was not fully 
continuous throughout the sequences, 
but the specific priming site was affected 
by the primary or secondary structure 
of the RNA in the first strand cDNA 
synthesis, as already recognized in previous 
studies [9,10]. Nonuniform random priming 
caused noncontinuous length distribution 
in the final sequencing products. When 
the final sequencing data were sorted to 
150–200 bp, 200–300 bp, 300–500 bp 
and 150–500 bp size fractions, it was found 
that the selection of size fraction affected 
the outcome, the relative abundance of 
species (Supplementary Figure 2). Strain-
specific distribution of sequence lengths 
was also noticeable when random primed 
cDNAs of A. malmogiense, Monoraphidium 
sp. and M. arctica were amplified with the 
eukaryotic rRNA-specific forward primer 
Euk1A (5′-CTGGTTGATCCTGCCAG-3′) 
(Supplementary Figure 3A). Adjusting 
the number on degenerate nucleotides 
in the random hexamer did not improve 
the uneven priming pattern, since five, six 
and seven degenerate bases (N) resulted 
in a similar patterning, but eight N-bases 
generated even stronger peak formation, 
when the RNA of Monoraphidium sp. was 
studied (Supplementary Figure 3B).

To make the random priming more 
continuous, we tested addition of the 
organic solvent dimethyl sulfoxide (DMSO), 
which should improve the efficiency of cDNA 
synthesis by decreasing the secondary 

 

Figure 1. Construction of rRNA sequencing library without gene-specific primers. Ribosomal 16S/18S 
RNA fragments are extracted from total RNA, M13 RNA oligo is ligated to the purified product, and 
cDNA synthesis is primed with a random primer containing P1-adapter overhang for the Ion Torrent 
sequencing. Finally, barcoding and amplification of the construct is performed using the M13 and P1 
sites to create the sequencing library.
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structures of RNA  [11]. However, 10% 
DMSO did not reduce the patterning in the 
random priming (Supplementary Figure 3C). 
We also tested whether the non-continuous 
random priming was only related to rRNA, 
which has strong secondary structures, 
or universal. We used our random priming 
procedure for the protein-coding RNA of 
the firefly luciferase (Fluc) gene. The RNA 
was transcribed from control template DNA 
of the HiScribe T7 Quick High Yield RNA 
Synthesis kit (New England Biolabs Inc.). 
The size distribution of amplified cDNA 
fragments of Fluc was not better than that of 
rRNA (Supplementary Figure 3D), showing 
that the secondary structures are not the 
only reason for the noncontinuous random 
priming pattern of the rRNA. When the tailed 
random primer P1–6N was manufactured 
using hand-mixing of the degenerate bases 
(Integrated DNA Technologies, Freising, 
Germany) to guarantee that all four bases 
will be equally represented, size distribution 
of the PCR-amplified cDNA fragments was 
more even and spread out to more peaks 
(Supplementary Figure 3E), suggesting that 
special handmixing of (tailed) random oligos 
is recommended and would solve part of 
the noncontinuous nature of the random 
priming.

In rRNA analysis every sequence 
matters, and species-specific differences 
in sequence lengths may affect the outcome 
of the analysis if quality trimming selects 
the data. The effect of the noncontinuous 
random priming was further avoided by 
maintaining a large size distribution during 
the data trimming and analysis. This resulted 
in a realistic relationship between the mock 
community species, when sequencing 
results were compared with defined 
biomass indicators (Figure 2A & B). In the 
NMDS ordination of data, our workflow 
closely resembled dry mass proportions 
of the cells of the mock pool (Figure 2B), 
and also prokaryotic partners of the mock 
community were analyzed at the same 
sequencing run (Figure 2C).

As even half of the microbial diversity 
may remain unrevealed using gene-specific 
primers [12], efficient primer-free techniques 
are needed to study environmental 
microbiomes. We predict that the method 
here described may provide an affordable 
alternative for commercial kits to study the 
real diversity of the rRNA world. However, 
special care has to be given for ensuring 
that noncontinuous random priming does 
not affect the results.
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