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speci ¢ mMRNA library construction
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Neelima R. Sinha *

Department of Plant Biology, University of California, Désy Davis, CA, USA

Next Generation Sequencing (NGS) is driving rapid advanceant in biological
understanding and RNA-sequencing (RNA-seq) has become amdispensable tool for
biology and medicine. There is a growing need for access to #se technologies although
preparation of NGS libraries remains a bottleneck to wider doption. Here we report
a novel method for the production of strand speci c RNA-seq ibraries utilizing the
terminal breathing of double-stranded cDNA to capture andricorporate a sequencing
adapter. Breath Adapter Directional sequencing (BrAD-ségreduces sample handling
and requires far fewer enzymatic steps than most available ethods to produce high
quality strand-speci ¢ RNA-seq libraries. The method we pesent is optimized for 3-prime
Digital Gene Expression (DGE) libraries and can easily emteto full transcript coverage
shotgun (SHO) type strand-specic libraries and is modulazed to accommodate a
diversity of RNA and DNA input materials. BrAD-seq offers aighly streamlined and
inexpensive option for RNA-seq libraries.

Keywords: strand-speci ¢ sequencing, NGS, lllumina, RNA-s eq libraries, Bioinformatics, BrAD-seq

Introduction

Next Generation Sequencing (NGS) technologies have rapidigome foundational tools
of genomics researchKpboldt et al., 2013 In particular, RNA-sequencing (RNA-seq) has
transformed gene expression analyses and promoted the studgrefmodel organisms at an
unprecedented level of detail with the ability to generatnscriptome assemblies for virtually
any speciesyémon, 201y On the most commonly used lllumina platform the ability tequence

a large number of biological samples requires the creatiorbodilies from nucleic acid samples
with speci ed sequence “adapters” at the termini of the molesuThere are a variety of methods
available to generate adapter-added libraries from nueleid samples from a variety of source
materials, however the process still remains technicalbllehging, laborious, and expensive,
thereby limiting widespread access to the technology.

Here we present a novel and e cient method for constructingastd speci c RNA-seq
libraries in a simple, rapid, and inexpensive modular formate Thethod is optimized to create
strand speci ¢ 3-prime Digital Gene Expression (DGE—providiegdout from the 8end of
the mRNA) and can be adapted for strand-speci c non-DGE shotgypme (SHO) and more
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conventional non-strand speci ¢ (CNV) RNA-seq libraries, in Materials and Methods

addition to utilizing a variety of DNA source materials. 3ipe

DGE libraries are often preferred for gene expression studied schematic diagram of the reaction steps for strand-specic
because a single mRNA yields approximately 1 sequence reliftfary synthesis is shown ifrigure 1 Brief protocol for non-
reducing potential sources of bias. strand specic “conventional” (CNV) RNA-seq libraries can

Strand specic RNA-seq requires the directional additionbe found in Supplementary Methods 1. Detailed directions
of unique 5-prime and 3-prime adapter sequences durindor strand specic DGE RNA-seq as well as strand specic
preparation of the cDNA libraries. This is accomplished in aSHO RNA-seq and non-strand CNV RNA-seq and DNA-seq
number of ways among the various NGS library preparatioﬁ)l’OtOCOl variants can be found in Supplementary Methods 2.
protoco|s_ These include, the |igati0n of a known Sequencé” oligonucleotides used in this StUdy were ordered fronfeLi
to the 5-prime portion of mMRNA molecules prior to cDNA Technologies (Thermo Fisher Scienti c) at 50 nanomole scale
synthesis I(ister et al., 2008 removal of the template RNA desalted with no additional puri cation.
strand followed by randomly primed 2nd strand synthesis
(Armour et al., 200Q labeling of rst or second strand
cDNA molecules with dUTP for enzymatic degradation prior
to enrichment Parkhomchuk et al.,, 2009and the use of
terminal transferases to add de ned nucleotides to the cDNA
moleculesZhu et al., 2001; Tang et al., 2),1@with each method
having advantages and shortcomings\in et al., 201)J Our
method for directional NGS library construction considbha
simpli es and accelerates the library construction proc€xgly
around 10 milligrams of cytoplasmically dense plant tissu
such as Shoot Apical Meristem (SAM) or leaf primordia
(slightly larger amounts for mature tissue), are required f
RNA-seq library production, and an individual worker can
readily complete the procedure starting from tissue in a sing|
day.

We utilize an aspect of nucleic acid chemistry that ha
not been exploited in available methods to generate stran
speci c libraries. Double stranded nucleic acids undergo
phenomenon called “breathing” where the individual strands
will momentarily separate to expose the basesn(Hippel
et al., 201R This process happens at a higher rate at the end
of double stranded nucleic acidsgn Hippel et al., 2013
We exploit this transient terminal breathing to incorporate
an adapter oligonucleotide that includes the Illumina TrgSe
PE1 sequence speci cally at the 5-prime terminus of the RNA
cDNA duplex. Breath capture allows for streamlined strand
speci ¢ library protocols not requiring prior second strand
synthesis or removal of template RNA, allowing construction
of either 3-prime DGE or shotgun (SHO) type strand specic
libraries.

From these basic strand speci ¢ modules we further develope
additional compatible modules to accommodate a variety @
nucleic acid species as input materials—single-stranded RN
double-stranded DNA, and single-stranded DNA. This prowde
a general purpose platform for creation of libraries for gene
expression studies, genomic DNA libraries as well as fron
the products of ampli cation of minute samples such as
DNA obtained in Chromatin Immunoprecipitation (ChIP)

Plant Material
Tomato seedsS. lycopersicurv M82: LA3475) were provided
by the Tomato Genetics Resource Center, University of
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experiments and RNA from Laser Capture Microdissecte
(LCM) tissue samples. The use of common modules if
this platform minimizes the number of individual reagents
required to generate any number of library types, as well g
standardizes the handling and manipulation steps, reducin
the learning curve and minimizing the potential for human
error.

i FIGURE 1 | Schematic diagram of strand-speci c library synth esis
mechanism. mRNAs are fragmented by heat and magnesiun{l) and primed
" for cONA synthesis by an adapter-containing oligonucleade (2,3). Size

selection and cleanup removes unincorperated oligonuclgaes and small
ScDNA fragments(4). Transient duplex breathing at the terminus of the
gRNA cDNA hybrid(5) facilitates interaction with the single-stranded portiorof
the 5-prime capturing adapter(6) and E. coliDNA Polymerase | catalyses its
incorporation into a complete library moleculg7).
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California, Davis. After sterilization (50% bleach for Imi cDNA Synthesis

followed by rinse with water), seeds were placed onto watecDNA was synthesized by addition ofn$ of the following
soaked paper towels in Phytatrays (Sigma) in the dark for 3 dayeaction mixture to the fragmented and primed mRNA: in5X

at room temperature to allow germination. The germinateddsee Thermo Scienti ¢ RT bu er (Thermo scienti c, Cat. # EP0441),
within Phytatrays were placed into a growth chamber at@2 1.5m 0.1 M Dithiothreitol (DTT), 1m H20, 0.5m 25mM
with 70% relative humidity and a photoperiod of 16 h light/8 h dNTPs (Thermo Scienti ¢, Cat. # R1121), @bRevertAid RT
dark for another 4 days. Seedlings were then transplanted intenzyme (Thermo scienti c, Cat. # EP0441) (total reactiolute
Sunshine Mix soil (Sun Gro). After growing in soil for 11 days, 15ml). The reaction mixture was set up at room temperature
leaf primordia (the leaf sample) and SAM (consisting of the SAMand placed in a thermocycler running the following program:
and 4 younger leaf primordia) were dissected carefully usin@5 C 10 min, 42C 50min, 50C 10min, 70C 10min, 4C
razor blades and harvested into RNase-free tubes. hold). cDNA was cleaned and size-selected prior to “breath
capture” or second strand synthesis by addition ofi 50 mM
EDTA pH 8.0 and 3@rl Agencourt AMPure XP beads (Beckman,

. # A63881) to each sample and mixed by pipetting. After
in, samples were placed on a magnetic tray, supernatant was
removed, and pellets were washed twice withr8080% ethanol
without pellet disruption. Residual ethanol was removed with 2
ml pipette tip and samples were allowed to air-dry until no visible
traces of liquid were detectable.

MRNA Isolation
Tissues were processed and lysed as described previouslygby
Kumar et al. (2012)using zircon beads and Lysate Binding
Bu er containing Sodium dodecy! sulfate in place of Lithium
dodecyl sulfate. mMRNA was isolated from 2A00f lysate
per sample. il of 12.5mM of 5-prime biotinylated polyT
oligonucleotide containing a 5-prime 20 nucleotide arhijra
spacer sequence followed by 20 thymidine nucleotid@bi¢s
ACAGGACATTCGTCGCTTCCTTTTTTTTTTTTTTTTTTT . "

T-39 was added to each lysate sample, mixed by pipetting sever(%?“mg g“p"?x Breath Capture Adapter Addition

times and allowed to stand for 10 min. Following incubation, ran pdeC| c) dditi q b hvdrati
captured mRNAs were isolated from the lysate by the additior%;p”mSNAa spterd a |tt)|ond_ Wﬁs _orr:em )1/Orr:\3| Y ra_tlng
of 20m of LBB washed Streptavidin-coated magnetic beadtse ¢ ound to bead-pellet wit pre

(New England BioLabs, Cat. # S1420S). The bead-lysaten—:ﬂixtLFg]n:E"ler‘f;(tj rg-pm;(e) SIZ Ublitrz:ggged 5adr§r|;)]t§r (;Ic'%o t:rt rooarlg
was mixed by pipetting and allowed to stand an additiona perature. u -pri 1dap W
repared by making a stock solution containing 10 mM

10 min. I | -well i . .
0min. Samples were placed on a 96-well magnetic separa rh of oligos 5pSense8n and 5pAnti (5pSensefn 5

(Edge BioSystems, Cat. # 57624) and washed as previou i
described iumar et al., 201pwith the following modi cations. %gTACACGACGCTCTTCCGATCTNNNNNNNN'Q 5pA

. O_ K H
(A) Wash volumes of WBA, WBB, and LSB were a0@ach 3.“ 5 .AGAITCEOC;ﬁAG'?GCGT.CGIGT?%G 3 " HZOI’.
and bu ers were chilled on ice prior to use. (B) mRNA elution ISpensing to volumes In strip tubes and annealing

) ) - them in a thermocycler running the following program: [94 C,
was done into 161 of 10 mM TrisHCI pH 8 containing 1 mM . .
b-mercaptoethanol. 1min (94C, 10s) 60 cycles -1 Clcycle, 20 C 1min, 4 C

hold]. Subsequently, 8l of the following reaction mixture was
added, mixed by pipetting to fully re-suspend the pellet and
MRNA Fragmentation, 3-prime Adapter Priming incubated at room temperature for 15min: 3rb H,O, 1mi
and cDNA Synthesis 10X Thermo Pol | reaction bu er (Thermo Scientic, Cat. #
mRNA fragmentation was accomplished using magnesium ionEP0041), il 250 mM MgCh (made fresh and stored at20
(3mM) at elevated temperatur&gpplementary Figure 1and C), 0.25n1 25mM dNTPs (Thermo Scienti c, Cat. # R1121),
was standardized at 90s. Priming for the cDNA synthesi®.25m Thermo DNA Pol | (Thermo Scienti ¢, Cat. # EP0041)
reaction was carried out in a single reaction mixture foraBtt  (10nl total reaction volume). The pre-enrichment libraries on
Speci c-DGE, Strand Speci c-SHO, and non-Strand Speci cheads were washed and size-selected using Agencourt AMPure
libraries were fragmented in a reaction containingm®X RT  XP beads present from the previous step by addingil3D mM
bu er (Thermo scienti c, Cat. # EP0441),ri of priming adapter EDTA pH 8.0 and 30n ABR solution (15% PEG 8000, 2.5M
and 7.5m of the sample mRNA in a total reaction volume of NaCl), mixed thoroughly by pipetting and allowed to stand
10ml. Mixtures were spun down and incubated in a thermocyclerfor 5min prior to placing on the magnetic tray. Supernatant
The following oligonucleotides and thermocycler progranesev  was removed and pellets were washed twice withn3080%
used for each library type. Additional details and commemts ¢ ethanol, without pellet disruption. Residual ethanol was reet
be found in Supplementary Methods 2. with 20-m pipette tip and samples were allowed to air-dry
DGE: 1m  of 2mM oligo L-3ILL-20TV.2 (% until no visible traces of liquid were detectable. Pelletsewer
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTTT re-suspended in 221 10mM Tris pH 8.0, allowed to stand 1 min
TTTTTTTTTTTTTTV-39 (25 C 15s,94C 1.5min, 30C 1 min, and place on the magnetic tray. Supernatant was transferred
20 C 4 min, 20C hold). without beads to fresh strip tubes and stored &0 C prior to
SHO: 1m  of 5mM oligo L-3ILL-N8.2 (% enrichment.
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN For Conventional library steps please see Supplementary
NNNN-39 (25 C 1's, 94C 1.5 min, 4C 5min, 20C hold). Methods 1 or the detailed protocol in Supplementary methods 2.
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PCR Enrichment and Index Sequence Addition Results and Discussion

(Strand-Speci ¢ and Non-Strand-Speci ¢) o _

The enrichment step was done using full length oligonuctiest 10 €valuate our strand-speci c library preparation method, we
containing the full adapter sequence as well as shoRrepared Shoot Aplcal Meristem (SAM) and leaf primordium
oligonucleotides ~ complementary to  the distal-most(Leaf) samples using the new BrAD-seq DGE method and our
portion of the adapter arms to ensure predominan“yprewogsly-deve_loped HTR method for a pairwise _co_mpgratlve
full-length ampli cation products. PCR enrichment was a@nalysis. In this protocol we add sample-identifying index
carried out by combining Il of the 2mM uniquely- Sequences to. the library molecules during the enrichmesest
indexed ILL-INDEX oligonucleotide (ILL-INDEX & (Meyerand Kircher, 2090
CAAGCAGAAGACGGCATACGAGATxxxxxxxXxGTGACTGG )

AGTTCAGACGTGTGCTCTTCCGAT3  (Supplementary Library Enrichment

Table 1: Oligonucleotide sequences) withi9of the master mix: Although as a matter of procedure we don't typically quantify
4m 5X Phusion HF Bu er, 2.6r H,O, 1m 2mM PE1 primer MRNA concentration prior to library synthesis to maintain
(PE1 B AATGATACGGCGACCACCGAGATCTACACT higher throughput, when beginning experiments with unfauauili
CTTTCCCTACACGACGCTCTTCCGATCT® 1m 8mM  materials it can be of utility to have some idea how many
each S1 + S2 primers (S2BATGATACGGCGACCACCGA-8  enrichment cycles would be reasonable to try. To ascertain
S2 BCAAGCAGAAGACGGCATACGA-8, 0.2m 25mM  the relationship between the input mRNA concentration and
dNTPs, 0.2 Phusion Polymerase (Thermo scientic, the number of enrichment cycles chosen, 22 mRNA samples
Cat. # F-530L), and 18 of pre-enrichment cDNA in a Which were used for DGE library synthesis were quanti ed on a

total reaction volume of 201. Half of the PCR mix (10") Bioanalyzer USing the RNA 6000 Pico kit (Ag”ent Technolo):,]ies
was p|aced in Separate Samp|e tubes stored 20 C as This information was correlated with the number of CyclesdJse
backup for samples where more cycles of enrichment wer®r enrichment of each library sample and the concentration
needed. The remaining 1 were spun down and placed in Of washed librariesupplementary Figure 2 The relationship
a thermocycler using the program: [98 C 30s, (98 C 10s, 634ggests that below about 10 my/of mRNA it may be
C 30s, 72 C 30s) 11 cycles, 72C 5min, 10C hold]. Sampl#@rthwhile to start with about 14 enrichment cycles at thetr
showing only very faint enrichment were re-amplied with attempt, although individual preferences in interpretatioinge!
14 cycles of enrichment from the backup PCR sampledmages and targeted nal concentrations for pooling of sarsple
2m of each |ibrary Sample was run on a 1% agarose géNl” Ultlmately be important factors in deciding on the ideal
with 1m of O'GeneRuler 100 bp DNA ladder (Thermo humber of enrichment cycles.
Scientic, Cat. # SM1143) for size and quantity reference,
at 100 volts for 20min. The remaining 8 of enriched Read Quality
library sample was cleaned and size selected usingl 12To avoid inclusion of sequence originating from the 5-prime
of fresh Agencourt AMPure XP beads and washing twic@dapter capture strand, the rst 8 bases of DGE libraries was
with 80% ethanol as in previous wash steps. The librariegimmed prior to analysis. For HTR libraries the percentage of
were eluted from the pellet with ¥ 10mM Tris pH 8.0, reads mapping was also found to be higher (77.8 vs. 74.1%) when
quantied, and pooled as previously describedKumar the rst8baseswere trimmed, so for all analyses trimmedFAS
et al., 201p 50 bp single end sequencing was carried outles were generated for samples prior to the quality Iteringpt
at the Vincent J. Coates Genomic sequencing Facility at UThe mapping rate improves in trimmed HTR libraries because
Berkeley. during cDNA synthesis random primers anneal with mismatches,
incorperating non-native sequence into cDNA molecules.

The overall quality scores for the raw DGE libraries was lower
Bioinformatics than HTR (Supplementary Figure 3 due to the inclusion of
Bioinformatics and statistical analysis was carried oungis cDNA inserts containing polyA tracts. These low complexity
the iPlant Atmosphere cloud serviceG¢ et al., 201). sequences cannot be mapped to reference sequences and they are
Reads were trimmed to 42 bp and quality Itered usinglargely removed prior to mapping by quality ltering={gure 2A
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_todlki and  andSupplementary Figure 3.
scripts developed by Comai lab, UC Davis (http://comailab. Since a population of strand-specic cDNA molecules
genomecenter.ucdavis.edu). Reads were mapped using Bowtighly enriched at the 3-prime of mRNA transcripts should
(Langmead et al., 20p9with the parameters specied in be comprised of a smaller number of unique sequences
Supplementary Table 2. Read quality analysis was performéar each transcript, identical reads from independent cDNA
using FASTQC (http://www.bioinformatics.bbsrc.ac.ukfjeis/ molecules are expected at a higher level than in non-
fastqc/). The code that was used to perform each of thstrand-specic and non-DGE libraries. We do indeed observe
bioinformatic steps is available at https://github.com/gltan higher sequence duplication for DGE and strand specic
plasticity/townsley- ps-2015 and FASTQ les for RNA-seq library types than HTR Figure 2B). Non-DGE strand speci ¢
data used in this study can be downloaded from Dryad datdibraries have fuller transcript length coverage and showelow
repository  (http://datadryad.org/resource/doi:10.5@6%Ad. sequence duplication than DGE libraries resulting from t@gh
Imql4). sequence complexitys(pplementary Figure 3. Strand speci ¢
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FIGURE 2 | Analysis of library quality and characteristics. differs between the strand-specic DGE and non-strand-speéc HTR

Percentage of reads passing all quality Itering steps(A). Sequence
duplication levels for DGE and HTR(B). GC content of reads in DGE
and HTR (C). The average GC content is lower and the distribution

libraries (D). Sequence bias is more evident in the HTR libraries in the
rst several positions of the trimmed quality- Itered reads. Error bars

re ect standard deviation among samples separated by tissueand
method (A) or by method (B-D).

broader in DGE than HTR. The composition of individual nuakides

tomato SHO libraries made from similarly staged developingoughly equal amounts of G to C and A to T nucleotides, G/C
tomato leaves and Arabidopsis strand specic librafiés( and A/T ratios are unequal for the coding strand of mMRNAs. The
et al., 201 downloaded from the Gene Expression Omnibusproportions of each nucleotide in the sense strand of annotated
(Acession: GSE38879) made using a deoxy-Uracil (dU) markeédmato coding sequences is 22.1% G, 18.5% C, 29.9% A, 29.4%
strand speci ¢ method({/ang et al., 200)1were also assessedT. This closely matches the observed proportions in the DGE
and possess similar rates of duplication to one anothesequences: 22.5% G, 15.2% C, 28.5% A, 33.8%gtiré 2D).
(Supplementary Figure 4. To remove di erences in sequencing Quality scores, sequence content and GC distribution show
depth between samples as a factor in read duplication countssamilar performance between SHO and dU library methods
random subsample of 1 million reads was used from each FAST(@upplementary Figure 5.
le for duplication analysis.

Additionally, in 3-prime DGE libraries not all poly-A runs Adapter and rRNA Contamination
are removed by quality ltering. Homonucleotide “A’ repeats Adapter contamination was higher in DGE libraries than in
make up the predominant duplicated sequences in DGE librarie$iTR (Figure 3A) consisting of 5% of reads in DGE compared
comprising 0.3% of quality Itered reads. After quality- Itering, with 1% of reads in HTR. This may be due to the use of
GC content and per base sequence content di er between DGRigher PEG concentrations in the the bead washing step in
and HTR (Figure 20 with lower GC content in strand-speci ¢ the DGE protocol. This could increase bead binding of small
DGE library reads. Wheras individual base compositions irproducts. Approximately 1% of reads from DGE libraries could
non-strand-speci ¢ libraries (e.g., HTR libraries) showdlontain  be attributed to ribosomal contamination compared with 0.22
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FIGURE 3 | Read mapping and strand specity.  Fraction of reads coming from adapter(A) and ribosomal RNA(B) contamination. Reads mapping to either
strand of ITAGcdsC 500 reference(C). Coding sequence mapped reads belonging to plus strandD).

t0 0.39% in HTR librariesKigure 3B) and approximately 3% in ITAGcds C 500 reference sequences, more DGE reads map
tomato libraries made with a commercial Illlumina kiK¢mar  uniquely and strand-speci cally to the ITAG500+500 referenc
et al., 201 Increased rRNA in DGE compared to HTR is lilely (78-81%) than the HTR reads mapping uniquely to the
due to single step mRNA isolation compared to two stage MRNATAGcdsC 500 reference (73—78%).

re-isolation in the HTR process.

Strand Speci ty

Read Mapping To evaluate strand-speci city of the DGE libraries, readseve
To reliably compare DGE and HTR libraries we created a set ghapped to tomato coding sequences oritigire 3D) to exclude
reference sequences consisting of the annotated tomatmgod reads mapping to overlapping UTR regions. Approximately
sequence plus an additional downstream portion corresponding9% of mapped reads in DGE libraries and 50% of mapped
to the genome sequence 3-prime to the stop codon. Plant 3eads in HTR libraries localize to the sense strand, indigati
prime untranslated regions f3JTRs) are variable in length and a very high degree of strand-speci city for the DGE libraries
average around 200 bpV(gnone et al., 2002but many &  Directional information of the cDNA molecule is preserved
UTRs are not annotated. For the purpose of this study 50Because only the cDNA strand of the RNA-cDNA duplex can
bp of downstream genomic sequence was chosen to encompagsve as a template for Pol 1. We have successfully produced
most $UTR sequences and appended to the annotated ITAG2 braries using this method witfE. coliPol I, Klenow fragment,
coding sequences (ITAGcdS 500). An additional mapping and Klenow exo- $upplementary Figure 1¢ indicating the
reference was generated speci cally for DGE libraries sting  exonuclease activity of Pol | is not required for the process to
of the 3-prime 500 bp of the coding sequence plus an additionalork e ciently.
500 bp representing the*®TR (ITAG500C 500) to minimize A large majority of uniquely mapped reads (95%) in the
the e ect of mis-priming of the 3-prime polyT containing adapter DGE libraries map to a region 500bp of the annotated
onto any A-rich regions within coding sequences. stop codons of ITAGecd< 500 referenceTable 1), whereas

The proportion of reads mapping one or more times toHTR libraries show a more even distribution across the
the plus and minus strands of the ITAGcdS 500 reference transcript Figure 4A). The DGE reads localize almost entirely
is higher in DGE (85-87%) than HTR (77-78%jiqure 3Q  to the 3-prime region of the transcript including downstream
demonstrating that a large majority of reads in both methodsof the annotated stop codon, suggesting that only this

originate from mRNAs. interval is necessary for mapping DGE reads. HTR reads
by comparison show a more even distribution but still bias
DGE 3-prime Selectivity toward sequence at the 3-prime of the transcript. Since not

There is a strong selectivity of the DGE library protocol forall coding sequences are 1kb or longer the read locations
the 3-prime portion of MRNA transcripts wheras reads derivedvere also scaled to the portion of the coding sequence
from HTR are more evenly distributed across transcript{Figure 4B). HTR libraries still show a slight bias for sequences
(Supplementary Figure § Although the ITAG500C 500 near the 3-prime end of the CDS. SHO libraries show
reference sequences are, on average, 608 bp shorter than similar transcript coverage to HTR although SHO coverage
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shows somewhat higher 5-prime transcript representationrst mapped nucleotide for each read was extracted from the

(Supplementary Figure J.

FASTA mapping reference for base compositiBigre 40 and

To ascertain the degree of sequence selection bias inteaducinformation content Supplementary Figure 8 Positions 8
by the adapter capture process, 20 nucleotides upstream of theough 1 correspond to the cDNA region annealed to the 8

TABLE 1 | DGE read mapping location in ITAGcds ~ C 500 reference with
respect to the stop codon.

Fraction of mapped reads% Region of reference sequence
>50 60 to C120
>75 150 to C200
>85 250 to C250
>95 500 to C500

bp single stranded portion of the adapter responsible for breath
capture of the DNA-RNA duplex. Positions 20 through 9
correspond to the “shielded” double stranded portion of the
adapter containing the lllumina TruSeq PE1 sequence. Despite
the presence of the shielding oligonucleotide, the positions
approaching the 9 map location corresponding to the last few
bases of the adapter show some sequence bias near the end
of the double stranded regiorS(pplementary Figure 9. This
suggests that duplex breathing of the adapter at the capturing
end transiently exposes the rst few internal bases, allgwin
for increased interaction with cDNA sequences with some

FIGURE 4 | Transcript coverage and cDNA sequence selection b ias. Localization of DGE and HTR reads within the mapping referee (A), DGE reads mapped
to 1.5 KB window localize near the annotated stop codon(B). Base frequencies for transcript nucleotides upstream of mpped reads (C).
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complementarity. While the degree and range of this sequenassignment of the transcript of origin for genes in which the
selection bias is signi cantly improved over earlier versiasf  terminator regions overlapSupplementary Figure §.

this protocol utilizing un-shielded single stranded adapteit

may still be further improved by converting the rst base okth Detection of Gene Expression

random 8mer into an extended double-stranded shield regionReads were analyzed from equally-sized subsets of pre-quality-
Retention of the template mMRNA strand prevents access to théered reads ([fable 2. The number of transcripts with mapped
interior portions of the cDNA. This restricts the interactie of  reads is reduced in both DGE and HTR libraries when excluding
the adapter to the terminal portion of the cDNA, which provides non-uniquely-mapped reads. The limited span of the transcript
control of library size through mRNA fragmentation and limit incorporated into DGE libraries, in combination with retang

the e ects of sequence speci ¢ secondary structures. Inorgas only uniquely mapped reads and strand speci city may reduce
Magnesium concentration in the breath capture reactiornthe false detection of transcripts where genomic locatiohs o
to 20mM improves library yield Qupplementary Figure 1B transcripts overlap and where coding sequences are highly
potentially through increased strength of base-pair intécars  conserved.

between the cDNA strand and the capturing adapter. The strand Correlation between replicates is higher for DGE than HTR
speci city of the DGE libraries also allows for unambiguoussamplesFigure 5and Supplementary Table 3). R-squared values

TABLE 2 | Transcript detection for pre-quality- ltered subs ets of 6.5M reads each for DGE and HTR.

Non-uniquely mapping Uniquely mapping
Mapping to both strands Maping to sense strand
ITAGcds C500 ITAG500C500
Combined Initial Passing QF Mapped Percent Transcripts Reads Percent QF  Transcripts Reads Percent QF  Transcripts
sample reads mapped detected mapping reads mapped with hits  mappi ng reads mapped  with hits
DGE-SAM 6,500,000 5,255,791 4,449,163 85 23,348 4,252,370 81 21,618 4,113,253 78 20,922
DGE-Leaf 6,500,000 5,230,179 4,442,859 85 23,395 4,232,606 81 21,574 4,117,670 79 20,893

HTR-SAM 6,500,000 5,745,924 4,508,993 78 24,931 4,355,096 76 22,999
HTR-Leaf 6,500,000 5,741,410 4,447,320 7 24,526 4,280,9%4 75 22,627

Non-uniquely mapping reads mapping to both strands of ITAGcd<C 500 reference (Blue), uniquely mapping reads mapping to both strands of ITA@s C 500 (Purple), and uniquely
mapping reads mapping to sense strand of ITAGOO C 500 reference (Red).

FIGURE 5 | Log2-transformed expression correlations for repre sentative sample pairs for each sample DGE and HTR using a repres entative pair of
samples for each. Mean R-squared values for all DGE and HTR.
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for all pairwise comparisons of Log2-transformed expressiofCost
showed higher correlation between DGE (SAM 0.96, Leaf 0.9%Ye sought to minimize library prep cost and complexity
replicates than HTR (SAM 0.91, Leaf 0.93). These valuessare aby developing a protocol that uses mostly unmodied
similar for DGE andArabidopsidU libraries (0.96) as well as oligonucleotides and minimizes handling, steps, and reagents
between HTR and SHO (0.92). Variation between DGE and HTR he cost of isolating mRNA and making strand-speci c librarie
experimental samples was also assessed using multidimahsiowith this method is extraordinarily low, with magnetic bead
scaling (MDS) Figure 6A). Both DGE and HTR samples dNTP, and enzyme costs totaling $2.96/sample including mRNA
cluster by tissue type although distance between SAM aridolation or $1.98 if making libraries from mRNA. Even allowi
Leaf clusters is greater along dimension 2 for DGE librariefor the additional cost of consumables, chemical reagents an
suggesting a high power of discrimination between tissues gn extra 10% volume for reaction master mixes, this method
gene expression. Di erential gene expression calls betwedd DGrovides a 20-40 fold cost reduction over available comrakrci
and HTR show a high degree of overlafable 3. We found  strand-speci ¢ methods (e.g., NEBNéxtUItra TMbirectional
very strong correlationrg D 0:92) between the laggfold- RNA Library Prep Kit for lllumina® 96 reactions Cat. # E7420L,
change of genes that are di erentially regulated (FBRD.05) SureSelect Strand Speci ¢ RNA-Seq Library Preparation kit for
in SAM vs. leaf samples for both library preparation methods96 samples reactions Cat. # G9691A).
The correlation remains very strong when considering genes
di erentially regulated for only the DGE method{ D 0:87,;
orange inFigure 6B) or only the HTR method s D 0:87; bluein  Protocol Development
Figure 6B). We had initially set out to modify a template switching protdco

To compare within and across method di erential expressiondut ended up making a discovery that would enable us to
results, we divided the samples into 10 groups of two replicategreate arguably the cheapest and fastest RNA-seq protocol to
The 10 sample groups were: 2 HTR leaf, 2 HTR SAM, gate. Our original goal was to try to use adapter-encoded index
DGE leaf, and 3 DGE SAM. Within each library preparationsequences together with barcode sequences within the primar
method, we performed di erential gene expression analysisifor a
combinations of leaf SAM. This resulted in four comparisons
for HTR and 9 for DGE. With these, we were able to calculatéABLE 3 | Differential gene expression calls for DGE and HTR lib  rary
Spearman's Ranked Correlation Coe cient for all combinatio  S2™P'®

of leaf-SAM di erentially expressed genes within (45 for DGErpr 0.05 DGE Total HTRtotal DGEonly Both HTR only
and 6 for HTR) and between (36 for DGE vs. HTR) each library

preparation method $upplementary Figure 10 We found that Up (Svs. L) 2534 1386 1630 904 482
although the fold-change of di erentially regulated gengdeiss Down (Svs. L) 3014 1751 1615 1399 352
correlated when comparing between library preparation meghodrDR 0.01

than within, both between- and within-method comparisonsUp (Svs. L) 1766 722 1251 515 207
show very strongly correlation. Up (Svs.L) 2376 1128 1413 963 165

FIGURE 6 | Global comparisons of gene expression pro les betw een library construction methods.  Multi Dimensional Scaling (MDS) plot for DGE and HTR
SAM and Leaf samples(A). SAM vs. Leaf Log fold change comparison between DGE and HTRB).
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reads to achieve extremely dense multiplexing of samples.-Theariants incorporating blocking groups at the 3-prime end of
prime adapters were designed as single-stranded moleculea wi the random nucleotide extension performed extremely poorly
partial lllumina PE1 sequence followed by a 9-base-pair segie indicating that priming from this strand was essential fdorkry
(a 6 base pair barcode and 3 terminal guanines) to facilitattormation using this process.
base-pairing with non-templated cytosines added to the cDNA
by MMLYV polymerase. The addition of adapter sequence to th€ gnclusion
cDNA was done in a second reaction usikg coliPolymerase
| following a size-selection bead cleanup to avoid “backgtb We have developed a rapid and inexpensive method for making
cDNA’ composed of adapter concatamers. strand-speci ¢ 3-prime DGE RNA-seq libraries from tissue in
Our initial libraries showed a highly heterogeneousa multiplexed format. The entire process can be completed
enrichment of identical pooled test mRNA dependentin a single working day. To our knowledge this is the rst
on the barcode sequence contained in the adapteibrary construction process to utilize the terminal breiat
(Supplementary Figure 1}, with signi cant visible banding due of nucleic acid duplexes to selectively and directionallyl ad
to massive overrepresentation of speci ¢ amplicons which vargdapter sequences. We have further developed the process to
with the adapter barcode sequence. Following trimming of thénclude modules allowing the creation of a variety of library
rst 9 nucleotides from the lllumina reads, mapping to tomato types. We have also used the core DGE method on a number
transcripts, and clustering of samples unexpectedly showesf species in addition t&. lycopersicuincluding C. pentagona,
grouping based on barcode sequence and not on sample tyge pennellii, S. pimpinellifolium, S. neorickind N. tobacum
(Supplementary Figure 12 Additionally, in the rst attempt To date we have successfully used our DGE protocol to study
libraries only a small numbers of transcripts accounted fug t di erential gene expression in a number of studies relating to
majority of read counts. development and abiotic stress with good results. We havedadde
Further investigation of these unexpected results showeand adapted modules to this core protocol for our own purposes
that, while cDNA libraries that could be sequenced on theand we provide those modules as well so that others can also
lllumina platform were produced, the priming mechanism use this protocol as the basis for a universal RNA and DNA-seq
did not utilize template switching as originally envisioned.library protocol family. In the hope of helping to democratize
Sequence analysis of the transcript reference sequenagedoc NGS sequencing technologies we o er an inexpensive and easily
5-prime to the rst mapped nucleotide of the trimmed reads implemented protocol for the preparation of NGS libraries.
showed an extreme bias in the sequenced tomato transcripts
for nucleotides matching the barcode sequence and “GAcknowledgments
repeats $upplementary Figures 1315) and further upstream
sequences continued to include similarity to the PE1 segeien This work was supported by the NSF PGRP grant 10338243
of the adapter. This indicated that base-pairing interacsion (to Julia Bailey-Serres, Neelima R. Sinha, Siobhan Brady and
between the terminal portion of the double-stranded cDNARoger Deal), the RIKEN Special Postdoctoral Researchers
and the barcode-containing portion of the adapter wereProgram (to Y.l.) and used the Vincent J. Coates Genomics
selecting the transcripts that would be represented in th&equencing Laboratory at UC Berkeley, supported by NIH S10
libraries. Instrumentation Grants S10RR029668 and S10RR027303, and
Despite the rarity of any particular 9 base pair sequenceomputational resources/cyber infrastructure provided bg t
in a given genome (one instance every 3.8e-06 bases), 74%Riaint Collaborative (www.iplantcollaborative.org), fuddéy
reads contained a perfect 9 base pair match to the barcodre National Science Foundation Grant DBI-0735191. Thiskwo
followed by 3 “G"s in the pre-trimmed portion of the read used the Vincent J. Coates Genomics Sequencing Laboratory at
(Supplementary Figure 1x This showed that the dominant UC Berkeley, supported by NIH S10 Instrumentation Grants
template for the sequencing reaction was the strand prime$10RR029668 and S10RR027303.
from 3-prime end of the adapter using the cDNA as a
template. Consequently, the addition of non-templated ‘C'sSupplementary Material
by MMLV reverse transcriptase to the cDNA molecule likely
blocked priming on the adapter oligonucleotide forcing theThe Supplementary Material for this article can be found
majority of sequenced molecules to originate from the seécononline at: http://journal.frontiersin.org/article/10889/fpls.2015.
strand. 00366/abstract
This SUQQeSted that there was a breathing eect in th%upplementary Figure 1 | RNA fragmentation by 3mM magnesium at 94
double stranded template. We redesigned the 5-prime adaptetisgrees at increasing time intervals (A).  Effect on library output of MgCl
to take advantage of this breath-capture e ect and elimin&te t concentration in breath capture reaction usinge. coli Polymerase I(B). Breath
sequence biases created by our early adapters. The portion cgipture reaction is successfully facilitated b§E. coIiponmerase_I (2.5 U), Klenow
the adapter containing the lllumina PE1 sequence was shdeld(gagmer"t (1.25 U), and Klenow exo- (1.25 U[C). Lanes shown in C are 4, 2, and
) _ . technical replicates respectively. Breath capture reaans (B,C) were carried out
by annealing a complementary sequence oligonucleotidet@d t 4 room temperature for 15 min.
following 9 bases were replaced Wlt,h Vanable. length exsesf Supplementary Figure 2 | RNA starting amounts vs library ampli cation,
random mixed-base sequences, with extensions between 8 anF\'umber cycles used, and concentration of washed libraries pr ior to
nucleotides outperforming shorter and longer variants. gt pooling.
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Supplementary Figure 3 | Pre and post quality Itering PHRED s cores for
DGE and HTR libraries used in this study.
Supplementary Figure 4 | Sequence duplication rates per milli on quality

Itered reads. High throughput (HTR) 23.12 % (Black dashed), DGE 66.15%
(Orange solid), Shotgun (SHO) 53.63% (Yellow solid), deoxdracil marked (dU)
48.28% (Blue solid).

Supplementary Figure 5 | FastQC analytics on lItered read info rmation for
additional strand speci c library methods, Shotgun (SHO) (A ,C,E), and
deoxy-Uracil marked (dU) (B,D,F). Quality scores(A,B), Base composition
(C,D), Percentage GC content(E,F).

Supplementary Figure 6 | Genomic mapping location of uniquely ma pped
reads in DGE and HTR. DGE reads show predominant localization to 3-prime of
transcripts.

Supplementary Figure 7 | Transcript coverage trace for SHO lib raries.
Supplementary Figure 8 | Discrimination of read origin. DGE reads can be
positively assigned to their transcript of origin when trascripts overlap or are in
close proximity by strand speci city of the reads.
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