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ABSTRACT

Sm all silencing RNAs, mcluding m icroRNAs, en-
dogenous sm allinterfering RNAs endo-sRNAs)and
Piw i-interacting RNAs @©iRNASs), have been shown
to play mporant roles m fine-tuning gene expres-
sion, defending virus and controlling transposons.
Loss of small silencing RNAs or com ponents mn
their pathways offen leads to severe developm en-
taldefects, mcluding lethality and sterility. Recently,
non-tem plated additon ofnucleotides t the 3 end,
nam el tailng, was found t associte w ih the pro-
cessihg and stability of sm all silencing RNAs. Next
Generation Sequencing has m ade itpossibl to de-
tect such m odfications at nuclotide resolution n
an unprecedented throughput.Unfortunately, detect-
g such events from m illions of short reads con-
founded by sequencing erors and RNA eding is
stll a tricky problem . Here, we developed a com -
putational fram ework, Taibr, driven by an efficient
and accurate aligner specifically designed for cap-
turing the @miling events directly from the alignm ents
w ithoutextensive postprocessing.The perfom ance
of Taibr was fully tested and com pared favorably
w ith othergeneralpurmpose aligners using both sim u-
lated and realdatasets ortailing analysis .M oreover,
to show the brwad udlity of Tailor, we used Taibr
to reanalyze published datasets and revealed novel
findings worth further experim ental validation. The
source code and the executable bmaries are fieely
available athtps:/gihub com fhhung/Taior.

NTRODUCTDN

O ver the pastdecade, am allsilencing RN A s, including m i-
croRNA s mRNAs), endogenous sn all silencing RNA s
Eendo-=R N A s) and Piw i-imteractingRN A s R N A s) have
been shown to ply hdispensable roles in regulating gene
expression, protecting against viral mfection and prevent-
ng m obilization of trangposable elem ents (1-4). Sm all si-
lencing RN A s exert their silencing function by associating
w ith A rgonaute protelns to form RN A -induced silencing
complex RISC),which usesthe amallRNA guideto nd
isregulatory targets and reduce gene expression . A though
the studieson the biogenesisof am allsilencing RN A shave
m adeenomm ousprogress n thepastdecade, the factorscon -
trolling their sbility and degradation rem ain elusive.

R ecent studies have suggested that non-tem plated addi-
ton to the 3 end of an allsilencing RN A s, nam ely tailing,
ocould play essential roles n this regard . N on-tem plated 3
m ono- and oligo-uridylation of the pre-m ictoRN A s fore-
mRNASs) regulatesm RN A processing by either prevent-
g orprom otingD icercleavage n  des 65-7).The3 m ono-
uridylation on an all nterfering RN A s n C aenorhabditis
elegans is associated w ith negative regulation 8). Am eres
et al. have dem onstrated that highly com plem entary tar-
gets trigger the tailing of m RN A s and eventually lead to
ther degradation In  ies and mammals (9,10); a sin flbar
m echanisn hasbeen found on som e endo-sRNA saswell

11). Identd cation of tailing events not only suggests the
co-evolution of am all silencing R N A sand their targets, but
alo sheds Iight on them echanism of theirm aturation and
degradation.

D egpite the factthatN extG eneration Sequencing N G S)
has greatly facilimted the understanding of RNA tail-
ng, com putationaldetection of non-tem plated nuclkotides
from m illions of sequencing reads is challenging. The K et~
ting group used M egaBLA ST to alion pRNA sequences
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to the genom e and relied on postprocessing the reported
m igm atches to gain msights nto ailing 8).H owevey, asa
heuristic algorithm , BLA ST isnot guaranteed to nd all
the tailing events (12,13) and it is signi cantly sow er than
the N G S aligners, likeM AQ (14),BWA (15),Bowte (16)
and SOAP (17).The Chen group used an accurate m ethod
that iterates betw een Bow tie alignm ent and 3 clipping of
unm atched reads (18) to nd all the perfect alignm ents of
trimm ed reads. A sin ilar approach has been used for re-
m oving erroneousbasesat 3 end to hcrease the sensitivity
ofdetectingm RN A s (19). Let alone that thism ethod mn-
eviablym uliplesthe running tim eby them axin allength of
tails, extra com putationalworks are stillneeded to retrieve
the dentity ofeach trim m ed tail. The study by A m eresetal.
used a specialized suf x treedata suctureto ef ciently nd
all the milsw ithout sacri cing the accuracy. H ow ever, due
to the high m em ory footprint of the suf x tree data struc-
ture, which isabout 16 to 20x of the genom e size, the read
m apping has to be perform ed for each chrom osom e sepa-
rately 9,20).Extra processing isstllrequired to  nalize the
alionm ents from allchrom osom es.

M oreover, the task becom es even trickierwhen technical
and biological confounding factors are teken nto account
for better capturing the true tailing events. For exam ple, it
isknown that reads from IThim ina H iSeq and G enom e an-
alyzerpltfom shave preferential A -C conversions 21 ,22)
and a high eorrateatthe 3 end ofreads, which frequently
Jeads to uncalled bases, ie. B tails 23,24). In additon to
these technical artdifacts endued by the sequencers, RN A
editing is another com m on post-ranscriptionalm odi ca-
ton n sm allsilencing RN A biology that could perplex the
toolsw ith erroneous alignm ent. There are two m ajpr types
of RN A editing in m amm als, adenosine to nosne @ -to-
I) and cytiddine to uridine C -o-U ) editing. Them apren-
zym es that catalyze adenosine to lnoshe are the adenosine
deam lnases acting on RNA @ADARS), whose mamn sub-
strates are RN A sw ith double-stranded structures 25-27).
Sincem any sn allsilencingR N A sareoriginated from struc-
turalR N A g, they are all likely targetsof A -o-Tediting 28—
30).Recent studies have shown that A -©-T editng can oc-
curon the seed region ofthem RN A sw ith fairly high oc-
currence rate (up to 80% i som e cases) and have a direct
In pact on the selection of their requlatory targets 31,32).
Those unm atched bases degenerate the sensitivity and ac-
curacy of short read alignm ent and have a negative effect
on the detection of tailing.

M ost of the current m ethods sin ply Ignore those con-
founding factorsand rely on adapting existing, less special-
ized tools w ith extensive postprocessing and as a conse-
quence the perform ance, ussfulness and app lication of tail-
Thg analysis is seriously com prom ised . A fast, accurate and
straightforw ard approach to study tailing isstdll h need . To
ease the cost of perform ng wiling analysis w ith dram atd-
cally ncreasing sequencing throughput, we here mtbroduce
Tailor-—-a fram ew ork thatpreprocessesand m aps sequences
o a reference, distnguishes tails from m ism atches or bad
alignm entsw ith a novelalgorithm and reportsboth perfect
and tailed alignm ent sin ultaneously w ithout loss of nfor-
m ation . Taibr is capable of analyzing the non-tem plated
@iling form RN A and othertypesofan allR N A sand pro-
duce publication-quality summ ary gures. In additon, to

better dem onstrate the utdlity of Tailor, w e reanalyzed pub-
lished datasetsw ith Tailbbrand unearthed several nteresting
observations (see A pplications-—case studies n Results) . A 1-
though the ndings stllrequire thorough experim entalval-
dation, it is clear that Tailbbr would help expand the scope
ofthe sudy of sm allsilenchg RN A s.

MATERIALS AND METHODS
D atasets

TTum ina sequencing data of an allRN A s fiom D rosophila
m elanogaster henl (SRR 029608, SRR 029633), Danib re-
rio henl SRR 363984-5), Arabidopsis henl and hesol
(SR P010683) and Ago2 asocihted eamallRNA s In cyto-
plasn ic SRR 529097) and nuckar fraction SRR 529100) of
HelLa were obtalned from N CBI Sequence R ead A rchive.
The Iength disrbution of the sin ulated confounded reads
wasfrom theD .melbnogasterA go3 asociated sm allRN A s
extracted from ovaries (SRR 916073). In-house program
was used o trin the 3 adaptors and Iler the reads
wih Iow quality. Random Iy distrbuted reads from fruit-

y genom ew asgenerated by A rti cihalFasgG enerator 33).
Ten m illions reads were random Iy chosen usihg segqtk
github.com /Th3/s=qtk git) with options ‘sample €100 -
10000000’.To rem ovem ultplem apping reads In som e sin -
ulation datasets, weused Bow tie fteratively before and after
the @il appending and seed m utation to assure each read
hasonly one occurrence n the reference.

Rationale

The principle of detecting non-tem plated bases at the 3
end of reads isbasically to nd the Iongest comm on pre x
LCP) between the read and each of the suf xesof the ref-
erence and then report the rem ainderon the read asa =il
GivenaradR M basepairs bpl long) and allthe suf xes
(S1) ofa reference sequence G N bp long),onecan nd the
LCP between R and S; by nding the longest consecutive
m atches from the rstbase to the last. Shce there are to-
Bly N suf xesofG ,a trivial solution needsatworseM *N
tim esof com parison to nd the LCP ofR and G ; however
the perform ance isunacceptably slow when G isas hrgeas
a hum an genom e.U sing Index structures, such asthe suf x
tree or suf x array, nding LCPsbetween the NG S reads
and the reference can be solved m uch m oreef ciently 9,34).
Recently, theFulltext ndex n M Tnute space FM -ndex)
derived from the Burrow sW heeler transform BW T) (35—
37) iswidely used m many N G S applications (15-17).The
FM -hdex isboth tin e and space ef cientand can be built
from a suf x aray and requires only 3 t 4 bits per base
to store the ndex. A m ore detailed mtroduction of build-
g the FM -ndex of Iong bivlogical sequences is given in
theSupplem entaryM aterials.H owever, shcethe FM -ndex
is orighally designed for m atching all bases of a read to
a substring of the reference, it cannot be used directly or
nding tails. O ne sraightforw ard solution isto align reads
w ithout those non-tem plated bases by repeatedly rem oved
one lastbase in each round ofthe alignm entprocessuntilat
leastoneperfecthitisfound (18),buttheapproach scari es
the spead greatly and requ ires extensive post-processing . To
bene tfrom the spaceand tim eef ciency ofthe FM -index,
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we furtherm odi ed itsm atchingprocedure and adapted the
error to lerant strategy proposad by Langm ead etal. (16) to
devise an FM -ndex based tail detection algorithm , Taibr,
which is specialized In capturing the non-tem plated bases
atthe 3 end of readsw ith confounding factors, such as se-
quencing errorsand RN A editng.

Read m apping algorithm of Tailor

The system ow ofthe Taibralgorithm isoutlined m Fig-
ure 1. Sice searching w ithin the FM -index hibates from
the 3 end of the query soing (1e. the read) 36), where the
non-tem plhated nuclotides append, Tailbr rstm akes the
reverse-com plem ent of the query sequence o that search-
g sarts from the orighal 5 end to avoid excessive ex-
haustive search at the early stage. To do =0, the reference
should be reversed com plem ented aswell, and the coordi-
nate of each alignm ent should be calculated accordingly.
To allow searching againstboth sandssim ulaneously and
In proves the gpeed, Tailbr concatenates the plusand m inus
strands of the reference and constructs one index nstead
of two Figure 1A and Supplem entary M aterials). Tailr
aleo stores a part of the suf x array sin ibr to other FM -
ndex based aligners (16,38-40) to achieve fast calculation
of the text chift for getting the coordnate of each occur-
rence. Any alignm ent whose pre x m atching portion ex-
ceeds the boundary of them apped chrom osom e is  lered .
The searching continuesuntileither itm atchesall the char-
acters of the query to the reference (ie. the perfectm atch-
Ing) orno m orebasescan bem atched (ie.thepre xm atch-
ng). In the htter case, Taibr backtracks to the previous
m atched positon and exhaustively enum erates all the pos-
gble pre x m atches. The unm atched part rem aned n the
query isreported asa tail F ure 1B).

C learly, this srategy is vulherable to confounding fac-
tors, sihce the rstm ism atch encountered directly de nes
the rem ainder as the tail, which can be very m isleading. To
acoom m odate possible sequencing errors or RN A editing
events In a read, we devised goecialized selection rules as
depicted In Figure 2. Foreach read, the rtS S = 18 by
defaul) bases at s 5 portion is de ned as the seed F Q-
ure2A ).G iven the factthat sequencing ervors tend to occur
atthe 3 end (2324) and RNA edithg eventsin m RNA s
are enriched at the otherend (ie. the seed r=gion) 30-32),
the selection rules behave according to whether ornot the

rstm ism atch appears n the seed F Qure 2B).

If the rstm ismatch is not In the seed region, it is re-
garded as either the st base of the il or a sequencing
error. In the case that the m iam atch is at the last base, it
isdirectly deem ed asa vald tail Case 2 In Figure 2B). If
the tail is Ionger than 1 nucleotide @t), it willbe further
scanned to m ake sure that the sequence of the tail consists
of m ultple non-tem plated nucleotides (Case 3). If the tail
is onl one nuclkotide different from the reference, no @il
buta m ign atch w ifllbe reported (Case 4).N ote that In or-
der to differentiate tails from sequencing error; a  lering
step based on the quality is necessary to avoid type I er-
or and has been mclided  Tailbr’s pipelne (see bebw ;
Analysispipeline).O ur currentalgorithm cannotdifferenti-
ate the circum stance that the tailed sequence is dentical to
the genom e sequence. Thisproblem isunlikely to be solved
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com putationally and experin entalsolutionsare expected to
bem ore effective eg.usngm utantw ih a defective tailing
pathway).

On the other hand, if the rstm igmatch is n the seed,
whereRN A editing events occur frequently, the backtrack -
g search w illbe renitated and looks foran LCP started
from the succeeding base after the m iam atch. If no m is-
m atch is found m the reinidated search, no milbutam is-
m atch is reported Case 5).Ifa m igm atch is occurred out-
side the seed, the rem Inder is reported asa @il Case 6 and
7); otherw ise, the read is dropped (Case 8).N ote that the
scenaro that Case 4 w ih anotherm ism atch In the seed is
notallbwed (ie.twom isn atchesasinh Case8),shoe n prin-
cible we want to endow Tailr an enor tolerance stategy
consistent to thatof conventionalapproachesundertheone
m ism atch seting Eg.- v 1 in Bow the).

Im plem entation

W e I plem ented the core of the Tailor aligner using C + +
w ith built-in support orm ulbthreading. Sihce Taior con-
catenates both strands of the chrom osom es Into one long
reference, whose length could exceed the m axinum num -
ber represented by 32 bits, we have to use 64 bits to store
the ndexes n allthe relevantdata sructures, which require
about 2X m em ory footprint than that of other FM -index
based aligners. To backw ard com patible w ith the algorithm
ntoduced I Ameres et al. ), which alow only case 1,
2 and 3 In Figure 2, an option (- v) is needed to tum on
the detection of other cases. Tailorhasa sin ilar com m and
Ine nterface ke other NG S aligners and reports align-
ment n the SAM @1) form at. A tail is descrdbed as ‘oft-
clipping’ n CIGAR and the ssquences are reported un-
der TL Z  In the optional elds.M imm atches, if alowed
~v), will be reported In the M D’ tag (see Supplem en-
taryM aterials form oredetails). Taibr is freely avaibble on
G iH ub htp /hhung github Jo /Tailbr/) underGN U G en-
eral Public Liicense 2. A 1l the scripts used In preparing this
m anuscript have aleo been ncluded i the same G #H ub
repository. The tailing pipelinesw ere in plem ented in shell
scripting language and R .

Test environm ent and software

A Nl softw are tests w ere perform ed In the x86_64 Centosen-
vironm ent w ith 24 cores and 48G ofm em ory. The Bow tie
software used In this study isversion 1.0 .0, 64-bit. The ver-
sion of BW A used is0.7 5a-1405 . The version of Tailorussd
i51.0.0.A lcom m ands forall the testsare listed 1n the Sup-
plem entary M aterials.

RESULTS
Perform ance w ithout confounding factors

To begh wih, we Ignored confounding factors m the
follow Ing tests to com pare w ith conventional approaches

rst. To assess the aligning speed directly, we indiscrin i-
nately generated 10 m illions of perfectly genom e-m atching
reads from the D . melbnogaster genom e (sin ulated t&ail-
free dataset) (33) and random Iy appended 1-4 genom e-
unm atched nuclkotides to the 3 ends (Emulated tailed
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A B reverse searchin
AChnce complement TGTT in BWT“.L
i Step 1 Step 2
reverse
complement TerT TGTT
0 S$SACAACGCGTTGT 12 0 $ACAACGCGTTGT 12
l 1 AACGCGTTGTSAC 2 1 AACGCGTTGTSAC 2
p— 2 ACAACGCGTTGTS 0 2  ACAACGCGTTGTS O
3 ACGCGTTGT$ACA 3 3  ACGCGTTGTSACA 3
i 4 CAACGCGTTGTSA 1 4  CAACGCGTTGTSA 1
5 CGCGTTGTSACAR 4 5 CGCGTTGTSACAR 4
concatenate 6 CGTTGTSACAACG 6 6 CGTTGTSACAACG 6
sense & antisense 7 GCGTTGTSACAAC 5 7 GCGTTGTSACAAC 5
i 8 GISACAACGCGTT 9 8  GT$ACAACGCGIT 9
9 GTTGTSACAACGC 6 9 GTTGTSACAACGC 6
ACAACGCGTTGTS 10 T TSACAACGCGTTG 10 10 TSACAACGCGTTG 10
11 TGTSACAACGCGT 8 11 _ TGTSACAACGCGT 8
l 12  TTGT$ACAACGCG 7 12  TTGT$ACAACGCG 7
build
FM index Step 3 Step 4
i TGTT TGTT
0 S$ACAACGCGITGT 12 0 SACAACGCGTTGT 12 0 $ACAACGCGTTGT 12
1 AACGCGTTGTSAC 2 1  AACGCGTTGTSAC 2 1 AACGCGTTGTSAC 2
2 ACAACGCGTTGTS 0 2 ACAACGCGTTGTS 0 2  ACAACGCGTTGTS 0
3 ACGCGTTGTSACA 3 3 ACGCGTTGTSACA 3 3  ACGCGTTGTSACA 3
4 CAACGCGTTGTSA 1 4 CAACGCGTTGTSA 1 4 CARCGCGTTGTSA 1
. 5 CGCGTTGT$ACAR 4 & 5 CGCGTTGT$ACAR 4 5 CGCGTTGTSACAA 4
3 & CGTTGT$ACAACG 6 X 6 CGTTGTSACAACG 6 6 CGTTGTSACAACG 6
£ 7 GCGTTGT$SACAAC 5 E 7 GCGTTGTSACAAC 5 7  GCGTTGT$ACAAC 5
8 GT$ACAACGCGTT 9 £ 8 _ GT$ACAACGCGTT 9 8  GT$ACAACGCGTT 9
9 GITGTSACAACGC 6 9 GITGT$ACAACGC 6 9 GTTGTSACAACGC 6
10 T$ACAACGCGTTG 10 10 T$ACAACGCGTTG 10 10 TSACAACGCGTTG 10
11 TGTSACAACGCGT 8 11 TGTSACAACGCGT 8 11 TGTSACAACGCGT 8

12 TTGTSACAACGCG 7

12 TTGTSACAACGCG 7 12 TTGTSACAACGCG

-

Backtracking
(Iterating Step 3 and 4)

Figurel. BW T-based tailing detection algorithm . @ ) Procedure of constructing the FM -index from a reference sequence. B ) Procedure ofquery searching
using the FM -index. Searching starts from the 3 end ofa reverse-com plem ented query. G reen letters indicate the non-tem plated tail. R ed letters mdicate
the positionsbeing m atched against the Index.W hen a non-tem plated letter is spotted as in step 4, the algorithm backtracks to previous step and reports

allthe hitsand m arks the unm atched string as tail’.

dataset) .W e com pared Tailorw ih two m ostpopularBW T

aligners Bow e and BW A by applying them on sinulated
anallRNA datasets Fgure 34). For the sinulated tail-
free dataset, Taibr outperform ed Bowtieand BWA in ve
thread settings fusing 2,4, 8,12 and 24 threads; F ure 34 ,
top. A 1l the munning tin e ploted was the average of the
actual unning tim e of ve repeated experin ents). But for
the sin ulated tailed dataset, Bow tie ran slightly faster than
Tailorpossibly due to the fact the it reported no alignm ent
and did notperform any disk writing & ure 3A ,bottom ).
W e also perform ed the speed testw ith realsm allRN A se-
quencig data from henl*/~ and henl™/~ fruit y and ze-
bra sh (e Datsets b M aterialsand M ethods’ section )
F Jure 3B ) .henl encodes foram ethyl“ransferase thatadds
am ethylgroup to the3 end ofsRNA andpRNA atthe2 -
0 position and preventstailing (@ 42) .Forboth henl*/~ and
henl™/~ lbraries, Taibr outperform ed Bow tie and BW A

and reproduced the published result that sSRN A s, but not
m RNA s were subjcted to tailing In the absence of henl

Supplem entary Figure S1). Please note that Bow tie and
BW A in the gpead test settting here w ere not capable of de-
tecting non-tem plted tails. These tests were just used t©
com pare their execution speed butnot fuinctionaliy.

To prove the accuracy of Tailbbr when confoundng fac-
tors w ere not considered, w e then used either Taibror the
Chen m ethod to dentify the non-tem plated tailing events
(18).To achievem axin alspeed of the Chen m ethod to our
bestknow ledge, weusad the -3 k' option ofBow tie to clip k
basesoff from the3 end ofeach read.This strategy avoided
calling secondary program sand ensured thatm inin alcom -
putationalwork was done other than Bow tiem apping.W e
sarted the alignm ent by setting k to 0. A fter the midal
m apping, the unaligned readsw ere realigned w ith an ncre-
mented k k= 1).Thisprocesswas repeated our tin es. In
the Jast iteration, four nuclkotides were trin m ed off from
the3 end k = 4) and allthe tailed reads should have been
m apped at this pomnt. In the sin ulation test, this m ethod

nished M 67 + 1 swihBowtiebeen called vetimes k =
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Figure2. Enortolrance ltering rules. @ ) R eadswould have to be reverse-com plem ented before searching. The corresponding seed region ishighlighted
hgreen. B) E fhtrules ordeterm ing tails. See them ah text form ore details.

0-4).N ot surprisingly, directly m apping by Tailor nished
T 22 + 1 seconds In the sam e com putational environm ent.
Both m ethods reported the sam e coordnates. H ow ever, In
such setting, Chen m ethod wasnotable to dentify the tails,
which requires considerable com putationalwork and tin e
to retrieve from the raw reads. In contrast, Taibr revealed
the length and the dentity of the tails In the alignm entout-
putdirectly (see Supplem entary M aterials).

Perform ance w ith error tolerance

It is arguable that som e N G S aligners that support local
alignm ent, such as Bowtie2 (38) and BW A , can recover
those tailsw ith error tolerance. W e sin ulated two datasets
(onenomm al,onem utated, seebelow ) whose distribution of
read length ollow s thatof the realan allRN A sequencing
dataset @3) (e Datasets h M aterialsand M ethods’ sec-
tion ; and also Supplem entary F igure S2). For the nom al
dataset, two m illion readsw ere random Iy sam pled fiom the
reference genom e. W e Intentionally kept reads having jast
one unique occurrence In the genom e and then appended
a 1-4 ntnon-tem plhted tailon each read.For the m utated
dataset, a sin ilar procedure was used to generate another
two m illion reads, but one additional step was added:we
htroduced one substtution I the nucleotides 2-8 of each
read to smulte an RN A editing event as suggested by
Vessly etal. 32).Agan, this substitution was picked care-
fully to have only one occurrence n thegenom ew ith exactly
onem imm atch .The sim ulation guaranteed that there existed
only one best alignm ent to the reference for each read n
both datasets (seeD atasetsn M aterialsand M ethods’ sec-
thon).

Then we exam ned the m appability of these datasets by
Taibr (with - voption),Bow tie2 and BW A (SeeF gure3C).
Taior clearly reported m ore unique m apping reads than
others epecially I the m utated datasets. W hen we looked
closer to those reads that were m apped to m ultple posi-
tions, we found Bow tie2 and BW A werem ore lkely to align
the tails to the reference than Tailbr and create m any al-
temative alignm ents. N ote that the seed region setting was
used to aid all three tools for the alignm ent S = 20 and
- v In Tailor and the equivalences in Bow tie2 and BW A ;
m igm atches n the seed region were allowed) and all tools
should try to align the rst20ntofeach read to thegenom e,
but Bow tie2 and BW A still generated suboptin al alion-
m ents. The execution tin e of three aligners w ith the error
tolerantsetting isdepicted In Supplam entary F gure S3.The
com plete com m ands for running all the tests are listed
Supplem entary M aterials.

W e further checked whether the alignm ents and the tails
w ere correctly reported . A sshown I F igure 3D , Taibbrwas
the only tool that gave satisfactory results reporting cor-
rectalignm entsand tails n them utated dataset. Therewas
no mform ation m the output of BW A to recover the tails,
and since m ost of the reads were aligned to m ulbple oca-
tons, twas expected that extensive postprocessing would
be needed for extracting the tails. The sinulation clearly
show s that Tailor is the only practical solution for doing
tailing analysisw ith confounding factors.

Analysispipeline

In order to provide a thorough and staightforward tail-
ng analysis of desp sequencing lbraries to the scientd ¢
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Figure 3. Speed com parison betw een Taflorand others software. (A ) Speed com parison betw een Tailor, BW A and Bow tie using sin ulated 18-23 ntem all
RNA wih (op) orw ithout (pottom ) non-tem plated tails. Taibrran w ith the defaul setting, which allow sno m ism atch in them iddle of the query. Tailed
alionm ents w ere reported if perfectm atch could notbe found.Bow tie ran w ith - a —best -strata - v 0’ setting to allow no m ism atch while report allbest
alignm ents.BW A ran w ith the default setting . F ive different CPU  settings w ere used and the running tin e was plotted . Three rep licates w ere perform ed .
B) Speed com parison between Tailbr, BWA and Bow tie (com m ands can be found in Supplem entary M aterials) using published sn allRNA ITum ina
NG S Ibraries from henl*/~ and henl™/~ mutants i fruit y and zebora sh.Sam e settingswereused asin (& ). () The m appability of the norm al N )
and mutated M ) datasets aligned by Taibr, Bow tie2 w ith Jocalalionm ent) and BW A .M ultple m appng was deam ed asm isalignm ent since each read
wasguaranteed to have only one occurrence i the reference. O ) The uniguem apping readsshown In (C ) were further exam ned to m ake sure they were
aligned conrrectly and w ith proper tails reported (correct tails) ; unigue m apping reads that didnthave correct alignm ent or tails w ere categorized another
group W rong tails/w rong alignm ent) . The unm appable and m ultple m apping readsw ere grouped together undeterm ined orunm appable).

com m uniy, we developed the nnterface of Taibr to take
FastQ lesas hputand produce publication-ready gures.
The owchartofthepipelne issum m arized n Supplem en-
tary Figure S4A . In brief, the mput reads, w ith barcodes
and adaptorsrem oved, are subjectto a quality- ltering step
based on a PHRED goore threchold provided by the user
eg. to get rid of B-ails). The pipeline then applies Tai-
Jor to align the high-quality reads to the reference. The n-
form ation on the length and dentity of tails are then re-
trieved from the SAM fomm atted output and sum m arized
to a tabular text le. A dditonally, the alignm ents are as-

signed to different genom ic features m RN A s, exons, In-
trons, etc.) using BED Tools 44).Tails from different cate-
gories are sum m arized . Publication quality gures depict-
g the length distrdbution are drawn using R package gg-
plt2 23) Supplm entary F igure S4B ). The pipelne alo
offersm icroR N A speci canalysis.Balloon plotsdescribing
the 5 and 3 reltive positonsand the tails length are pro-
vided fora com prehensive overview (Supplem entary F gure
S4C).
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Figure4. A pplicatibonsofTailbrand the accom panying shellpipelne. @ ) Length distribution ofm R N A derdved sm allR N A readsw ith tailing mform ation
from w ild-type, henl m utant and henl, hesol doublk m utant tssues from A rmbidopsis.R aw read counts are shown w ithout nomm alization . Perfect m atch
and tailed reads are Indicated In different colors. B ) Length distribution of A go2 associated H sa-m R -15a (eft) and H sa-m R -15b (ight) In cytoplasm
(op) and nucleus bottom ) fracton ofH ela cell. Raw read count are shown w thout norm alization . N ote that since the authors of these lbraries used
poly-adenylation nstead of 3 ligation In thelr cloning strategy, twas in practical to dentify A tailing. (€ ) Tailcom position form R 379 and the edied

orm fn R 379-5G ) ;n w id-type and Adar /- lbraries.

Applications-—case studies

To prove the utliy of Tailor, we applied Taibr to re-
analyze ssveral publicly availbble sm allRN A ssquencing
datasets and revealed new facts about the data that has
not been reported yet. n plnts, HUA ENHANCER 1
HEN 1) m ethylates both m RNA and sRNA at their 3

ends to protect them from non-tem plated uridylation cat-
alyzedbyH EN 1 SUPPRESSOR1 HESO 1),a term nalnu-
cleotidyltransferase that favorsuridineas substrate (18 45).
W eapplied Tailbbron an allRN A sequencing libraries from

W T,hen1™/~ andhenl /" hesol™/~ cellsofA mbidopsisand

the results showed that sSRNA s were subjected to both
non-tem plated uridylation and cytosylation w thoutH EN 1
whilem RNA swere m ainly subjcted to uridylation. Fur-
therm ore, the ossof H ESO 1 only reduced the uridylation
butnotcytosylation of siR N A s, suggesting the existence of
additonal nucleotidyl transferase that prefers cytoshe as
substrates Figure 4A ).

W e then applied Taibrto two N G S lbraries that cloned
A go2 asocited am allRN A firom nuclearand cytoplaan ic
fraction of H el.a cells respectively @6).Sce RNA swere
cloned using poly-A polym erase nstead of 3 adaptor Iiga-
tion in the lbrary preparation, A ‘ailswere unable to be re-
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covered com putationally. A though m ostm RN A s showed
very sin ilar length distrbution and tailing frequency be-
tween these two sam ples,onem RN A ,m R -15a, exhibied
a distnctpattem . In cytoplasm ,m R -15a wasm ostly 21 nt
Iong and had m odestU tailing for its 22-m er isoform . Sur-
prisingly, n the nuclear fraction, m R -15a peaked at 22 nt
and showed stong U tailing Figure4B).n additon, m R -
15b, which shares its seed sequencew ith m R -15a and only
has one nucleotide different from m R -15a In the rst19
ntof ism ature sequence, did notexhib it obvious variation
between the two sam ples. This suggests that, either 9-12
nt, alo known as the ‘central site’ or the 3 end of guide
m RNA plhyan in portant role n tailing regulation .

F mally, we applied Tailor to study the possible relation -
chip between RN A editng and tailing n m ictoRN A s. The
m RN A Ibraresw ere constructed from thewholbran ts-
sue cells dissected from A dar2™/~ and w id-typem ice (32).
Adar2 isknown for its stongest effectson m RN A abun-
dance and editing am ong the three isoforms of ADAR s
@7).0ne of the highly expressed ADAR substrates, m R -
379, was shown to be directly edited at the nuckotide ve
w ithin the seed region and about half of the m aturem R -
379 were edited by ADAR 2 (32).A s expected, the edied
form ofm R 379 {e.m R -379-5G ) was greatly reduced n
Adar /- m ice. Surprishgly, we ound that thenom alm R -
379 hasmuch m ore tailing than m R 379-5G (s=ee F gure
4C).M ono-A and polyA tails (the bluish portion) were
depleted In m R 379-5G , which raises the probability that
ADAR sand the A “o-Tediting could affect the af nity be-
tween them RN A sand the unknown enzym es responsible
for adenylylating the 3 end. Sihce the proportion of dif-
ferent types of tails was unchanged upon A dar2 knockout,
the tailing m achmery is less likely m odulated by ADAR 2
directly but by the subsequent factors after editing In the
geed, such as differential targeting, RN A stability change
orm RN A A rgonaute sorting (1 48).

DISCUSSDN

Tailing isam olecularphenom enon thatassociatesw ih the
function, processing and swbility of many smallRN A s.
Com putational dentd cation of the tailed sequences from
them illions 0fN G S readshasbeen proven to be challeng-
ng and tin e-consum Ing. W e herein present a tailing anal-
ysis fram ework, Tailr, which aligns reads to the reference
genom e, reports tailing events gin ultaneously and visual-
Izes analysis results. W e assessed the accuracy of Taibrby
com paring it w ith the Chen m ethod w ith sim ulated reads
and found they generated exactly the sam eresultswhile Tai-
Jronl used a third of the tim e to align and provided m ore
nform ation com paring to the altemative.

W hen confounding factor was Ignored, Tailor was not
sow er than other wellknown fast generalpurpose m ap-
pers I our tests. W e dem onstrated that Tailbr executed
n a gpead that was very com petitive to, if not better
than, Bow tie and BW A , whilk providing m ore functional-
ites for detecting tailing events. W hen confounding fac-
tors was presented I the reads, it was arguable that ad-
vanced N G S alignersthatsupportthe ocalalignm entm ode
eg.Bowtie2) could be com petent in  nding w&ils, butwe
tested them wih sinulated reads and showed that Taibbr

perform ed signi cantly better 1 both accuracy and ef -
ciency.

Tailor'’s shell-based fram ework takes raw reads as Input
and produces com prehensive tailing analysis resuls and
publication quality gures.W e reproduced known conchi-
sionsdrawn from thepublished tailng study by the pipeline
w ith little extra scripting and postprocessing. W e also ap-
plied the ppeline o other datasets and shed Iight on other
possibilidesofthe functionalmlesoftailing, such as involv-
ng N RN A processing, trangoort, decay and storage by In-
teracting w ith other RN A binding proteins 49).

Ourain sto design Taibrare to reduce the costofdoing
tailng analysis and reihforce or even replace the conven-
tonalocom putational procedure I analyzing all shortnon-
coding RN A s. W e expect that Tailor could be applied to a
broader scope and subsequently faciliate the understand-
ng ofbivlogical processes related to tailing.

AVALABILITY

Source code as an Open Source profct: htp /hhung.
github Jjo/Tailor.

SUPPLEM ENTARY DATA
Supplem entary D ata are avaibbl atNAR Onlne.
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