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Abstract

Cormect annotation metsdsta is ortical for reproducible and sccurate AN A-380 analysis.
‘When files are shared publicly or among collaborators with ncormect or missng annotation
metadata, it becomes difficult or mpossh e to reproducs bioinformatic analyses from raw
data. Italso makss itmaone difficult to locate the transcriptomic festurss, such as transcripts
ar genes, intheir proper genomic context, which is necessary for overlapping expression
data with other datasets. We provide a salution in the fom of an R'Bioconducior packags
timeta that pedoms numsnous annotation and metadsta gathenng tasks sutomatically on
behalf of usars during the import of transcrigt quantification files. The comect referencs tran-
scripiome is identified via a hashed chacksum stored in the quantification output, and kay
transcript databases are downbkaded and cached locally. The computational paradigm of
automatically adding annotaton metadata based on rede rence sequence checksums can
graathy facilitate genomic workflows, byhelping o reducs overhead during bicinformatic
analyses, preventing oosthy bionfomatic mistakes, and promoting comp s tion sl reproduc-
kility. The imeta packape is availsble at hitps:Miocond ucior orgipackegesixmets.

Author summary

Crene expression quantification from RNA saquencing is a comman component of many
research publications [n order that research findings can be computationally reprodusc -
ible, it & eritical that gene expression datae s are nked to the comect gene annotation,
including the source of the annotation, e relexse number, and the kecation of fhe genes
ima particular gesome asembly, Often it B difficult for tuscdtical metadata tobe found
foor public datasets, and mamsally curating s information subjects the process o luman
error. We describe a solution frilve missing me tadata problem, whereby we embed a
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checksum of the RN A refe rence sequences in the output files durng the expression quamn-
Lification step. Later we we this cse chsum for iden tification and sutomatic atischment of
the correct metadata when the dataset B loaded into B for statistical analysl. We feel this
paradigm of embedded checksums and subsequent metadata retdeval will abo prove use-
Ful inn oothe r conmpu tatio nal blology contexts.

This isa PLOS Campuratiom] Biology Software paper.

Introduction

A BRA-seq data analysis oflen invalves quantification of sequence resd dala with respect toa
sel of known reference transcipls. These reference transe npls may be downlosded from a
dalabose such s GEMCODE, Emsemnbl, or Befieq [1-3] in the form of nucleotide sequences in
FASTA format and/or transeript bcations ina genome in GTEGEE (gene tramsfer format /
gene ral feature format). Alle matively a novel set of reference transeripts may be derived as
part of the data analysis The provenance of the reference tramseripts, induding their source
and relexie number, B critical metadata with respect to the processed data Withsout informa-
tion aboul the reference provenanee, oom putational reprodiscibility— re-performing the
analyii with the same dats and code and oblaining the same result [4]—may be difficult or
impoasible. Beproducibility hos been set as ahigh-level goal for all NIH-funded research [5, 5],
and so developers of blodnformatic tools should design software that promotes and fac litates
computatioml reprodocibility. Manually tracking critical pieces of metadata throughout a

ks reg-term bdod nforma tie project i3 tediows and error prame; still, manual metsdata record-
keeping B a comman practice in BN A-saq bioiaformatics. For example, 3 commuon approsch
to tracking the provenance of reference transcApls wed during an RNA- seq qu i fea thon
step would be to keepa BERDME file in the same directoryas the quantification data, with
source amd release infomation recorded.

[ addition to impeding comp ulatioml reprod ueibility, missing or wrong metsdata can
potentially lead to seriow ernors in downstream analysis ifquantification data are shared with
menomie coondintes but withoul ¢dtical metadata sbout the genamse version, computaton of
overbps with other genomic data with mis- matching genome versions can lesd to faulty infer-
ence of overlap enrichment Additional annotation tals, suchas comversion of tramcript or
gene dentifiers, or summarization of tarmseript-level datato the gene level, b made more diffi-
cult when the reference proversmce B not keown. Kandurl eral. [7] documented isssessur-
rounding the bek of provemance metadata for BED, WG, and GFF files, and descbsed this
problem a6 & "“major tme thief™ in Modnfrmaticd Likewise, Simoneaauand Scott [4] described
information on genome amsermbly and an nola ton a3 esential™ for describing the computa-
tional anmalyaisof ENA-seq dats, and contended that, "o study using BNA-seq should be
published without these methodological detaik.” Simonean and co-authors bave recently per-
formed a detailed analysis of hund reds of publshed BNA-seq studies, Anding that the majority
aid mat imchede anmota ton source and release information, this hindering reprodiscible analy-
a8 [4].

A number of frameworks have been propoded that would solve the problem of tracking
proverance ina bioinfrmati analysb—provenance in the mmow sense defined above,
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encompasing the sounce and relesse informa tion of the reference sequences—aswell & in a
barger sense of tracking the state of all fles, induding data, metadats and any software wed to
process these files, throughout every step of ananalviis We will first review frameworks for
tracking provemance of reference seque nces, and secondly describe mare general frameworks.
The CRAM format, deveboped at the Buropean Biod nformatics Institute, involves computing
differemnces between biokegical sequences and a given refore nce 5o that the sequences them-
selves do not need to be stored in full withinanalignment fle [10]. Becawse the specific nefer-
ence used for compression is eritical for data integrity, CRAM includes dvecksums of the
reference sequencesas part of the fle beader. & partner utility called refget hos been devel oped
inorderto allow for programmatic retrieval of the referemce sequence from a computed check-
sum, which actsas an dentifier of the reference sequence when reads have beenaligned to
chromosomes [11]. A simdar approsch i taken by the Global Alliance forCrenom ics and

Heal th's {GAAGH ) Vardation Bepresentation Specification (VE-Spec) [12], which usesa
hashed checksum (or “digest™ to uniquely refer 1o molecubar variation, and by the segrepo
python package for writing and reading collections of biological sequences [13] The NCBI
Amembly databese takes a different approsch, by assigning ummbiguow dentifier sirings
(though not computed viaa lash function) to sels of seque noe s comprising specific releases of
a genome asembly [14]. Enowing the identifieris therefore sufficient to know the full set of
sequences i the asembly.

Another approach o reduce man wl metadata tracking associated with a numberof refer-
ence sequences i Refgenie. Refgende i5a tool that belps with maragement of bundles of flles
amaockled with reference genomes, and facilitates sharng provenance Dnforma ion & mss
research groups, in that the generation of resources is scripled [15]. Adasand ARMOR are
framewaorks for automating bioin formatic analvses for BMA-seq, where metsdata can be
asembled and attach ed programmatically to downstream outputs [146, 17]. The pepkit frame-
work and the basejump B package sssbit with organization and manegeme nt of metadata in
bdodn formatic pipelines, though these canmot allow for post o e ntification of reference
provemamce [15, 191

[ 20015, Belhajjame ef al [20] introduced the camnce pt of a “Research Object”, an aggrega-
Lion of dats and supporting metadats produced within aspecified sclentific workflow. Their
formulation was system-ne utral, describing the requirements for production of a Besearch
O jec 1 The require ments touch on topies introduced above, such s the need to preserve data
inputs, software verslons, x5 well as traces of the provenance of data & it moves through the
scientific workflow. Belhefame er af_ [ 20] summarized lterature in the feld of computa tional
repradise bility and e fforts toward extensive proversnce tracking. The developers of the Com-
oy Workflow Langusge (CWL) [21] have defined a profile, CWLProv, for reconding prove-
rance through 3 workflow rum, and bave a numbe r of i plem entations, induding within
cwliool [22]. The developers of CWLProv emplasized the imporance of tracking versionsof
input data, such a5 reference genomes or vadant databoses ina scientific workflow, and they
suggested to we and store stable identifiers of all data and software, 8 well as the workflow
itself. As identifiers play such acrucial mle in ssuring reproducibility of workflows, the devel-
opers of CWLProv recommended the we of hashed cecksums for identifiers of data, indud-
g any referenoe sequence, similar to the use of chedsums in the CRAM format and
VE-Spec, for identifying the reference or varbant seque nces Gruning of al. [ 23] recomme nded
combining syste ms such as Galaxy for encapsulating aralviis took with systems for tracking
and capluring parameters and source data provenance to provide full compu tational
repradise bility.

Here we describe an BiBiocond uctor package, timeta, for identification of reference tran-
script provenamce in RNA-seq analyses viasequence chedksuma Tt B situated among other
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solutions for facllitating comp ulational reproducibility descrbed above, with some sulo ma-
Lion of routine tasks, such & conversion of transedpt and gene rames, but short of full auto-
mation of downstream statistical analvies & in Arkas and ARMOR (note, however, that
ARMOR relies on tximeta for the impaort of tramscript abundances). Trimeta captures the ver-
skona af the software packages wed in import of quantification data, but does not providea full
proverance tracking throughout downsiream ks as in the Besearch Object spec ification or
in CWLProw. Qe unique mpect of ximeta in the context of BN A-seq i3 that our imple menta-
Lion can be wed to identify the reference provemance post foc on various shared or public
odatasets, regandless of whether the odginal analyst kept or shared sccurate reconds of the refer-
ence transcApls that were wed Therefore it can provide some utility forbioinformatic amlvsis
withoul requiring full buy-in of 3 particular workflow execution framework. Past oc tran-
scriptome identification isa novel functio rality not offered by alternative existing pipelines fr
importing or creating BNA-seq count matrices in B Blocondue tor. Tximeta i3 similar in

inmvple men tation to the CRAM format in the we of hashed checksums, but identifies the tran-
script sequences wied during BNA-seq sample quantification rather than the genome sequence
wsed during alignment. We see iimela a3 a piece of a larger effort to create software sylems
the t are " more amenable to reprsd seibility™ [ 24].

Design and implementation
Indexing and quantifica tion

Tximeta has been developed 1o work automatically with outpul from Salmon or alevin quanti-
fication ook [25, 26], although the imple mentation coul be extended to other quantification
bl s thiat store the appropriate hashed checksum within the index and propagate this check-
sum to the sample output metsdata In sddition, xime tawill work with any transeript-devel
spuea it Feation tool, as bongas it is wrapped ina pipeline that writes the reference sequence
checksum to a metadata file in esch sample output directory. Without los of generality, we
describe the imple men tatio n referring o Salmon quan tfication databelow. A diagram of the
follvwing workflow & shown in Fig 1.

Durrng the indexing step, Salmon computes the lashed checksum of the cDNA sequence of
the reference tramseripts The set of reference tramseripts provided to Salmon willbe referred
br i this text as the framscriphame, although we note that the reference B not necessarly equal
tor the complete setof podsible RN A tramcripts in the sample. Currently, both the SH A-256
and SHA-512 [27] checksums are computed on the reference cDN A sequences alome, with
Lramscripl seque noes comnc bera ted together with the empty string (the SHA-256 checksum b
currently taken a the primary identifier). Future implementations of Salmon and tximeta may
e alternmate bash functions for compatibility with birger efforts toward stable identifiers for
sequence collectians, for example, computing a heshed dsecksum over alexicograplhically
sorted st of checksums for esch transeApt e DMNA sequence, which would provide arder-
imvariance for the collection identifier. During quantification of asingle sample, Sal mon
embeds the trameriptome index chhecksum ina metsdata fle maociated with the sample out-
pul. For each sample, Salmon outpuls a directory with a specific file structure, incduding fles
with quantification information a8 well a3 others with important metsds ta about the parme-
ters. The entire directory, not just the text fle with the quantification information, shouldbe
coniide red the outpul of the quan tification teol

Import of quantification data into R
Durireg import of quan tification data into B/Bisconductor 28], leveraging the exiting txim-
port package [ 29], ximeta reads the quantification data, o well as the transe dptome index
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chedksum, and compares this checksum o a hesh table of pre~compuled checdksums of 2 subset
of com monly wed reference transcAplomes (umman, mouse, and frull iy reference ramseripis
from GENCODE, Emsembl, and BefSeq), a5 well a5 toa custom hosh table wihich will be
deseribed bebow. Trimels verifies that the dhacksum and therefore the referénce transc dplome
sequence B identical acrossall samples being Imported. [T there isa match of the dedoaum
amarg the pre-compubed checlsumsor in the custom lash fable, tdmets will bagin to compile
additonal relevant metadata. Depending on whether the checksum has beein seen by imets
before, one of two ste ps will occur:

+ (Elrst tme }—Tximeta sitem pls o downlosd the appropriate GTE/GEE fle via FTPand
parse it wsing Bioconductor packages GEMNCODEand BefSeq GTEAGEF les are parsed by
Genomicheatures [0, while Ensembl GTE fles are parsed by ensembldb [31] Tximeta then
crexlesa locally cached 50 Lite databae of the parsed GTE/GEF fle, a5 well 3 a GRangs
object of the transcript locations [35]. The kocal cache is managed by the BlocFileCache Blo-
conductor package [ 32 1§ the da ahase for the correct Ensembl release i3 avalalde wsing Bio-
conductor’s AnnolationHub infrasiroe ture, thi pre- parsed datshase will be downlosded
instesd of download ing and parsing the GTE.

v {Subseqse ntlvi—Txime ta losds the locally cached versions of metadats (the tameript
ranges, of addi to mally the S0LIe database on demand for further annotation tasks).
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After kading the appropriate annotation metsdata, txdmeta oulpuls a Summarize dExped-
mentobject [30],a class in the Bloconductor ecosystem which stores multiple similady shaped
matrces of data, or "aans”, induding the estimated resd counts, effective tramseript lengths,
and estimates of shundance (in transe Apts per million, TPM). By conven tion, rows corre-
apand 1o gemomic features (eg. transc Apls ar genes), while columns comespond 1o samples. In
addition, the rows of the matdcesare linked to transcrpl ranges, embedded inanappropriale
genome version (eg. GRCKIE) induding chromaosome names and lengths The Summarize-
dExperiment object can thenbe wed with downstream statistical anabysis packages in Blocon-
ductor, 25 described in the imeta software vignette. [F imeta did not fnd a matching
transcriptome in the lesh table then a non-ranged Summa dzed Experiment will be refurned &
the fursc tion’s outpul, &8 the koation and contest of the transe Apt ranges are not known to
Eacirie 4

[f the transcriptome was dentified, and ranges were attached, then comparng data scross
gemom e verslom, orwithout properly matching ohromosomes, will prod uee an ernor, keversg-
g e Boult furse tonality from the und erlying GenomicBanges package [30]. Metadata about
the samples, if provided by the wer, is oo tomatically sttached to the columns of the Summari-
zed BExperiment object. Additional metsdata attached by ximeta indudes all of the per-sample
metadata saved from Salmon (eg lbrary type, percent resds mapping, elc), information
about the referemce tramseriptome and file paths or FTP URLs for the source filefs) for FASTA
and GTE/GEF, and the package versions foriximeta and other Blocondue tor packages used
during the parsing of the GTEAGEE. Atanylater point in tme, annotation ks can be per-
Tormed by on-demand retrieval of the cached databases, for example summariztion of tran-
scripl-level information to the gene kevel, conversion of transcApt argene identifiers, or
addition of exon mnges.

Akey mpect of the tdmeta workflow described here i3 that it does not rely onself-reporting
of the reference provemnce for post foc identification of the correct metadata An exception
to this rule isthe case of ade nove constructed transcriptome, or in general, wse of a tramserip-
b that is mot vet contained in Gome %5 buili-in hash table of refe rence tramcriptomes. Bor
such caes, we have developed fune tonality in iximeta to formally link a given lashed chedk-
sum 1o 3 publicly available FASTA fille(s) and a GTEAGEF file. The make LinkedTxoms
fumction can be called, pointing to the trameriptome index o wellas to the locations of the
FASTA fikes and GTEAGEF fike, and this will perfom two operations: (1) it will add a row o a
custom hesh table, managed by BiocFileCache, and (2) it will produce a JSOM file that can be
shared or uploaded to public repositores, which nks the transeriptome checksum with the
source locationi When the JSON fik & provided to LoadLinkedTxomns on amoiher
machine, itwilladd the relevant row bo ximeta’s custom hosh table, so tdmets will then recog-
nize and automatically populste metadata ina simibr manner to if the checksum ma tehed
with a tramseriptome in tximeta’s buili-in hesh table. Binally, the cache bocation for tximeta,
mareped by BlocEleCache, can be shared across users on acluster, for example, such that
pasad databases, GRanges objects, and custom hash aibles created byamy one mer can be lev-
eraged byall other users in the same group.

Comparnson to related software

A mumber of related soltware projecisane compared with respect to key features of ximeta in
Table 1. While other BMA-seq pipelines can import quantifica tion data into BBisconductor,
Exciree el y allows for pasr Fae iden tification of the reference saquence provenance. The
most directly related BNA-seq sofiware packages create 3 Summanzed Experiment, or an
object of amilar shape and fosction, lnduding Arkas [ 16], ARMOR [17], hiseqg [33],
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feature Counts [34] from dhe Bsubread package, and summarizeCverlaps [30] from the Gemo-
micAlignme nis package Arkas isa framework for importing tramseript-level quantification
data into BBloconductor, and specifically designed for extracting anmotation me tadata from
Ensembl FASTA files. Arkas parses information from the FASTA hesder lines, and so & lim-
ited in this respect. For example, GENCODE tramcript files do nol confain tramscripl mnges
1m the beader lines, and Ense mbl hesd er lines do not contaln Information sbout exom or their
ranges. ARMOR depends on xdmeta, and so relies on functiomality described Iere toattach
tramscripl rangesand release information to the outpul object

The software packages or functions hiseq, feature Counts, and summarkze Overbips all per-
form counting operations for aligned BNA-seq resds with respect tospecific gene models, and
canbe wed to generate an B/Biocond uctar abject similar to that provided by tdmeta. The
hitseq pyihon packsge and subsequent data import with DESeq2 create a SummarizedExped-
ment, but without rangesor relexse information attsched The B functions featureCoun s and
sumina dzelive daps automatically attach ranges, and the latter will sbio attach the transerp-
tome release metsdata, ghven that o GRanges object was wed to perform the counting opera-
Lo However, nelther featureCounts nor summarizeCverkps albow for post Foe metadata
operations, such as the addition or modification of ranges, or addition of relevant metadata,
they do mot explicitly connect the object with a remaoie or lecally cached database a8 tximeta
does

Other sofiware such as pepkit [14], basejummp [19], Befgenie [15], CRAM [10], refget [11],
and CWLProwv [22] are not particularly designed for BNA-seq data impor, and soare ks
directly comparable to ximeta. Pepkit, basejump, Befgenie, and CWLProv ane generic work-
flow o resource management tools, some of which allow for the possibiity of pasr Fac identifi-
cation of an motaton me tadata. However, nomne of these would provide automatic metsdata
attachme ni (range and release information) for BRNA-seq dala o sccomplished by bdmeta.
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Results
Im porting quantification data from known Lranscriplome

A esample of importing BN A-seq quantification data wing ximets can be folkwed inthe
Lximee ba or fshposd Bioconductor package vignelies Here we demonsirate the case where ihe
Salmon files were quantified agaimst a trmeriplome that s in (xime ta's pre-computed hash
table. A list of supporied transe dplomes &6 of the writing of this mansenpl B provided in
Table 2.

[ port beging by specifving asample table {the "col umn data™, o the columns of the Sum-
madzed Experiment object correspond 1o samples from the experiment).

ooldata <- read.cav ("coldata.csv™)

For exam ple, in the fishpond Bloco nductor paclage vignette [35], the following coldata
s read into B inthe beginningof the amlis(here just showing the first two mows and five col-
s L The samples are from a uman mac ophege BNA-seq expeiment [35]

L1 names sample id  line id replicate condition name
#4 1 SAMERINIBAS102 diku_:‘-; diku_l 1 naive
4 2 SAMERINIBAS5347 diku_E diku_l 1 I

This table must have a column £iles that points to paths of quan tfication fles
(quant . s}, and acolumn name s with the sample identifiers. The following line can be
wied to create the T1les column (if it does not al ready exist), where diz specifies the direc-
tory where the Salmon output directories are located, and Iere assuming that the zample
rarmnes have been wed a3 the Sal mon output direclory names

coldatajfiles <- file path (dir, coldatafjnames, "gquant._ st™)

[t isexpected that the quantification fles are located within the original directory struc-
ture created by Salmaon and with all the ssociated metadata files. The next stepis to provide
this table to the tximeta function, which returms a Summarized Experiment object. [fa
match of the hashed checksum is found, ximeta will print a message ident ifying the
transcriptome and will attach relevant metadata induding the genomic mages of the
Lranseripis.

Table 2 Pre.campuled relenen: e iran o pls dhedom ms ael iy Do

S e Lk gan ksm .Mﬂi .Trn.nnn'lpl soquence file
GEMCODE Houna raplens -3 v v wipesa i
GENCODE T ——— WM& - M24 | mamscripts o

Ersern bl Hauna saplens TE - * ol fa (MR}
Eresern bl ..M'J.I.I L .'."E» - . * ol fa (MR}
Ercaembl Drrompleils melen agader TS - *cddna.al f {NR)
Ercaembl ' Houa Sl 76 -3 . *odna.al il 4+ oncrna
Ercembl M anuen li TE -5 *cohna.alfa + Concrna. i
Ergeemikd 'mm,:-.w alanogader .'.“i' -5 odna.al o+ Concrma.
st Bany Hewner 5ol pl - pl2f *_rnaia

Husf By ..M'J.u whb s .'_-.'-.1 - P& *_rmiafa

Tt s ol o~ oo o o Choscleao e sapan dhe sable rebeaess droen Shese soonces for dhe pears 2005— 2005 {8 R f— ot me coeinne noke ok we neoorn me e ©oonbn oo of
cocec] g o] e - cxcechin g it s o o0 Ooma e RN A - e qpoans fioasiorne

" —Refhay axembly versions p 12 and pé dor baman and moa se nespecive by ane commen by “Ssest, and are sabjact o sagoence up dates inder dhe same ase b by version,,

and o nod b nebag s

himpa e ey 10137 Vol et 1007654 1002
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g2 <- trimeta (coldata)

The Surmma dzed Experiment object, se, that b returned by Do eta contains bk moation
induding the estimated counts, abundances (in TPM), and the effective kengths of the tran-
scripls. [Talso containg the metsdata about the samples in the colData skt and metsdata
abaout the tramcript mnges inthe rowRange s slot. The SummarizadExperiment abject can
then e passed to variow downstream statitical analyvai packages such as DESeq2, edgeR,
liruina-vomn, or fshpond, with eample code in the ximets software vignette [ 35, 3710
The tramseript or gene ranges canbe exsily manipubsied using the GenomicBanges or phyr-
anges packages in the Bloconductor ecosystem [ 3 41]. For example, to subset the object to
anly those transcripls that overlap a range defined in a varable x, the folkawing line of code
o be wad

e sub <- ze[ze Sowverd x, ]

The metadata columms asociated with the genomic ranges o f the Sum marizedExpe dmen t
will bawve different information depending on the sounce For GENCOODE, Ensembl, and
RefSeq, the chromosome names, start and end pesitions, strand, and transcript or gene [D are
alwas included. O ntification data with an Ense mbl sounce will abo include the trameript
biotype, and the start and end of the CDS sequence in the metadata columna

Further examples of manipubsting the SummarizedExperiment object canbe found in the
Lximeeta vignette, in the fshpond vignette, and in the plyrangssTrimetsCaeStudy package

[42}

Importing data from a de nove transcrplome

[l &5 &lse posaible toowe imela o Dmpoert ques it e ben data when the transe dplome does not
belong Lo those in the st covered by pre-compuled checksums [Table 21 This cae may occur
because the reference transcriptome B from anothe rsource or another organism than those
currenthy in this pre-computed set, orbecause the transcdptome hasbeen modified by the
addition of non-rekrence trameripls (eg. cancer fislon transcApls, or pathogen tamcripts)
which changes the checksum, or because the entire transcriptome loas been asembled de .
[rs all of these cases, ximets providesa mechan bm for local metsdata inksge, a3 well 28 a for-
mal mechanism forshadng the link between the quantification data and publicly available nef-
erence Lransc dptome fles.

The key concept used in the case when the checksum b not part of the pre-computed set, &
tha t of a link comstructed between the trameriptome wed for quan tification via its hashed
checkaum and publicly available me tadata locations [ Le. permalinks for the FASTA and GTE
:FF filles ). This link is created by the tximeta fune tion make LinkedTxome which stores the
reference transcAptome’s dvecksum in a custom hash table manm ged by BiocFlleCache, along
wiih the permalinks to publicy svallable FASTA and GTEAGEF files.

Wedemonstrate this we case withan BNA-seq experiment [43] of tramseripts ext racted
from the speckled killifish (Fusdidis ratkbun) quantified wing Salmon [25] against a de
g tramsc Aptome ssembled with Trinitv [44] and annotated via dammit [15]. An example
workflow is provided in the denovo-ximets repoditory onGitHub [45]. Here, the FAST A
sequence of the de nove msembly aswell asa GEE3 annotation fle have been posted to
Zenodo [17, 48], and permalinks are used to point to these records. After the reference
transcripts bave been indexed by Salmon, the following tximeta function can be called
weithin B

makeLinkedTxoms |

indexDir="F_ rathbuni.trinity out"”,
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EOUE e ="darmit™,

organism="Fundulus rathbuni®,

relegne="0",

genore="nans",

Lasta="hiipi fzenodoorg/record’ 1 4862760 ks F_mihibun L tnnity_oulfasa®,

gt ="lilps frenodoo glreco: A 222674 20 ks F _atlsbans L be i by ol Tl by, Fasta,
da i Lgff3™,

jesonFile="F rathbuni.json”

1

The fumetion does mol return an B object, but has the side effect of storing an entry inthe
custon hosh table managed by BiocFileCache, and prodiscing a JTSON fike which can be shared
with otheranalysis. The JSON file can be loaded with LoadLinkedTxrome, and it will like-
wise store amentry in the custom hash table of the machine where it is kaded. [n either case,
whven the quantification data killi-quant i3 bier imporied uslng teimets, the checksum will be
recognized and the relevant me tidata attached to the Summadzed Experiment object output
After the above function has been run, or loadLinkedTxoms sbeen run, then the steps
procead a6 bekore, calling txime ta with an argument that specifies the sample table.

ge <- trimeta (coldata)

After running tximeta, the Summa dzed Bxperiment object s willlae attsched toits
ronws the ranges descdbed by the GTEAGEE object, including amy metadats sbout those tran-
scripts. In e case of the killifish BNA-seq experiment, the transcdpt ranges have length,
strand, and an informative column gene Id. The ranges of the Sum mari sedBxp erime nl can
e e muimed (here only showing the fimt two ranges, and suppressing range names ).

IoWRAngE s (2]

#4 GRanges abject with 143452 ranges and 3 metadata colurms:

b GeqnATE S ranges strand | tx id
L1 SRLles <IRangess> <Rlex | <integers
#+ TRINITY DH1147%1 o0 gl il 1-2308 + 1250
#¢ TRINITY DH114724 c0 g2 i1 1-435 - 1283
Lk gene_id
L] zCharacterLists

4+ OBF Transcript .. .type:complete len:150 (+)
#+ OBF Transcript .. Sprime partial len:83 (-]

Availability and future directions

Weoutline an implementation for importing BN A-seq quantification data that imselves (1) the
quantification ool (ere, Salmaon) computing abashed checksum of e reference tramseript
saquences, which are embedded 1 the ndex and i the per-sam ple output metada b, followed
Ty (2 dow s tream compa ison of checlaums with a bash table (Bere, by (ximeta), automated
o il ol vy el prarsii g of e @ pprop riate me tdata, and attschment toa dch object that bun-
alll s data and referance seque nee metadata, The soltware 15 implemean ted within the B Blooon-
ducior environment B genomic dala analyvais, and leverapes a number of exiling Biocond uclor
pesckages for parsing annolation fles, metsds by siorage, and genom e range manipulation [28,
3i-32] The txineta package isavailable at hitpe) bloconductorong/pachege s/icime b,
Currently, the pre-compu ted hashed checksums are focised on humea n, mowse, and froit
fly reference transe dpis, from the popular reference tramcriptomea sources GERCODE,
Ensembl, and RefSeq Additional tramseriplome releses from hese sourcesane progra mmsti-
cally down boaded, the hashed clve chsum com puted, and the checksum added to the (ximeta
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package on Bloco nductor’s & month relese cyvele. We are hope ful that futune integration of txi-
meta with reference sequence retdeval effors from the GAAGH consortium will allow for a
wide exparsion of the number of suppored organisms Potentially all of the relesxses of refer-
ence transcAptomes from Ensembl and for RefSeq may be suppaorted by a future reference
sequence retrieval APL (GENCODE relexses simce 20015 are al ready fully supported by b meta).
Furthermone, we provide s mechanim for formally linking those reference transcripls mol in
any pre-com puted hosh table (eg de o transedptomes) with publicly svailable metadata
Firally, we plan to develop ximeta to support provemance dentification at the level of alleles,
by combining our current reference tranmseript identification with trmeript vadant identifica-
tion s deseribed in GAIGH™S Variant Bepresentation Specification [12].

Tximeta extends timport [29], and 50 B approprate for importing trsscript-level quarnti-
fication data Tximeta is mol applicable 1o tsks such a3 counting of genome -aligned reads in
gemom bk features such a8 exond, or ChiP- or ATAC-seq peaka For aligned reads stored in
CHRAM format [10], future work along the lines of xime ta could invelve programmatic utlizs-
tion of genomde feature relesse me tadata following resd counting operations, for example
e tchi g exons o tmmcripls.

Al biainformatic software packages hove limited lifespan, incduding the package describad
Isere. We join with others in recommending the underlying parsdigm of e mbedding reference
sequence checlaums in s mple outpul metadata, followed by downmstream database bookup of
chedisums, and ide ntification of reference sequence metadata. This paradigm should be
adopted by other bioin formatic softwane that outputs amy data that refers to a reference
sequence. [n addition, workflows can be created that wrap exiting tools to ensure that hashed
checksums of relevan t annotation me tsdata ane propagated to sample output directories. Such
worklows have the sdvan tage of nol requiring sdditional effort or sctions on the part of the
upstrean bioinforma te anabyst Otherwie, we rik exposing downstream analysis to the
“rarjor time thiel™ of pest foc gueswork involved inidentifying the proverance of datasels
shared publicly but without critical me tadata [7].
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