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Abstract

Organisms express their phenotypes by competitive gene expression. During decades, researchers have quantitated gene
expression levels using DNA microarray method for understanding of molecular biology. However, as sequencing costs
decreased, the number of transcriptome analysis using RNA-seq has been increased recently. This new RNA-seq data has
not only possibility of confirmation for transcript expression but also confirmation of novel isoform which can extract
more diverse analysis results than DNA microarray method. In this research, we introduce experimental and computer
scientific perspectives which needed for RNA-seq data analysis and Tuxedo protocol among the various pipeline to detect
differentially expressed genes(DEG) and practice of visualization analysis.
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£ t|o]E}= biological replicate®} technical replicate”} 9.2 biological replicate+= 2] 7HAol| A 5Lt AH S T A
& HloJElE oJms}al technical replicatest= 5hF2] 7HAofA] ¥HE2191 A¥S Foff A2 tlofelE ow]stK(Blainey et al,,
2014). Br2 170l A5 U A A 18 lo]el 7} Bl RNAseq Ho]e] Aol B 45 Eabolet Aabrh gl
cHSchurch & Nicholas et al., 2016, Liu et al., 2013). 3FA|RF, (conesa & Ana et al., 2016)5-2 2{@AJ 7 A D3l =H]g, 1
2|2l A Afolo] ME gt ZiHIRte] MEAdS RS ul 2k 15 B 7k 4%k replicate 7= 37lighs Ak Eo
F3lck

A5 Q MR} BAS 95k g 18] o 2 = Cuffdiff, edgeR, DESeq, Limma 50] Itk §4xk0] ¥l 422 A2 vjw
517] el RNA-seq 41412 52 T13}8 MAslo} BTk, T2 1S ol ol RAgake e 1jol7} glow, cuffdiff
= A4 g2 2l= $(mapped read count)?} 3712} Zo] S o]-&3) HA 5= FPKM(Fragments Per Kilbase of exon per
Million fragments mapped)d¥-S AR&SHCE B, edgeRe HAE]R] ¢k G2 F= & 0]&3l] TMM(Trimmed Mean
of M-values) ¥} © 2 BA3IcHTable 1)(Seyednasrollah et al., 2013). 942} ¥ g2 2|& 42 Atz tF 2] 24
=32 = HTseq(Anders et al., 2015)0] F& o]- 8% thRapaport & Franck et al., 2013).

Zi7te| Z2 IS AMESHE BA R0l H]TE 9I7RHAH U Sgee) B i, AHEUR G A} FhAlo] 20l B
AA W 5 of2|71A] Hollx] 2tol & 7R AL 917 whizel] Af S o) = 2 51 sl AR She Zi0] 251t edgeR,
DESeq, Limma 5 117} 213 v o)A Limma7} ofe] 70l 714 £ 45-€ HolZ11 ofak](outlier)o] 32
tho] Bkz] ok o i B4 A|7to] w2 th= At AT} QIRIet, =6 DESeq} edgeR-2 Hlsxot 2|9 Hlseot e =5 7Fx| 1 Q)
-0l %= FDR controloi] £] £}, DESeqe] edgeRE T o H4221Q1 AukE HQItHSoneson et al., 2013). 34 AF3H =,

AR} Mo Qloja] BAIH o 2 52 oF7| Aol 24t 15T 24 3702 MEo] stk AlE 47 A A
% Limma®} DESeq 1j7] 2|7} &2 =5 Kol A9 edgeR 2 ¥5/d2 Bl Cuffdiffi= A& 4ol 2 JFS A &4
=rHSeyednasrollah et al., 2013).

Tablel. Simple comparison of 4 tools

Cuffdiff edgeR DESeq Limma
Distribution Beta negative Negative Negative Linear model
Model binomial binomial binomial
Input file Geneset, bam Raw read Raw read Raw read
count count count
Normalization FPKM ™M DESeq size TMM - voom
Factors
Differential modified Exact test Exact test Empirical bayes Method
Expression ttest (Fisher’s) (Fisher’s)
FDR control Benjamini- Benjamini- Benjamini- Benjamini-
Hochberg Hochberg Hochberg Hochberg

Methods

TE TA| X sli= S T2
RNA-seq t|o|E] 24k 915 ’é‘Z% ZH)H A Zof| A RNAS FE5h= I E] A|ZHECE YHEA 0 2 total RNA 2ugi =
FE oligodTE 0|85 mRNAE #2]5larl Hlluminaitke] TruSeq RNA Sample Prep Kit& ©|-85}0] Library=E- A|2tstct,
lerary‘— ddkz o2 100bp Palred-end sequencings 9J3ll <=H|gH}. 228 mRNAE fragmentation THAIE A=l
random hexamer primingS- £3} single-stranded cDNAZ gH/JHtt. o]E F¢ 02 second strand’} T/J = double
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stranded cDNA7} |, Blunt-endE Y+=7| 9t End Repair, AdapterE &°]7] 9+ A-tailing 2! Adapter ligation= <=2F
202 AX &, PCR(Polymerase Chain Reaction)& ©]-85}10] cDNA libraryS SZA|71th, 25 4HE-2 2100 BioAnalyzer
£ o] g3s}o] golsitt, whE0i3l library = KAPA library quantification kit & ©]-85}o] A& §F & cluster generations}od
Hiseq25002 0]-&3f] M 552 W 3ystc). AJake RNA-seq Blo| el A sl Sab4ol|A] AJ71 228 ME & 717 2] =(Read)
U ofRlE] A& AlAsto], F2AFA A Goll HEE wf) DT 4= e Q75 2| A8lslolsith

KSLAF X} EMYS 2[5t Tuxedo protocol 244 7

Tuxedo protocol EAJRIH-2 TopHaty} bowtieZ ©]-83] RNAseq Hlo|ElS ZZA4-aAo L5k Cufflinks
packageS AM3 AFSHE GRS EAlsHe Q3o 7S WstHCole Trapnell et al., 2012). TopHat2 alternative
splicing 2 3123 RNA-sequ| o] 24-8 %8 =213l 0 2 BowtieE °]-&3f) &2 2| =52 vl wh=A| J27g-f-d Aol 4
Faitt. sfig 4 2= Cufflinks packageol| A F2-7-27419] AR G5 A ofsta BdF F4 2 sl A LS
A=) ARSI

Cufflinks packageoll T Cufflinkse} Cuffmergel= ZAR| 92} Ho)2 9Js] F7hx] 24
ZARAAVES] A 9 A H7H & A ol= o] = F2f 747, novel isoformoi| 2J5t 2=
2] oh et AlFA A F HEE Aojd B a7t glouz, Foi gene set JHRHS o] 3l A EAS Sk
t}. B 2, novel isoform 427} = Q5+ BAjof| A= A 22 alternative splicing site] H 2 AZ Th9| 2 30151 5 BAlof| A}
85 2= AE0] novel isoformS she] 710 2 hx{ofsttt. o] 142 A ARt ello|A] FAdt 7|FE 0= ALk
A2 D71 flefl B42lole}. Ak A2 Cufflinks package?] Cuffdiffs 5ol x5 &-FAHE BAshk=t| ARSH
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QUX} W Makst k| : RPKM (Read Per Kilobase of transcript per Million mapped
reads)

RNA-seq H|o|E]E ]3] Fte] WATS ol &5k 7124101 'L sl - &toll A faiie RNA-seq 2| 45 &<l
k= 2ot 2l 2= 4 (mapped read count)= ©]% @t A -FAIAR BT Wl 3L AE 7F A dr vl o] *Pﬂ
Hoh AE 2 HIA, A2 ThE RNA-seq AT 5] 1Rl10] ofs) f2f 2| ol XL AR w2hA, o] S BAgsiE
27}l

RNA-seq analysiso]] 2 AF2E]+= normalization ¥ 2 2= RPKM, TMM 5 ] lor, Cufflinks uf7|z]of|4+= RPKM
= AH&-%tth RPKM2 34| 2l 2 = et fAdxke] o2 sl izt fref 2= 5 BAshe 2oz, e (hHuet e
W 2} B A] BEAYSE 4 QL= S BT H] S5 i © 2 FPKM(Fragment Per Kilobase of transcript per Million
mapped reads)2 AJAHE RNA-seqo] paired-end 2] =91 73-2-0f| sjLto] fragmentoi|A] f2i¥ F7H2] 2l=¢ 0 2 shite] g
E 2 AVFshz ko7 Itk RPKME 0§53 -FA 2 of2fjo] 4|2 o]-&siiA e 4= Itk

ER x 10°
RPKM = EL x MR
919} AlojlA ER -f74tell mapping® read®] 7l EL- 42} Z o], MR mapping® read®] AA| 7i4~5 2Jn|gh}
(Mortazavi et al., 2008). RPKM-S 21| 9-zte] Hhel o1 = ksl 4= )= 7]Z0 2 -85} 2 9|tk RPKMZ A4 &4
A} HFE o] AFS- Sholst Lol 4] B (Ramskald et al., 2009), RPKMZ} 0.30]4FS ZH= 4 AMS-2 in vivool|A] Al 2
arlstcha gk gk 4= Qlck

r&l'
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CuffdiffS ol 83 A5 RS2 4 B7| HlAE e

3 0l SRS HAIS SIS s SAE WS o] 88 BA14] HAlo] W4 o 2 W esle). Cuffdift
= RPKMZ:2 0l 83l0] 5 L& Alolollx] 22 51 visto] ciet 571 BlA=5 StekTrapnell & cole et al, 2012). 1842 §
AAjol| thet = A S0) RPKM 232 ] 830 SixlolA] 242} ttestS ). t EAZ g olefo] A2 ol gsfo]
B,

T = E[log(y)]/Var[log(y)]

9]o] AoflA] ygke & 15 Atole] A3t 2| = (normalized count)2] H]-&-2 UERH, 2H5 -2} B2 ttest
5ol 2% pvaluegts o83kt AA| Fxte] T ttests WHE 4238 & A| T4 0.2 QIal] f1-2]2] 0 2 X}o] 7}k LA]
k= GRS 59491 Afo] 7} Qlrkal i SH= False Positivegto] 57FsHA| HltHBenjamini et al., 1995). o] 7%, Cuffdift
p-valuez}tS- Benjamini-HochberghlH S A3l EAJslis=tHRapaport & Franck et al., 2013).

i

52

rlr

Practice

KISEIRTA} EHUS oIt A 2|

2 AFolxE= A(bos taurus)] RNA-seq oi|A] to]elE o]-&sf thxwa} Agwte] fAxpdgAtelE Zelshe 2ol o
3} Argataia) ghck, Aol o] 89 tha} Agoll= 37141 2] biological replicatesS AF2-3t}. RNA-seq Hl|o]E] AJARS-
Mlumina Ate] TruSeq RNA Sample Prep Kit5 ©]-8-5lf Library7} #2151 2™, 100 bp Paired-end 2 si=5itt. tlo]el= A
2] 2] 2148 712 Tuxedo protocolo]] w2} Al&ol| ALgE Zlo]t},

Table2. £/&10i| ARZEl RNA-seq C|O|E

Sample ID
Group Replicate 1 Replicate 2 Replicate 3
Control bovine_con_1 bovine_con_2 bovine_con_3
Expreriment bovine_exp_1 bovine_exp_2 bovine_exp_3

Cutadapt
trimmomatic FastQC

——
e

Base call accuracy cutoff : 99%

Reference Genome/Geneset

Quantification mode
mask

Figurel. 2 859 &Mk
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=M T2 M 51 4K

RNAseq B412 317] $JshAjis cleat 54

E-E0] B st 2 Agolil= RNAseq Hlo ol tigh 2e]E] 2}l 5l 14

= 38517] 95l FastQC, Cutadapt, Timmomaticg AR5, }5HHe-f-4 2} ghA2- Tuxedo protocolS- w2t Tophat,

=T o

bowtie, Cufflinks package o]-83 13t 70|t} o]%, tlo]e] A|Zshe Ro] o} &=irt,

Table 3. RNA-seq E2A410]| AFBE|= R T

ERE=E

Category Programs Version

Hompage

QC FastQC 0.11.7
Cutadapt 1.16
Trimmomatic 0.38
Mapper Tophat 211
Bowtie2 2.2.3
Abundance  Cufflinks 221
package
edgeR 3.23.2
DESeq 1.32.0
Limma 3.36.1
Tools R 3.5.0
Rstudio 1.1.453

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://cutadapt.readthedocs.io/en/stable/
http://www.usadellab.org/cms/?page=trimmomatic
http://cch.jhu.edu/software/tophat/index.shtml
(Compatible with Bowtie v2.2.3 after TopHat 2.0.13)
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://cole-trapnell-lab.github.io/cufflinks/

https://bioconductor.org/packages/devel/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/DESeq.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://www.r-project.org
https://www.rstudio.com

Bowtie, Cufflinks®} 72 2 7352 3fjr

5T FA AT 5 Uk

Zulo] o] 4310l B LREE RS 3 4 lon, Aulo] ez et

cd ~

mkdir MyTools

wget [2ALE A2

unzip bowtie2-2.2.3-linux-x86_64.zip

Samtools, TophatT} 2+ 4227 == 5 Elo| /oA 44 FES BAjalo] AHjoll 4 the-z =8}, Tophat x|t

o= mapping engine?! bowtiee} T3] 7Fsat S ARgSfofsict,

cd ~/MyTools

wget [BARE 4 2]

tar xfj samtools-1.5.tar.bz2
cd samtools-1.5

make

pwd

Cutadapti= 24T =2 A2|g 4 QAT 37| 2] w2j2hE o] -§sto] wejah etz e 4k qlrt.

=
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sudo pip install cutadapt

sudo pip install ~upgrade cutadapt
pip uninstall cutadapt

conda install —¢ bioconda cutadapt

II‘I ]1|-0| [_l-_?_EI: al o |I:i! AHA‘I

ARl AGLAFE0] Wo| AR8-5}al Q)= Hlo] 2 Hlo]E] H|o]Aofli= NCBIL, ENSEMBL, UCSC 5] {1t}. o] Zoj|A = ENSEMBL
2 Hloje] Fejlo]do] & EjofQlal, Thilido]| thgt 4 .5 HEA| Alesto] 734} 25242k annotationol] -85 0|8
=N

Iz o 2= AR A LD A B E Tl Q= gene setifo] T QshH & n}e] R&= ENSEMBL Z1|o] 7]
SN ENE 2 4 e AR A A 2o A A e s}el 2 fip o] 2]of 114310} weet o]

£ &3] g)5AA4H 0] 217 Bos_taurus.UMD3.1.dna.toplevel.fa.gz o}Q-& the- 2 Tk}, #1724 2 AZ-G A4 F uflo
reference mappingA| tophato] o]-83& 4~ Q== bowtie22} samtoolsE ©]-&3sto] QIE|AS} sjoksict, o] w bowtie2+=
Tophat®] mapping engine© & $3}o| 7155k -2 A&} Bowite2-build Z1t2 *.fa.(1~4).bt2, * fa.rev.(1,2).bt2 6712]
Hfoi 2} wtdo] A= a1 samtools A= *fa.fai whd o] AY/JEH o] upl 2 fautof| gt FA|X| S Lehditt.

mkdir Reference

cd Reference

wget [ftpth27d 2]/Bos_taurus.UMD3.1.dna.toplevel.fa
bowtie2-build Bos_taurus.UMD3.1.dna.toplevel.fa
Bos_taurus.UMD3.1.dna.toplevel.fa

samtools faidx Bos_taurus.UMD3.1.dna.toplevel.fa

FHR} A B = gene setol| 4] GFF3 o]t GTF 2991 w2 the-2 =35 4~ QJt}, GFF3%} GTFE H|wsHiS ul, GTF=
GFF3ET}H &gk 4] 2] 574} annotationz} o] o}, 2 Ao A= GTF Y-S 085t Gene set 1HY-2 ENSEMBL
Fwlol 12 ftp download o] x| & 3 che.2 = 4 Sl

/pub/release-92/gtf/bos_taurus2| 49!

/pub/release-92/fasta/bos_taurus/dna/2| 442!

Figure 2. &= MU Ct22=

Gene seti}oll= BA15}12}5H= mRNA coding -3-72121E9t olu]2} small RNAQ} Z+-2 non coding -§-=}of| thgh A=
& daglet w2bA|, 2] =7} non-coding % 2joll mappingste] Wgch= Hio] o] A(bias)E 7H4A]7]7] 915 gene set mhoj 4]
non-coding G2 w2 &35t upd-& AJ/dalioksttt. Non-coding % 52 GTF 1 9] attribute ! 3+ gene_biotype
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of|A} protein_ coding&i Elo] Rl H22 Alelokal *mask gtf= A3ttt o] b2 {7} gk AlktellA] cufflinks]
;ﬂg}o]- Hialef AbE-S- o) Ex%_g Are-Ec}

mkdir GeneSet

cd GeneSet

weget [ftpthe&7d 2]/Bos_taurus.UMD3.1.92.gtf

cat Bos_taurus.UMD3.1.92.gtf | grep —v "protein_coding" > Bos_taurus.UMD3.1.92.mask.gtf

RNA-seq H|0|E{2] ZI2|E| 2ol 3l FA2|

RNA-seq t|o]E| & 27473144 Holl mappings}~] || High throughput sequencing 2170l A HA8E 4= Ql=H}o]
oj20] EAY of e} ofzl DNAZRE| Gl 2P0z gt ZAIRS Ehlsfof ght. FastQC 42 Ejo](Version 0.11.7)E 0]
25}0] glo]e]e] Lelel2 #olsk= glof Phred Quality scoreZ 0] st} Phred Quality score= Q = -10logP (P = base-
calling error probabilities) 2 AJAH=|H o] S S0] o] Zto] 10 742 ZHH base calle] E&0] 1007 5 17091 21 oJu|sh=
2 90%2] HE=E HEfUo] AlEe 4 Qs EeE S 2= MY %; g 4= T}, RNA-seq H|o[E{Q] *fastq.gz 2td& 2
2 ARgshH RRdole ofetieh 2.

~/MyTools/FastQC/fastqc -f fastq —extract -t 8 00.Rawdata/con/bovine_con_1_1 fastq.gz
~/MyTools/FastQC/fastqc -f fastq —extract -t 8 00.Rawdata/con/bovine_con_1_2 fastq.gz

Table 4. FastQC M

=4 Ay

-f / ~format A oo} =

—extract A5 23 5d 2 A= siA|
-t / ~threads AH&E CPUS| 74 A7

2] ol & AdyetH ud F 2t o ‘EEIQ} fastqc_report.html Tk o] A= fastqe_reporthtmlE E3) & 117}
A 9] %ﬂEl B Avs gz g stelgt 4= 9t} Per Base Sequence Quality= 2 A Goj|A] Hjo] A T HelE] e HojF
o o] gk 2 2Al(Pass), ' ﬁ(Wammg), W7 HA (Fail)- 7152 & boxplotg E3] LFERATE Per Base Sequence Quality=
53l quality trimming 71 -0 ZA7}+E- 8] W] H trimming o] Fof| Ha]E]7}Eobx Z1-Z 2Q1gt 4= Qlrt. &gt Per Sequence
GC Content= 7} A}Q2] Ax|| Zio]of| thgt GC g} GC ghege] AEx e s v wsto] e GC gHgke Zajr} ot

20 ol sl lolele] Alzlge AR 4 2k
uﬁmﬂwﬁﬁ%ﬁﬁ%%%ﬁml f

_l

® L23458780 12131819 24.25 2030 6.7 4242 4649 5493 6061 6687 7273 7870 64.85 0000 9497
Postion it read (op)

< Quality trimming & > < Quality trimming £ >

Figure 3. FastQC Z2t I 2 &%t Quality trimming X< H| !
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Adapter trimming-2 o]E] 48/dA] A< A1 (insert sequence)ol] ‘oIl A &= 2 2= adapters A|7{5}7] 15 2Hgo]
c}. & gjo]g]o]] AF&-H Adatper+ TruSeq Universal Adapter 2 forward”]Z 3-endof] GCTCTTCCGATC(T)(12bp) S 74 2L
AoA] A3 E A Q] BRI AGATCGGAAGAGCZH LH@.7] AlZteHH 11 o] = A ALt o] 345 53l adapterS A7k €]
T2 273344 Holl mapping S 5HH T &5t FPKMES 82 4 Ut E2El S ERlet 27} njl & 9l=] ot & A}
-850 Adapter”} A %H A Fo] = *nonadapt.fo.gz o}d-2 B 4= Sk

mkdir -p 01.Clean/con

cutadapt -a AGATCGGAAGAGC -A AGATCGGAAGAGC
-0 01.Clean/con/bovine_con_1_1.nonadapt.fq.gz

-p 01.Clean/con/bovine_con_1_2.nonadapt.fq.gz
00.Rawdata/con/bovine_con_1_1.fastq.gz
00.Rawdata/con/bovine_con_1_2 fastq.gz

Table 5. cutadapt M

=4 ek

-a Forward read®] 3’ adapter A€
-A Reverse read®|3’ adapter A&
-0, -p 23 04" (forward, reverse)

Quality trimming-2 Trimmomatic(version 0.38) & 121-8- 0]-85}0] Al2|gt 4= 9l = Al 2 U= ES ERlskaL
712 olate] H@E A7fa}7] $igt 3ol Adapter} %171l * nonadapt fo.gz Thelo] Y2 m}el2 AL&5]s Phred Quality
scoreE 7|2 &2 7% olste] MES A|Ag. 1L A2 o2l ol & w2 base call 4E=7F99%2) MBS D=
=2

java -jar MyTools/Trimmomatic-0.36/trimmomatic-0.36.jar PE
01.Clean/con/bovine_con_1_l.nonadapt.fq.gz
01.Clean/con/bovine_con_1_2.nonadapt.fq.gz
01.Clean/con/bovine_con_1_R1.qt.P.fastq.gz
01.Clean/con/bovine_con_1_R1.qt.U.fastq.gz
01.Clean/con/bovine_con_1_R2.qt.P.fastq.gz
01.Clean/con/bovine_con_1_R2.qt.U.fastq.gz
SLIDINGWINDOW:4:20 MINLEN:36

Table 6. Trimmomatic &M
= 23
PE Paired-end?! Z|EE AIREH AL

SLIDINGWINDOW#420 4 base®! 3|E|Z £0I3}0] H@20| 200|5}2 AL XA
MINLEN:36 1 ZADFE LE2 read Ef base| Z10|7} 36 0|5+ AL X7
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A Z9E 1782 RNA-seq H|o|E1E 3= A{ol| JE5}7] 9fal TopHat = 1843 o]-83HT}. o]i= RNA-seq 2]
2Hgo|r, reference mappingo|zt F-2t}, Quality trimming®] A} 1} 5 * P.fastq.
q

= .
gz ST AP RAANG 52 U2 w2 ARG,

mkdir -p 02.Align/con

tophat -o 02.Align/con/bovine_con_1

_p 8

1250

~mate-std-dev 50

~library-type fr-firststrand

-G GeneSet/Bos_taurus.UMD3.1.92.gtf
-rg-id control

~rg-sample bovine_con_1
Reference/Bos_taurus.UMD3.1.dna.toplevel.fa
01.Clean/con/bovine_con_1_R1.qt.P.fastq.gz
01.Clean/con/bovine_con_1_R2.qt.P.fastq.gz

Table 7. Tophat &M

i a9

-0 / --output-dir = oag MAs ClHED| Y

-p / --num-threads AbEE CPUQ| T4 MY

-r / --mate-inner-dev Inner distance 0f|=4} ( default : 50bp )
--mate-std-dev Inner distance0f| CHSF HZ ®X} ( default : 20bp )

--library-type “fr-unstranded”  Standard Illumina
--library-type “fr-firststand” dUTP, NSP NNSR
--library-type “fr-secondstrand” Ligation, Standard Solid

-G / --GTF Geneset GTF oo
~-rg-id =y
--rg-sample MEH

Inner distance+= Insert sizeol|X] Y% 2] =2] Zo| & #|2Jgt H2| = A4ke 4= St} 2] =7} mappingd o, ®/do] th&
FRAZZF AR FEZollA] 2| E50] F-E5] o] mappinge] & 4= Qltt. o] 790l 2l=o] HiRl/do] 2 Eloj o SEH =
ol ol RPKMgte] A7} Zhasgict. JefjA HluminacljAl= dUTPRPH-E o]-8sto] 2] =7t el f-xztet iiekdo] 2=
IS4 Q1= TruSeq Stranded mRNA Library prep. Kit& Ala-5tal Q1.2 library-type 34102 frfirststandS- o|-8-5F

i

MU

9le] ©edol =5 AlashH At ub 2 accepted_hits.bam, align_summary.txt, deletions.bed, insertions.bed, junctions.
bed fileo] AJ/dHtt. accepted_hits.bam-2 2| =58 mappingst A1} ot o] align_summary.txti= reference mapping
SARZE A7 ool

Cufflinks 2Hol| A= & §AA2] Idl =3 of| S, HAR] JE, novel isoform ZEH-S 9|of] XY= HE 7k v u &
9J8ll normalizationg st} Cufflinks mj7|z]ojl= Cufflinks, Cuffquant, Cuffnormo] {lor o] ¥zRS o=3skal
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normalizationah= Q) 2go|ct. 9 mhel 2= Tophate) 7} mkelel accepted_hits ham 4213} gene set mkelo] ARg
=t} gene set - AF8-5R=T] 910] 4] novel isoform HARH] Q1 -g-Fof wle} BA B E71 £71x| 2 L™, Quantification
E= 3017 gene setg It = -FRA LTS ol 5517] 2lal} 0|85kt HEH, novel isoform B4 B E= 0] gene set
S 7|8ko 2 A28 novel isoformE 27| J5f o] 2t}
Read 1 Adapter  Read 1 Read 2 Adapter
5 e 3
I I

i P N g 5’
3 G > <

Inner distance Read 2

Insert size

Fragment length

Figure 4. Fragment /1=

mkdir -p 03.Cufflinks/con

cufflinks -o 03.Cufflinks/con/bovine_con_1

_p 8

~library-type fr-firststrand

-G GeneSet/Bos_taurus.UMD3.1.92.gtf

—-mask-file GeneSet/Bos_taurus.UMD3.1.92.mask.gtf
~frag-bias-correct Reference/Bos_taurus.UMD3.1.dna.toplevel.fa
02.Align/con/bovine_con_1/accepted_hits.bam

Table 8. cufflinks &M

=4 Ay

‘M /[-maskfile  FHYF FH ALLS A J HEIT FAJE gene set T

~frag-bias-correct ZARA| LAZro] vlo|o| A A AL Alite] =S F/FAIZ

-G/ —-GTF novel isoformZ &Q151%] ko F20i%l gene setQ] A FHol| HHH 2| =52 o] &l W= AlLrgh

Cufflinks2] A}2 genes.fpkm_tracking, isoforms.fpkm_tracking, skipped.gtf, transcripts.gtf 5}l o] A/ =] genes.
fpkm_tracking m}-2 {92} L&l gt FPKMEE LT isoforms.fpkm_tracking wHd2- of| S isoform 4 &
A YERN L, transcripts.gtf> HEH isoformE 2= GTF 1t o]t}

bovine con_1/
genes.fpkm_tracking
isoforms.fpkm_tracking
skipped.gtf

transcripts.gtf

Figure 5. Cufflinks Z 1t I}
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Cuffquant T8 7} A2 [7dAe} Ak o] Fre: Eelskal CXB 2o 2 At npd S #143sh= 2ol tt. Tophat

ol

o] A1} 1}l 9l accepted_hits.bam T} 12 0} 2 AR&5HH EA] AxlE abundances.cxb 10| AAIEIC),

mkdir -p 05.Cuffquant/con

cuffquant —output-dir 05.Cuffquant/con/bovine_con_1
-~num-threads 8

~library-type fr-firststrand

~frag-bias-correct Reference/Bos_taurus.UMD3.1.dna.toplevel.fa
02.Align/con/bovine_con_1/accepted_hits.bam

Cuffnorm 7} A= 0] 372} ¥ ghs AE 7he] H| w7} 7H53l e 2 B A8 4+3fstth. Tophate] 23} utlQl BAMutlo]
U Cuffquant®] ZAx}Q1 CXButdo] Yt 2 ARgE|H, ~library-norm-methodE o]0 74 WhHES A& 4= ik

Cuffnormoi|A+= FPKM, geometric, quartiled S-S | 4gtct,

mkdir -p 06.Cuffnorm

cuffnorm —output-dir 06.Cuffnorm

~labels Control, Experiment

~num-threads 8

~library-type fr-firststrand
~library-norm-method classic-fpkm
—output-format simple-table
05.Cuffquant/con/bovine_con_1/abundances.cxb,
05.Cuffquant/con/bovine_con_2/abundances.cxb,
05.Cuffquant/con/bovine_con_3/abundances.cxb
05.Cuffquant/exp/bovine_exp_1/abundances.cxb,
05.Cuffquant/exp/bovine_exp_2/abundances.cxb,

05.Cuffquant/exp/bovine_exp_3/abundances.cxb

B dalekr} count tableso] A7} oh 2 AYAJE]H 1 % genes.fpkm_tableQ] o|E]E o] &5}o] AY
S akelef v w7} 7F55}al o] & B3 boxplot, scatter plotg &4 A|Z&ket 4= Qi)

06.Cuffnorm/
cds.attr_table
cds.count_table
cds.fpkm_table
genes.attr_table
genes.count_table
genes. fpkm_table
isoforms.attr_table
isoforms.count_table
1soforms. fpkm_table
run.info
samples.table
tss_groups.attr_table
tss_groups.count_table
tss_groups.fpkm_table

Figure 6. Cuffnorm Z2t I}

nJlI:l
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rlo
)
0z
i
o)
M
e
(o]

P2 BT §-8310). §HA} ol AVZ 7k ulawsl7] $JiA s cuffnorme) 2 sl
% genes.fpkm_tableg o]8510ksIT}. Boxplotoll A3 74 Qo] 53] elrhel A5 gaxt Hhaloll $7) obe
P2 2 4 900 e B WS ol §aorict.

# R program
data <- read.table("genes.fpkm_table", header=T, row.names=1)

# box plot

data_sel <- data[which(apply(data,1,max)>0.3),]
png("genes.fpkm_table.boxplot.sel_max.png", width=800, height=800)
boxplot(log(data_sel+0.1,10), xlab="Samples", ylab="log10(FPKM+0.1)")

dev.off( )
(=]
o
= = Q (=] a
<] o o 2
B Q ] 5
o H E B 8
8 § : q g
S N i: E |
= & ! ;
=] H 1
< H 1
-
] ! |
o '
[TH H )
=3 S E—
L]
o o
T T T T T T
Contral_0 Contral_2 Contral_1 Experiment_2 Experiment_0 Experiment_1

Figure 7. box plotS 0|&¢t ME 7t &ed Hlw.

S AEC] 2 22 AYTS & oISkl A=A AE 2] B FAREE Rl ke 212 scatter plot} MDS plots:
5oll 7Fsstth. scatter plotE &5 y=x 412 7|02 2] Hojx] Z2E Ut AlE The| B o] M= thE 2ol
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(Figure 9.B), 72 £ 45 45 k9] 2l Qo] v]2:8 olchFigure 9.4). 5, 22 15| 431 ks 4]
Q) -5 y=xAloll 717h@ REE F1HoRIT, MDSE PCASH iS5 BH 02 B A1Z Zhe] w1l
242 ek o]k 2:2 1gojehH ) 4ol shke] 2O Rofof tlo|ele] AL Wk 4 Uck

# R program

data <- read.table("genes.fpkm_table", header=T, row.names=1)

# scatter plot

png("genes.fpkm_table.scatter.C1_vs_E1.png", width=800, height=800)
plot(log(data_sel[,3]+0.1,2), log(data_sel[,5]+0.1,2))

grid()

dev.off()

(A) (B)

Cuffdiff 242 5 150 A% 8 a4 IR HES vwsle] 15 U SRS SR Pgoltt. Tk ulmEo R
4 9lom, Sample 719] 1|7} obd Lg0) §HA 2ho] |7} 73, Cuffquanto)] 2

Cuftdiff A8 Atz -F-42} isoforms, CDS, primary transcripts EFJo]] thdto] FPKM, counts, read group tracking®]|
oieh ohd v} Hio]oj A A B ul 5 F 23719] Az} mielo] /g Ht.

gene_exp.diff T}ol|A] grep H7 ol S AFg-5t0] NOTESTE ZH= H|o|E] S 2| A3}l Test ID, &+ Li5-2] FPKMZY, log2(fold
change)?t, p value, q valueZ &35} gene_exp TEST.diff2 #45tch RTZ T20)|A o] w}-S- 52 log2(fold change)
oA Inf, -InfE Zt+= 2 AL p value 0.055 7|22 0.050]7H1 tlo|ElES A6}l ARt BRath

EE5 Y HE AR85}o] volcano plot,. scatter plot,. MA plot, Heatmap2 2§43 s 4= Q1o = ol= ofefje} 2t}

volcano plote] xZ1 MA plote] y=2 log2 fold changeE UepHtt wehbA, 02 7|22 up regulation?} down
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regulation -FA2ke] /= mpeted 4= Q. &3, volcano plote] y&-& FAI7E LR AL, MA plote] x&-2 F74%

1=
=5 e}, Heatmape ME3} 5421 7ke] algkg AlZt3}otal, hierarchical clusterings &5l U o]

4 9l 1EAQ) holct.

L

ﬁd
nz
rel
lo

mkdir -p 07.Cuftdiff

cuffdiff —output-dir 07.Cuffdiff

~labels Control, Experiment

~frag-bias-correct Reference/Bos_taurus.UMD3.1.dna.toplevel.fa
~multi-read-correct

—num-threads 8

~library-type fr-firststrand
~library-norm-method classic-fpkm
~dispersion-method pooled
05.Cuffquant/con/bovine_con_1/abundances.cxb,
05.Cuffquant/con/bovine_con_2/abundances.cxb,
05.Cuffquant/con/bovine_con_3/abundances.cxb
05.Cuffquant/exp/bovine_exp_1/abundances.cxb,
05.Cuffquant/exp/bovine_exp_2/abundances.cxb,
05.Cuffquant/exp/bovine_exp_3/abundances.cxb

07.Cuffdiff/
bias_params.info
cds.count_tracking
cds.diff
cds. fpkm_tracking
cds.read_group_tracking
cds_exp.diff
gene_exp.diff
genes.count_tracking
genes . fpkm_tracking
genes.read group_tracking
1soform_exp.diff
isoforms.count_tracking
isoforms. fpkm_tracking
isoforms.read_group_tracking
promoters.diff
read_groups.1info
run.info
splicing.diff
tss_group_exp.diff
tss_groups.count_tracking
tss_groups. fpkm_tracking
tss_groups.read_group_tracking
var_model.1info

Figure 8. Cuffdiff Z1f T}
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mkdir 09.Explore_DEG

cd 09.Explore_DEG

cp ../07.Cuftdift/gene_exp.diff ./

grep -v NOTEST gene_exp.diff | cut -f 1,89,10,12,13 > gene_exp.TEST.diff

ITII)TIOTE

# R program

data <- read.table("gene_exp.TEST.diff", header=T, row.names=1)
data_sel <- data[which(datal,3]'=Inf),]

data_sel?2 <- data_sel[which(data_sel[,3]'=-Inf),]

data_de <- data_sel2[which(data_sel2[,4]<0.05),]

data_node <- data_sel2[which(data_sel2[,4]>=0.05),]

# Volcano plot

png("gene_exp.TEST.diff.Volcano.png", width=800, height=800)
plot(data_node],3], -log(data_node[,4],10),
xlab="log2(foldchange)", ylab="-log(P-value)", cex=0.3, ylim=c(0,5))
points(data_del,3], -log(data_del[,4],10), col=2, cex=0.3)

grid()

dev.off( )

# scatter plot

png("gene_exp. TEST diff.scatter.png", width=800, height=800)
plot(log(data_node[,1],2), log(data_nodel[,2],2),

xlab="log2(FPKM of Control)", ylab="log2(FPKM of Experiment)", cex=0.3)
points(log(data_del,1],2), log(data_de[,2],2), col=2, cex=0.3)

grid()

dev.off( )

# MA plot
png("gene_exp. TEST.diff. MA.png", width=800, height=800)
plot(0.5*(log(data_nodel,1],2)+log(data_nodel,2],2)),data_nodel,3], xlab="M=0.5*(log2(FPKMofCon)+log2(FPKMofE

"

)’
ylab="A=log2(foldchange)", cex=0.3)

points(0.5*(log(data_del,1],2)+log(data_del,2],2)),data_del,3], col=2, cex=0.3)

grid()

dev.off( )

# Heatmap

data_heatmap <- data_sel[which(data_sel[,5]<=0.05),c(1,2)]

data_heatmap <- as.matrix(data_heatmap)

png("gene_exp.TEST.diff. Heatmap.png", width=800, height=800)
heatmap(log(data_heatmap+0.1,2), scale="row", cexRow=0.4, cexCol=1.0, margins=c(10,10))
dev.off( )
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Summary

RNA-seq H|°|E| 5 0]- 85 HARAIZAL2 A 2ol A A 231210l /g2 olshisl] 9l etz thgaheof 7t et o
5t A mfo] =2}l F- Tuxedo protocol:2 &34 Q1 /g3t Aletet SAlEA 2 & Hhget 24 wto]zefelolt). 2 A5
A= 2x(Bos Taurus)2] RNA-seq o] H|o] 6] S 2-23).00 RNA-seq H|o]E] 2] L]e] 2 ga|7]7] QI5h Al Al RE A

ARA| Aol B3t H|o|EE FHJshe B2 &8, Tuxedo protocol= 083 AR50} RA7EA] /AR 3.
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