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Improvement of a fast homology search tool using GPGPU

by reduced amino acid alphabet

WATANABE SHO''®  Suzuki SHUJI'P)  IsHIDA TAKASHI! AKIYAMA YUTAKALZ:©)

Abstract: Metagenomic analysis is a research to analyze genes obtained from an environment, and often
requires large amount of sensitive homology searches which require immense amount of time. NCBI BLAST
has been the most widely-used for this purpose, but its calculation speed is insufficient for a large amount
of DNA sequence data obtained from current sequencers. In previous study, we developed a fast GPU-based
homology search tool for metagenomic analysis. However, it is required further speed-up in accordance with
improvement of the sequencers. Here, we propose a new and more efficient GPU-based homology search tool
by using reduced amino acid alphabet. Additionally compared with several conventional tools, we establish
the usefulness of the proposed tool.
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&, 6 7V —LDRVNRIEEFNZTHRU TH o i AT
bbb, DNA EFILERE A, T, G, CD 4 XFTRHZ
nd. L, &y ERSNIERERZ 20 XFT
FHIND. 517, DNA BH D EBIE—H» A —HD
2RETUDLRALRNZ ALV, RV ST ERSNIE
7 X BETHEOHLMUEICENYH D7D, TI B
THNZEEZ 3T B S BRSNS, T
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5. ZOEIRRUNIERFIETOBE®RZ—HEED
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TW3, SSEARCH[)] & Z2RHT 2 EBEE L WA,
IO THRETH D -OWNEETH L. 2D, BE
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BLASTI[6], [7] & <FIHINTWS [8. L~L, EFED
ZN—"Tw F@OmE EL DNA ¥ —27 % —|, BLAST
DHBEHEEZHZ TKED DNA B idsl = Hd 5720,
I RTO DNA MRS % X VX7 ERFNICERL T2 5
BCF A RIMERRER % 47 S AT ClE, FHERMEIMEE o T
W5, BAE, &HD illumina ££® Hiseq2000 (Hiseq2500)
EWS DNA V=27 v —0lihid 1 7 v THEF 600G
BERIZEEL, TOT—XZ2MNT 5121 BLAST 2 AW
72554, #25000CPU HOSRREIZ R LHEINT WS,

BIE £ TIZ, BLAST DS O &2 Bl AE RMERRER O 7V
TV XLIFRESINTE Y, BLATY] FR<H SN TWS
N, MBBEMET EL-2OFEHNTIE RN 572, £IZ T,
< IZLARTIZ GPU % W 72 @i 2R B AU AH R AR R Y — L
GHOSTM[10] ZFAF L 7=. i3k, GPU IdE/GUIEIZR L
UEtRa=y b Th o720, BUEIR GPU DEWEHHME
RE& JGRLEE 72 1 H 2 BR & TINAEHRIC S RIS 2 B & 3%
AT >TETWS. T o & GPGPU(General-Purpose
computing on Graphics Processing Units) & FECY, JE4ET
FEARTH 1] RHRAEY I 2V —va v lkke 2EHO
EELIZEBRL T b, GHOSTM b HHIFIMERMER O & ik
2 GPU OB &% %S, BLAST OH50 @il % 3k L
7z. —H, HETEGPUD K> RT 7¥ 7 L —RDEFEE
HERMAT20TIERARL, 7VITV XLAORRIZ &5 EH
EFEEREINTWS. suffix array & EMET I /B [12]
% I\ CEUFIAH A PERMRER % 17 5 Y — )V RAPsearch[13], [14]
Ti%, CPUDAT, m#EHD, M@EZzELKLTWS. L
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Fig. 1 Processing flow of proposed method.

MEDTREINTWBEMT I /BEFAL 27T
DALZREL, GPU LTHEES S, X0 & ARSI
MR DEE 2T o7z, £ 2 OFMERZIT, R
DY =)L L, RETFEOAMEZRL .

2. REFEEER

AR THWEEMT I/ BIEAEVHNOH S5 GPU
ETHWRZ X IZkD, AEVHEEZNZ, REORE
LTI TR I ENTES. fi22 TEOHMERND.
GPU Iz & 2% 1342 T NVIDIA #2343 % GPGPU
D 7= DR E B FERE CUDA (Compute Unified Device
Architecture) ZHAWTHEEEZITo72. EHEREIEDKB Y
% GPU ETI75728, GPUANTDAEY 77 AHEX
WHHMEERZm LI onsb LD IcFHEZ2T - 7-.

2.1 ESIHERMERROME
AHITEARRTRET 2 FEOMEL AT L. HA
727V TV X LI1E BLAST L ABETH 5. £ THWAI,
L) T = A=A ORISR E WTEMT I/ B
TEREUEZGEIZREE-BUTWANEERZERT L. TD
7%, RRIZE > THO Do ffBZHLIZT 74 A b
DR (extension) %479, seed-extension DFik% f\
5. MEDH B0 T X-dropoff[7] Z 5.
REFEORNIUTOMED THSL. TORNRLIRS
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F—RAR=AN5, EME7 I/ BIZERL 580 X5
DAVTFy 7 A%RMEETLE., Z0LE, BOXFEIOE
XWEEMT I/ BADORRKAITE2AVWTCHER LS.
DNA ¥ — 27 T ¥ —IZ & > THAHS 117z DNA W Hfid4l
(queries) (&R VX7 ERFNZEHIRL, T —X X=X L [H
FEIZHEMGT X BIZ BB L 80 ST F— 2 R d 5.
F—=RAR—ZALBRUTTERXR VR IERS], —DODE
M7 I/ BIZEBMU-H S XFHT—ET 24608 (seed)
RPRETH. LT, BELULTHEDD 57 seed % HFMZ
TIAVAY NOMEERITW, 23T REHEL, HEMR
K2, M1LIZREFEORNEZRT. M12ro0h5
WY, FERFHEDKREE GPU TS 2T, mElkz
X 7.

FALIRDFEM & DA IR R B,

2.1.1 T—IR—RDEHXFINA VT v I ADHEE

HEMARBORNRTH 5 X V7 BliH| T — X R— AU
FEBO RV RIEDRSINEENTWS. L1, GPU
T ZITS BT, HEDES] & 0 B — Dk U 72 E3
DFHDBFNRT Wz, KD XF “H4” & ANT, HiEL
TV, B2i2F0kTZ2mRT. Z0DK D ITH—0OHER
FNZFT B2 e T, T—EAR—ANDEROESNIZHL T,
F DT seed BREITHIIEMNTE S,

YIRS U 72 B4 % 1 3073 & U TIEM T 3/ BRI 4
U7X Fi 2 E§s 5. T LT, TOWHXFIDOH
BEDT VT v 7 AEBEL TWL . XTI 0ERK
WZIE32DNRF A =& (1. B/MNE Liin, 2. mKE Lz,
3. BRIWEDZDODAATHIMET;) ZFAWTITS. K3 IE
Limin =6, Lpae =7, Ts = 39 D& & DI SLFEFIERK
Blchsd., RINOFS 1, 2, 3, 4 1XLABROHIAE (1>
T I ADEDFRN) THD. 1. I\, EBIXF
FIAORNE 6 TFEROET. ZOLE, JEMT I /8
THRE—BULEZLEDORAITII 6 DI IV —THEE—E
XTEHRRKAATEZHANWT, 33Rkdohb, 2. RX6D
WA XFEH ARAITHEIZIZEZEIRVDOT, 55—
XZEMTS, Z0LE RIT7TTCAITHEERBAZ0D
T, INEHDXTFINETE. £1ZDRTA—=XDGE,
BARETEWVWIEEEHAZLTWEDT, 272G
<, AT LB, 3. IROEBA LT B Tl
6 MO LZEE, 271340 & RDHNE., ZDEE
WAOXFHBDOAIATIZATITHIEZBIATHNEDT, Z

© 2013 Information Processing Society of Japan

Vol.2013-MPS-96 No.20
Vol.2013-BIO-36 No.20
2013/12/12

sunommEn |Als|e[Kk[E[P|w][ala

eed length
%ﬁX$ﬂMW%||A|S|G|K|E|P wl 7

BRRE&FHRT7 33 44
5 XF e | \S\G\K\E\P\aa 6
BASERI7 40

3 WA XFHDER (Lmin =6, Lmaz =7, Ts =39)
Fig. 3 A example of generation of array substring
(Lmin =6, Linaz =7, Ts = 39)

N EXFZEMT 2%, BT 60N XTI LT
5. 4. 2T, $OXTFH BIEHS TS A CAEI N
5728, ZOMETIEBILTFIIB DA, & DT
TAVAY MEFRPRIAD D Z B0 5. #£-T, B
XFH A FIEA A X FH L 222 DTHEET 5.

PED XS ITHAXFFHI DA Ty 7 ARHET B L
T, L ORRALRREZITD ZLNTES.

2.1.2 DNA ¥ EHIDOEIER & #D XF5F —DERK

DNA ¥ — 2T ¥ =2 &k o TH X7z DNA W Fiid
Fl 6 7 L —LITRIERL, BERU THiR/ZZ 6 DD X 82
BH %2 F— R ~N— AERICERE T 5. 2 0 U2 ]
Z1DO027TVed5. £/DNAY—IIT VY —Z&o
THIIX N7z DNA W g H#E8H 2 DT, GPU T
175 LTI, T—&—ARERE— M U 72 F5 D
PN T Wz, BHIERL THRZ 6 DD & VR 7 ERLS
Tl U7zl e X 5I10ERT 5. Kot kEDI/ T %
FIRFIZ £ & T seed BERHK S,

2 L) DI LFHNF =13 T — X X—=Z LFERRIZ 3 DD
NRIA=REAWTERING., I5IIT—2R=-AF1
XFT S LU THAXFEHEER L TWIzDE, 1 3XFITHR
5 s XFTHULTERTEIENTES,

2.1.3 Seed 3 & Ungapped Extension

seed KT, T—EAR—ZALFRLTTELZ N
B, ZDODFEMT I BITES L 755 3 F ¥ —
THRE—HTIMEEHRT D, —D2TEYYTF VD72
MEET 74 AV hOFEmAEE UTEEL, ok
(extension) ZF 5. (MR TIXE THRAIC, seed HHETT
T4 VA Y N E % o 72 ALE % #1002 U T ungapped
extension #4795 . ungapped extension I BLAST & [Afk
WAITHERUEADZ S, MEZERT 5 X-dropoff %
HHALTWS., ZOLEDAATHNT, 2BRT-BRMOD A,
IRD gapped extension DfEMi & L Ttk L TH <.

CPUIZZN 62T B L X, sced BERTIETFD ENT
I DBEMEEBE LN L THITERN., 202D, —EIC
seed HEEE & ungapped extension 2755 &35 &, GPU
@ global memory DK E X ZMATUL E S AlgetEdid 5.
o TARIFZETIE, 2BBIZATTINS DEEZIT- 72
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4 GPU E® ungapped extension OiiL
Fig. 4 Processing flow of ungapped extension on GPU

(1) 22V DFHXFINF—BDT T4 A v MEffigiz
VARV
(2) global memory % # 2 72\ 49D ungapped extension
BTV, BTOT 74 VAV MEZFIET % £ °f
DiEY
ZDEIITTEHILIZL>TGPU LTHAEYDRARET
5Z 27K, seed #£2 L ungapped extension 775 Z &
MTE5.
¥ 72 ungapped extension O FI(LEEZ [\ X 57
DT, K 41ZRT &S 2L (Set Ungapped Extension
Position) ZEMMU7-. EBIILRWEE, 72TV 0L X
FHF =D thread IZL > THADEANERL>TL F
. TN E BT 1 thread 2YE D Y THNDE X 52T
52T, ZOMEE MR .
2.1.4 Gapped Extension
gapped extension ® ungapped extension & [fkkIZ X-
dropoff ##H L T, A7 HZFILTS. TDE, 7
TVHIZAATDOENEDE LD, MHEMERRORE &
LCHNT 5.
gapped extension & Smith-Waterman 7 )L IV X A%
NR—=Z2IZLUTHEINS. Smith-Waterman 7))L T Y X
L0 GPU LI BT CUDASW 4+ 2.0[16] S A% & A,
GPU IZ & o> THE#IZ BLAST A LOBETEHATES Z
EDHSNTWVWS., ZNsidd HREEWESZ2E LT
BY, thread ZFAMHI TRV SFHET 2FEE L > TV 5.
U LA %~ DEE LT W BRI 150 EHEFEE G W
5 TdH 57z, thread ZEM SN S5HE TS L, H
HZHERD D322 > T U E 5 728, MER AT thread % #|
DTz,
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Fig. 5 Chain Filter

2.1.5 Chain Filter

ungapped extension £ 7, 7— X X—Zfdsle 7Y
B 51 D3t A ##IZ gapped extension DEH & 72 % seed A3
RZeWHb. INSOMEFHEL, A3 7D X-dropoff
NIA=REDEHETETICENLZOTHNIE, Thsik
gapped extension (ZBWTHEKRT 71 > A ¥ Meffis 7
5. £oTINLDseed zEL O, —DDEWVseed & L
THR\, gapped extension DFFREEZES T I LN TE 3.
5EF AT NR—DHITHS.

FrA VT aNE—IE, TIA VAV MERHOEEH I
S AEY YA ZDOEFMIMIRE D722 GPU TOFEIFIZ
HMLTEST, CPUTHEITT 5.

2.2 EWT7I/B

AETIEANECTHERULZERET I/ BOZEMIZOW
THHT 2. EMET I/ BITEL X N7 BD5ED
F2HIZERINTELZLEDOTHS. JEMT I/ BIZIE,
Murphy LR, et al. (2000) [12] IZX > TEEINHD%
AWz, ZOEMHT I/ BIX20EOE7 I/ BA LD
FUE H LR /- B #1175 BLOSUM X b S hizd
DTH5. FHUZEMHT I /BRIIK6 DX 51271 —¢
vrENS. M6 DIN—THEE-BXFERKRKAITL
I3, EMEIN=ET I/ BIIV—THOXFETRE—BD
LEIIRARAATEWALDODAATTHS. JEMT I/
BrHWsRRE LT, BIRR—BE2ifrA UBEOR ER
Hifrdick 5. O XFFIOBBIZHWS ZI2k b, R
O SCEHITIRE A E L XPICHATRE L 20, RESE
DHESREEZE LIS AR S.

BxIZ 10 TNV —TOEMT I /B2 — 22Nz,
107N —=TDRE=VERAWZHEHIT=O2HS. 1DHIZ
XHR [13) T, EfET X BN R — v OMRERHi 2 T
N, TZTREOKTFEZE/NNRIZHA, @R THRENT
R ENIHENTWERSTHS. —DHIZGPU I
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6 JEMiT I/ BEEIN—THD
SR BT RAAITT (BLOSUM62)
Fig. 6 Reduced amino acid alphabet and maxmum score of

exact match character in the group (BLOSUMS62) .

FEET 5 LT, global memory DY 1 XTI H %720
Thod. HAXFINDOA VT v 7 ARMERT BT, B
72 20 XFDBE, (25)(length of substring) v 4 byte M A
TV EMS. HAXFHORESN T THNIX128GB H D
ARV EMS>Z LD, ZHIEAEY YA AW E~ 6GB
DGPU ZRESBAD. —7F 10 XFITEMI L 7256 1
(24)(length of substring) x 4 byte DAEY “C{ﬁo&, %Bﬁ)‘(?
FNORINT7T7256X1GBDAEY TR,

2.3 GPURATOAEYT77ERDEHEL
FWHETAEY T 72 AHEDOFE, &7 I/ BREDE
A 37 DEBR I NT W B EWITH]% texture memory 12
FliE L7z, ZD& 512952 & T, RO cache DEIRIZLD
global memory (CHEET 2 LD EHIZT 7 ATHI L
MHREE D, /27 TV OHSXFHF—%2ERT D40
BIZBWT, JEfiT I/ BADXFERT —TLHL2TO
thread DMAESH 7 7 X § 5728, [EMi7T I/ BADOXT
T — 7% texture memory IZFlE T HZ & & L7z,

3. MERERTM=RER

A TRE L - FEOHEAMMRB O R HE & EE %2
TN 5 FEERZ T o 2. FEERITHEA U723 E I TSUB-
AME 2.5 [15] ® Thin / — RT# 5. Z0/— KD CPU
1% Intel Xeon processor X5670 (6 core, 2.93GHz) % 2 D,
GPU 1% NVIDIA Tesla K20X % 3 2, A€ YIX54GB T
& 3. OS & SUSE Linux Enterprise Server 11 SP1, gcc
i version 4.3.3, GPU %Z{#ifld 57212 CUDA 5.0 %
AU,

MAELEERIZ i NCBI BLAST version 2.2.26, BLAT ver-
sion 34, RAPsearch version 2.12, GHOSTM version 1.2.1
AU, FEICHWZE#ITH]IE 9 X T BLOSUM62
% F\7z. BLAST, RAPsecarch, ##8EXFETIX7 TV D
BHE DR NHEIRE 7+ VRS2 A TV a vEMALE.
GHOSTM ¥4 7> a v TED T 1 VR EZ[MHATE R0z
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DEtERHIEZOMOY =V LD EhhoTWE EHE
XN 5. BLAST (& open gap penalty % 11, extend gap
penalty % 1 & U7z. %7z TSUBAME 2.5 D SE4TRRF R
DHEAET, 12 threads THEITZITo 7. BAEMIZHAEL 72
BLAST 4 7 a ik
“-p blastx m 8 -b 1 -v 1 -G 11 -E 1 -g T -f
T -M BLOSUM62 -a 12”7
TdH 5. BLAT |37 DNA W %% & > o8 o EEFNIZ
WERLUTHE, vz sV UCHHELZ., fIHLUAZ
BLAT O 4 7> a g
“-gq=prot -t=prot -out=blast8”
TH5. RAPsearch (ZHIHAMED A 7> a2 12 6 threads (1
CPU socket) THEIT%2{To72. A7 avik “-z 67 T
H%. GHOSTM OA 7 a v EHHIE (“-r 8 -e 2 -G
11 -E 17) ZHWVWTET U BEFEOES CEH D4
BN T A — & seed B/NE Linin = 6, TWAKE Lypae =7,
RIWED/ZHDA I THIME T, = 33,36,39,42 ZfHH L
2. 72TV DS XTHF—2ERTHE, s XFTHL
TREY>TWLHPDNRTA—RITs=1,2%[HHL~. %
DIEFHD/NT A — X DA BLAST Ofi & @D ® D% 4
W7z,
BONCREFIEDNRT A =X T, s #Z(SE, ThE
NOFERE L REOFMEZIT o 72, IITREFIEDNT
A—REEAIEERLUEZA, EED RAPsearch & I1EIE
FUIZ%Y, ZTORTRS SELNT A -2 2ERL T
DALDY — )b & Lg% 4T - 7=,

3.1 FERT—%

R VR BEEH T — X R— A% 2013 4E 5 AR D KEGG
Genes (genes.pep) [17], [18], [19] ZfH L 7=. ZDT—%
R=ZF RN 2BD R AR % 1024 TTARZ &
H, T7ANY A RXEH 3.9GB L7 b. MEIZHNWEZY
TV F—2X&I%, NCBI Sequence Read Archive %* 5 g L
7= SRR407548 % {Hf L 7=. SRR407548 3D > — 2 =
v ¥ —T»H % illumina £:D Hiseq2000 THeHL - 7z 118 X
R LATHD., 1 ABHZVOEZIZ150ERETHY, B
BHETTTI 7 ANV XL 38CB H5. &7 —XEFMAL
=G, BRI K OREIRBEIZ R 570, AWETI
SRR407548 DIEHD S T > X LT 10 Fi A% EIR U Tl
L7-.

3.2 EBEFEDNSA—Y T, s =TI/ E & DHRE
Eo i
AECTIIIRETFEDNATA =R T, s 2R ED
SRR & B DR 2 17 > 72, B OFIIZ X, DNA Wr
Frfdsl 1 AgDOMREBEDIEMX 2T L 72, ZD72HIZ, &
W7 o1 Ay M EFHET S SSEARCH OfEREMHL,
DNA W Frfid%4812 SSEARCH OFER L [H LT — X R— A
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xR 1 BEFEONT AL SHAMMBOF R (sec.) @
24k
Table 1 Computation time (sec.) on various parameter of

proposed method

NITA—=ZR IR (sec.)

T, =33,s=1 5,053.45
T, = 36,5 =1 3,371.42
T, =39,s =1 2,317.91
Ty =425 =1 2,001.85
Ty =33,5=2 2,753.10
T, = 36,5 =2 1,913.01
T, = 39,5 =2 1,347.27
T, — 42,5 = 2 1,173.70

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
P DAY S

O 0 & I I G T
G S s S ST E T ETF ¢
coge@ooooe@eeooce
RN EVEN NECECENENENE RN

E-value

—Ts=33,5=1
——Ts=39, 5= 1

—Ts=33,5=2
Ts=39,s=2

Ts=36,s5=1
—Ts=42,5=1

——T5=36, 5= 2
—Ts=42, 5= 2

7T REFEONSZA-—RIZE % E-value 22k S ¥ 7258 DIE
fRAaEENZHE (%) DX
Fig. 7 Correct alignment rate for each E-value (%)

on various parameter of proposed method

NDORUNTERIVEREAITHREVEEEEME L
7z, FERIZIE 1 thread + 1 GPU W\ /=,

FHERMEZR L, BREZX 7I2RY. E-value & E~2
DNEAR L., T, 2EELTs 2 1905621275,
FHEEEIL 1.7 25 1.8 ERECEERALT 2 L2890

2. LU szEnEwsemEfbdns oI, seed
BRIV 25720, EEIIMETNUZ., BREOE RO

E-value ® B~ U ENS N RA=RIZX > TR Z &N
DB BEXT, MEWIEEFGVZ R0 15H8, i
& Ty AMENE RN S — OBDEINT 2 728
Thb. UrhUEENRETE—FH, T4 VA Y NOfE
OB Z G EEEIIMETLUTLUED.

3.3 BIEFEEDHEERELLE

FHE MM R O B E R %2 FEfi 5 7212, FHERR &
BLAST (12 threads) 2 1 & U7-& & OFFEEL % W
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xR 2 MEMMBOFERM (sec.) & BLAST & OFHRHEE N
Table 2 Computation time (sec.) and accelaration ratio with
respect to the BLAST

FFAMFE BLAST (12 threads)
Y —)l (sec.) P o DHEE L
TREFE
(1 thread + 1 GPU) 1,913.01 61.52
BLAST (12 threads) 117,692.13 1.00
BLAT (1 thread) 27,378.19 4.30
RAPsearch (6 threads) 2,818.25 41.76
GHOSTM
(1 thread + 1 GPU) 10,784.69 10.91

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

PRRN PO RO I DD PDLOEIISP N
Q&ﬁ’&gN@&Q&Ne&xo&xo&we&»@% &Q’ @“’ FEFFES F&'
SESESEC SN SN SRR N SR AN

E-value

2 EE £ (Ts=36, 5= 2) 1 thread + 1 GPU —— -BLAST 12 threads
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