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Whole-genome duplication (WGD), or polyploidy, followed by gene
loss and diploidization has long been recognized as an important
evolutionary force in animals, fungi and other organisms'™, espe-
cially plants. The success of angiosperms has beenattributed, in part,
to innovations associated with gene or whole-genome duplica-
tions" ™, but evidence for proposed ancient genome duplications
pre-dating the divergence of monocots and eudicots remains equi-
vocal inanalyses of conserved gene order. Here we use comprehensive
phylogenomic analyses of sequenced plant genomes and more than
12.6 million new expressed-sequence-tag sequences from phylo-
genetically pivotal lineages to elucidate two groups of ancient gene
duplications—one in the common ancestor of extant seed plantsand
the other in the common ancestor of extant angiosperms. Gene
duplication events were intensely concentrated around 319 and 192
million years ago, implicating two WGDs in ancestral lineages
shortly before the diversification of extant seed plants and extant
angiosperms, respectively. Significantly, these ancestral WGDs
resulted in the diversification of regulatory genes important to seed
and flower development, suggesting that they were involved in major
innovations that ultimately contributed to the rise and eventual
dominance of seed plants and angiosperms.

Angiosperms are by far the largest group of land plants, with more
than 300,000 living species. Significantly, most flowering plant lineages
reflect one or more rounds of ancient polyploidy. For example, extens-
ive analyses of the complcte genome sequence of ﬂlmb:dups:.s rha!mm

M E M M E N I i M
|_ME,.EMEJ (ME)E) |_ME||,I'.-"|;
(Analysis Il) 5
M EBBM E M E M

((ME)BJ(ME)B) ((ME)IME)E

2 OXA = 5 7t U 2XE O
(7t AAIERNCl Amborella®| | TKX| A
7t 8t5{ XL O] & 0| &5ty EAMsl 2 Ant
7|0 e S mXtAl =2 Tzt O|=
Arabidopsis It X| 2| M| H12| WGD 0|2|0f O]
77|$,-01|A1 Amborella’lt X| 2| Xz} =CH)| =
HO| WGD 7t 4 OS2 SHSiCt O]
EH WGDaH A2 JEV—.*MEEI el PSS
HIHS| LOJLEA & ’—.‘MEEI f ksaf A=
71 2 X O]

olo 7| 71Xk Olnl H




Estimated divergence time (Myr ago)

450 350 280 150 50 0
[TTTTTTETTTEETTTT]
= e Arabidopsis thallana
B a : [
Carica papaya =
s Populus trichocarpa %
v Cucumis sativus
Vitis vinifera =
: -
_E Oryza sativa 3
— 8
T p Sorghum bicolor %
Aristolochia fimbriata = @
Ancestral anglosperm ]
sead plant TN |iriodendron tulipifera ;
WGD
: MNuphar advena ‘%.
0
Amborella trichopoda g
Gymnosperms "

Selaginella moellendorffii

Physcomitrella patens

Figure 3 | Ancestral polyploidy eventsin seed plants and angiosperms. Two  eudicots (top row, left to right Arabidopsis thaliana, Aquilegia chrysantha,
ancestral duplications identified by integration of phylogenomic evidence and  Cirsium pumilum, Eschscholzia californica), monocots (second row, left to

molecular time clock for land plant evolution. Ovals indicate the generally right: Trillium erectusm, Bromus kalmii, Arisaema triphyllum, Cypripedium
accepted genome duplications identified in sequenced genomes (see text). The  acaule), basal angiosperms (third row, left to right: Amborella trichopoda,
diamond refers to the triplication event probably shared by all core eudicots.  Liriodendron tulipifera, Nuphar advena, Aristolochia fimbriata), gymnosperms

Horizontal bars denote confidence regions for ancestral seed plant WGD and  (fourth row, first and second from lett: Zamia vazquezii, Pseudotsuga menziesii)
ancestral angiosperm WGD, and are drawn to reflect upper and lower bounds  and the outgroups Selaginella moellendorfii (vegetative; fourth row, third from
of mean estimates from Fig. 2 {more orthogroups) and Supplementary Fig. 5 left) and Physcomitrella patens (fourth row, right). See Supplementary Table 4
(more taxa). The photographs provide examples of the reproductive diversityof  for photo credits,
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Oteh O & CrAl Al&toH & A[CE

Example 2
Alignment between ACACT and ACT.
(match score =1, mismatch score=0, gap penalty=-1)

A C A C T <— Sequence 1

o|-1,|-2]-3|-4]-5
Al 1 \ Gap penalty
Sequence 2 — c | o
T | -3

1. Upper value + gap penalty
2. Left value + gap penalty
3. Upper left value + match/mismatch score



Of2l O = CRAl ALkol & A[LCE.

Example 2
Alignment between ACACT and ACT.
(match score =1, mismatch score=0, gap penalty=-1)

A C A C T <— Sequence 1

0 | 1|2 345~

A1 1 0ol 11 21 3 Gap penalty
Sequence 2 — clo2lo 5 1 0 | -1

T | -3 ] -1 1 2 1 1

1. Upper value + gap penalty
2. Left value + gap penalty
3. Upper left value + match/mismatch score



Oteh O & CFAl Al&toH & A[CE

Example 2
Alignment between ACACT and ACT.
(match score =1, mismatch score=0, gap penalty=-1)

A C A C T <— Sequence 1

On) 1|2 345 )~

A1 1 0ol 11 21 3 Gap penalty
Sequence 2 — clo2lo 5 1 0 | -1

T | -3 | -1 1 2 1 1

1. Upper value + gap penalty
2. Left value + gap penalty ACACT
3. Upper left value + match/mismatch AC T



Oteh O & CFAl Al&toH & A[CE

Example 2
Alignment between ACACT and ACT.
(match score =1, mismatch score=0, gap penalty=-1)

A C A C T <— Sequence 1

O -T2 3 | 4 | 5|~

Al 1] 0|1 2] -3 Gap penalty
Sequence 2—  ~ | 5 | 5 1 0o | -1

T | -3 | -1 1 2 1 1

1. Upper value + gap penalty
2. Left value + gap penalty ACACT
3. Upper left value + match/mismatch ACT
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Semiglobal alignment 275 <A =

« I HI7IMEnp B2 G (ME2 HEE [

 Internal gapi} terminal gap= CIEA H+E === A.
> fLISHE OfOE terminal gapO| A7l A2 Z0[7t 27| &
2 = 7 MZ.

« Semiglobal alignment& Zt7| 2|slj A 7| 2% 2l basic dynamic

programming algorithmOj| A CtS1} 242 £ 7K & By 2 g

1. initial gap0fl Ciet penaltyS Z=X| 47| 2l tableQ| M =
I} 98 RE 008 Eirt

2. end gapOj| L2t penaltyE FX| Q7| 2|8 OFX|2} columnt Of
X2 rowO| A 2] O] = A| no gap penalty



Semiglobal alignment B S 7H =

match score =1, mismatch score=0, gap penalty=-1

1. Tableo| AW A1} AW S 2= "0"=2...
A AN +=HO|s ot= A2 zF M E0 initial gap=
2> =5 AN E0|= initial gapOf LSt penaltyZt QLLC}.
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Semiglobal alignment B S 7H =

2. OpX|9r Eo| =20 =1} OpX| 2 O] +=HO[=Z2 no gap penalty

JEI

- OH OpX| & celle| A2 (gap penalty = -1):
Vertical move: 0 7 NO GAP PENALTY
Horizontal move: 3
Diagonal move: 0 + match score =1

- maximum score of the 3 movements = 3

>
o | o |o | o

A A
0 0
1 1
0 1
0 0

R =R OO | N

A G
0 0
1 0
0 2
1 1

w | - | ol o |-
w | ol o | o 0O




Semiglobal alignment B S 7H =

2. OpX[8f @o| % 0|51t OFX| S B £=FO|E2 no gap penalty

- OH OpX| & celle| A2 (gap penalty = -1):
Vertical move: 0 7 NO GAP PENALTY
Horizontal move: 3
Diagonal move: 0 + match score =1

- maximum score of the 3 movements = 3

o | o | o | -

é_

A A
0 0
1 1
0 1
0 0

R =R OO | N
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0 2
1 1
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Local alignment =t 824 &

o HTL} flexiblest gt

o
« & sequence?to| 7tE & X5t "EEAME"S HOHLHE=A.

* Smith-Waterman algorithm:

- basic dynamic programming algorithm QA A= 3550
movement (vertical, horizontal, and diagonal) Cf{}I
- negative score= £X 7 zero £ X

- TableQ| AR| =1 @& B = zero

- APMO| 0| El B2 20| best local alignment@.




Local alignment X| ™=

« Example:
- Find the local alignment for the following sequences:
(match score=1, mismatch score=0, gap penalty=-1)

ATTCGATCC
ACGAT

- initial the partial score table as the following

A T T C G A T C C

0 0 0 0 0 0 0 0 0

— > O O X
O | oo | o |o | o




Local alignment X| ™=

 Fill in each of partial score with one of the four options
(Score of vertical move, horizontal move, diagonal move or zero)

A T T C G A T C C

0 0 0 0 0 0 0 0 0 0

A 0 1 0 0 0 0 1 0 0 0
C 0 0 1 0 1 0 0 1 1 1
G 0 0 0 1 0 2 1 0 1 1
A 0 1 0 0 1 1 3 2 1 0
T 0 0 2 1 0 1 2 4 3 2




Local alignment X| ™=

* Find the maximum partial score in the table
« Work backward until reach a zero

A T T C G A T C C

0 0 0 0 0 0 0 0 0 0

A 0 1 0 0 0 0 1 0 0 0
C 0 0 1 0 1 0 0 1 1 1
Gllololo|1]ol2]1l0]1]1
A 0 1 0 0 1 1 3 2 1 0
T 0 0 2 1 0 1 2 4 3 2

\
CGAT Maximum partial score

» Best local alignment:

CGAT



® Smith-Waterman algorithmO0f| 2|5t best local
alignmentZ AOtLj= 20| AR 7} Bro| Q).
- BLAST search!

® Ot 20| databank search& S}Lt?

- new/unknown genes (proteins) 0f Lot 5
- unknown genes (protein)dj Cist 7|5 =
- CHE 2H3E A ES ek &3 sequence =4:
phylogenetic analyses

primer design
looking for new motifs



Sequences (millions)
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BLAST and Its Relatives

MSSCWFLLKHVNCDEAASCGG —m>

Basics

query

MSSCWFLLKHVNCDEAASCGG

MSPCWFLLVNCDEAASCGGMTNCT ..




<, BLAST
5

Home RecentResults Saved Strategies Help

FNCEI' BLAST Home
BLAST finds regions of similarity between biological sequences. more...

Learn more about how to use the new BLAST design

ELAST Assembled Genomes D a ta b a S e S e a I’C h

Choose a species genome to search, or list all genomic BLAST databases.

0 Human O (Oryza sativa O Gallus gallus
0 Mouse O Bos taurus 0 Pan troglodytes
O Rat O Danio rerio o0 Microbes

0 Arabidopsis thaliana 0 Drosophila melanogaster 9 Apis mellifera

; WM Ol = "CIO|EtHO] A ME SO|M MESHO| 5| E|X| FE2 =+
Basic BLAST bS E"(ungapped local alignment)2 &t7| |3t Z{0|CH' D E|Of QLX|Tt
Chooze a BLAST program ta run. 0|_1I|-|01||_ gapE 5{ 8ot A0| HE [0 AR EICE

search a nucleotide database using a nucleotide query

nucleotide blast : : ;
Algonthms: blastn, megablast, discontiguous megablast

mearch protein database using a protein query

tein blast
protein hiast Algonthms: blastp, psi-blast, phi-blast

blastx | Search protein database using a translated nucleotide query
thlastn | Search translated nucleotide database using a protein gquery

thlastx | Search translated nucleotide database using a translated nucleotide query




Program

BLASTN

BLASTP

BLASTX

TBLASTN

TBLASTX

BLAST and Its Relatives

Database

Nucleotide

Protein

Protein

Nucleotide
translated
into protein

Nucleotide
translated
into protein

Query

Nucleotide

Protein

Nucleotide
translated
into protein

Protein

Nucleotide
translated
into protein

Typical uses

Mapping oligonucleotide,
cDNAs, and PCR products to
a genome, etc.

|dentifying common regions
between proteins; collecting
related proteins for
phylogenetic analyses

Finding protein-coding genes
in genomic DNA; determining
if a cDNA corresponds to a
known protein

Identifying transcripts similar
to a given protein; mapping a
protein to genomic DNA

Cross species gene
prediction at the genome or
transcript level, etc.




BLAST and Its Relatives

BLAST Algorithm

Sequence 2
TDCVNMMIPLKFGREHASKMNVTYIPWESDFHGKERTG

|
i

Sequence 1

1. Seeding 2. Extension 3. Evaluation



BLAST and Its Relatives

Extension

Sequence 2

Sequence 1



Input sequence: AILVPTV BLAST and Its Relatives

1) Break the query sequence into words

ILVPTVIGCT

I — (Word Size = 4}

L [veTV]

___[vPT) .
—[ILVP)

—|{AILV]

2) Search tor word matches (also called high-scoring pairs, or HSPs)
in the database sequences

AILV
MVQGWALYDFLKCRAILVGTVIAML

3) Extend the match until the local alignment score falls below a
fixed threshold (the most recent version of BLAST allows gaps
in the extended match)

e ot
AILVPTVI

MVQGWALYDFLKCRAILVGTVIAML

FIGURE 211 Overview of the BLASTP search process.



BLAST and Its Relatives

Evaluation

High-scoring
pairs (HSPs)

score threshold



NCBI Blast:Protein Sequence (290 letters) - Windows Internet Explorer

= ; =
6\2" = nih,gov w| 4| K |P

OIRE) EEE 220 SHENG 3O ES2H

x Go gle|ncbi U@ - - @22 8- (7 S03- | A TM- QS - LREE - 0 & nchi B o 239~
e EAEY 5 & A | -~ g NE0L g S48 g GO,

|$—g MCEI Blast:Protein Sequence (290 |etters) | ‘ 5w B 0 o HOIRNEY - TF(S) - Z0- @
} Accession Description Max score Total score Duery o 'y E value Links | )

| AAF34884.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mac 507 607 100% 6e-172
AAG31852.1 ribulose-1,5-biphosphate carboxylase large subunit [Magnolia coco] 506 606 100% le-171 =

AAG31866.1 ribulose-1,5-biphosphate carboxylase large subunit [Kmeria duperrea 606 606 100% le-171

[ AAV33486.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mac 506 606 100% le-171

| AAG31845.1 ribulose-1,5-biphasphate carboxylase large subunit [Magnolia grandif 506 606 100% le-171

ADHO1652.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Wilk 506 606 100% le-171

AAG31853.1 ribulose-1,5-biphasphate carboxylase large subunit [Magnolia henryi] 505 605 100% 2e-171

ABB59689.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mic 505 605 100% 2e-171

AABB1436.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Can 505 605 100% 2e-171

AACO04883.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Dec 505 605 100% 2e-171

AAG31847.1 ribulose-1,5-biphasphate carboxylase large subunit [Magnolia panam 505 605 100% 2e-171

AAP425728.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mac 505 605 100% 2e-171

AAX13932.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Duc 605 605 100% 3e-171

P30732.1 RecName: Full=Ribulose bisphosphate carboxylase large chain; Short 505 605 100% 3e-171

AAF30043.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mac 505 605 100% 3e-171

AAG31826.1 ribulose-1,5-biphosphate carboxylase large subunit [Michelia champz 505 605 100% Je-171

AAQ11832.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mic 505 605 100% 3e-171

AAG31835.1 ribulose-1,5-biphosphate carboxylase large subunit [Magnolia dawsol 505 605 100% Je-171

ACB29052.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Cyc 505 605 100% 3e-171

BAF75483.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mac 505 605 100% Je-171

ribulose-1,5-biphosphate carboxylase [Acokanthera oblongifolia] 505 605 100% 3e-171

ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Tal: 504 604 100% 4e-171

ADD71820.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Pha 504 604 100% 4e-171

BAF40664.1 ribulose- 1, 5-bisphosphate carboxylase/oxygenase large subunit [Mac 504 604 100% 4e-171

AAG31840.1 ribulose-1,5-biphosphate carboxylase large subunit [Magnolia sinical 504 604 100% de-171

BAJ16875.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mic 504 604 100% 4e-171

CAD21920.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Apc 504 604 100% de-171

AAAB4362.2 ribulose- 1, 5-bisphosphate carboxylase/oxygenase large subunit [Mac 504 604 100% 4e-171

CAK12582.1 ribulose 1,5 biphosphate carboxylase/oxygenase [Podalyria hirsuta] 504 604 100% 4e-171

AAD0B904.1 ribulose 1,5-bisphosphate carboxylase [Wilkiea rigidifolia] 504 604 100% de-171

AAKB4783.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Dict 504 604 100% de-171

AAG31825.1 ribulose-1,5-biphosphate carboxylase large subunit [Magnolia pealiar 504 604 100% 4e-171

AAG31830.1 ribulose-1,5-biphosphate carboxylase large subunit [Elmerrillia ovalis] 504 604 100% de-171

CABOOO1S.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Our 504 604 100% 4e-171

AAL60328.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Anr 504 604 100% 5e-171

ACD62404.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Virc 504 604 100% 5e-171

ACB29112.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Tar 504 604 100% 5e-171

ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Gall 504 604 100% 5e-171

ADHO1653.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Wilk 504 604 100% 5e-171

AAG31824.1 ribulose-1,5-biphosphate carboxylase large subunit [Michelia cavaler 504 604 100% 5e-171
ADD71811.1 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit [Mac 504 604 100% 5e-171 v
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e H|O|EtH|O| A0 M EHOLZRI sequence®t query
sequence Zt2| alignment score & St & [

e E score: G|O|EIH|O| A& HAMOA & 7H2| MEO]
randomdt 2tEZ S O|AM | NEHAL~E 2= Z{Oo 2
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® NCBI Blast:Protein Sequence (290 letters) - Windows Internet Explorer

@a - |<‘:3 http:/#blast nchi, nlrm, nib, gov/Blast, cai

ok BIEE) 2N SHEIA AT TEEH

Pz S H- B B2z B =03-
w5 SHE | s @A AMIE - @) 3 2 A - g] N2 @] =4, g GOs,

x Go\gle| nchi w
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= MCEI Blast:Protein Sequence (290 letters) | |

[=] Sy g ey 131 NATIGORFLIATL I IR PRI OSRNIBRAV IR DREFE LT IRIITENVNOYPFIFRWRIR I LIDLL (wLv)

Query 121 EARIYRAQARTGEIRGHYLNATAGTCEEMMERAIFARELGVPIVMHDYLTGGFTANTTLAH 180
EATYR+ARTGEIRGHY LNATAGTCEEMMERAT FARELGVEPIVMHDY LTGGFTANT +LAH
Sbjct 201 ERIYRSQRETGEIRGHYLNATACTCEEMMFRRAIFARELGVPIVMHDYLTGGFTANTSLAH 260

Query 181 YCRDMGLLLHIHRAMHAVIDRQFEMNHGMHFRVLARALRMSGGDHIHAGTVVGELEGERDIT 240
YCRDNGLLLHIHRAMHAVIDRQENHGMEFRVLARALEMS GGDHIHAGTVVGRLEGERDIT
Sbjct 261 YCRDNGLLLHIHRAMHAVIDRQRNHGMHFRVLARATLRMSGGDHIHAGTVVGELEGERDIT 320

Query 241 LGFVDLLRDDFIERDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTE 290
LGFVDLLRDDFIERDRSRGIYFTQDWVSLPGVLEVASGGIHVWHMPALTE
Sbkject 321 LGFVDLLRDDFIERDRSRGIYFTQDWVSLPGVLEVASGGIHVWHMPALTE 370

>.c:’]::|£3t—2‘19"-"9.1| ribulose-1, 3-bisphosphate carboxylase/oxygenase large subunit

[Echinopepon paniculatus]
Length=452

Score = &02 bits (1333), Expect = le-170, Method: Compositional matrix adjust.
Identities = 287/290 (99%), Positives = 290/290 (100%), Gaps = 0/2%90 (0%)

Query 1 YPLDLFEEGSVINMFTSIVGNVEGFRALRALRLEDLRIPTAYVRTFQGPPHGIQVERDEL &0
YPLDLFEEGSVINMFTSIVENVEGFRALRALRLEDLRIFTAYVRETFQGFPHGIQVERDEL
Skject 80O YPLODLFEEGSVINMFTSIVGHNVFGFRALRALRLEDLRIPTAYVRTFQGPPHGIGVERDRL 139

Query &1 NEYGRPLLGCTIRPRELGLSARNYGRAVYECLRGGLDFTRDDENVNSQPFMRWRDREVECE 120
NEYGRPLLGCTIRPFRLGLSARNY GRAVYECLRGGLDFTRDDENVNSQPFMRWRDRF+FCR
Sbjct 140 NEYGRPLLGCTIEPELGLSAERNYGRAVYECLRGCLDFTRDDENVNSQPFMRWRDRFLFCR 189

Query 121 EAIYRAQRETGEIRGHYLNATAGTCEEMMFRAIFARELGVPIVMHDYLTGGFTANTTLAH 180
EAIYR+OARTGEIRGHY LNATAGTCEEMMERATIFARELGVEPIVMHDY LTGGFTANT +LAH
Sbkjct 200 EAIYRSQRETGEIRGHYLNATAGTCEEMMRRAIFARELGVPIVMHDYLTGGFTANTSLAH 259

Query 181 YCRDNGLLLHIHRAMHAVIDRQRNHGMHFRVLARALRMSGGDHIHAGTVVGELEGERDIT 240
YCRDNGLLLHIHRAMHAVIDRQENHGMHFRVLARALRMSGGDHIHAGTVVGRLEGERDIT
Sbjct 260 YCRDNGLLLHIHRAMHAVIDRQEMNHGMHFRVLARALEMSGGDHIHAGTVVGELEGERDIT 319

Query 241 LGFVDLLRDDFIERDRSRGIYFTQDWVSLEPGVLEVASGGIHVWHMPALTE 2980

LGFVDLLRDDFIERDRSRGIYFIQDWVSLEGVLEFVASGGIHVWHMEALTE
Sbjct 320 LGFVDLLRDDFIERDRSRGIYFTODWVSLPGVLEVASGGIHVWHMPALTE 369

Select All Get selected sequences Distance tree of results Multiple alignment




Amino
acidQ|

o TT

—> |word |A|C(D|E|F|GIH|Il |[K [LIM|N|P|QIR|S|T |V |[W]|Y

FASTA algorithm

o BLASTRt =0 HtX o = Br0| AFE &|&= searching algorithm and
program. 0|Z4| ©/2{ formatS Ch2 mZ10|L} G|O|EFHO] A0 M H %

AtEot= A Y.

» databasel| sequence= &= query sequenceltl| gap= E ot local
alignmentZE & OtLj= B

« FASTA algorithm:

- CHEAO| AL 1-27Y, nucleotidel| A2 4-67{ 2 F/d=l "Word"2 Lts.
- ZkZho| wordQ| 2[X|E E T L table2 OHE.
- 0| & =01 MAEHGAHTFK”} query sequenceO|™H (Word length=1)

pos

N
w
©
o
n
=
—

o




FASTA algorithm

query sequence: MAEHGAHTFK

£
word |A|C|D|E|F/G\H|Il |[K |[LIM|N|P[Q[IR|S|T |V |W
pos |2 3 19| 5 |4 10 1 8
6 7
L

Query sequence 2} target sequence®| OfO| - AtO| ACHA 2[X|E H| WSt E G
=& Hlo|2g siLi oS,

0f|: Target sequence’t GALMNTEHMATH 211 S}H™

1 2 3 =3
YG F-\ L M N
0
4

12

&)
(=)}
-q
(o]
©
'y
o
-
al

-
m
I
=
P
I
-

3 2 |4 |-4|8|8]|i7]| 4




FASTA algorithm

112 |3 |4 | 5|67 (8|9 (101112

G A(LIMNIT E HIM A H|T

410 -3 2|44 (-8 |-8|-7|-4
4 -4 | -4
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