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Reconstructing Phylogenetic Trees of Prokaryotes Based on

Weighted Breakpoint Distance

Student: Chung-Han Yang Advisor: Dr. Chin Lung Lu

Institute of Bioinformatics
Department of Biological Science and Technology

National Chiao Tung University

ABSTRACT

As more and more compléete genomes of prokaryotes are available, it
provides us with an opportunity to reconstruct their genome trees based on a
genome-scale phylogenetic inference by comparing gene orders between
prokaryotic genomes. In the previous studies, some methods based on gene
order, such as breakpoint distance, could be useful for reconstruction of the
evolutionary relationships of species. It is considered that a breakpoint
occurs when the gene order of an adjacent gene pair in a genome is different
than that of its orthologous gene pair in another genome. The total number
of breakpoints between two genomes is the breakpoint distance for these two

genomes. In this original breakpoint distance, it is assumed that all the



breakpoints on a genome have the same probability to occur. However, it has
been reported in the literature that adjacent gene pairs can be divided into
two classes of fast- and slow-rearranging pairs. For example, a gene pair
within an operon is more conservative than a gene pair whose genes are
from different operons. Usually, the distance between the genes in a
slow-rearranging pair is short and the distance between the genes in a
fast-rearranging pair is long. Based on the property described above, we
consider only about those adjacent gene pairs that are on the same strand in
this study and further divide theirrzbreakpoints into two types that are
short-distance breakpoints and long-distance - breakpoints. Because the
occurrence probabilities of short-distance <breakpoints and long-distance
breakpoints are different, we define a weighted breakpoint distance by
assigning different weights to short- and long- distance breakpoints and use
it to measure the evolutionary distance between two prokaryotic genomes. In
addition, we have implemented a web-based tool, called wBPtree, for
constructing the genome trees of prokaryotes based on weighted breakpoint
distance between prokaryotic complete genomes. We have also tested our
wBPtree on several Proteobacteria complete genomes to assess its quality of
genome tree reconstruction. Compared with the phylogenetic trees produced

by original breakpoint distance, the genome trees constructed by our



wBPtree are quite consistent with the reference trees that were reconstructed
based on concatenation of multiple proteins. All these results have suggested
that our wBPtree can serve as a useful tool for constructing more precise and

robust genome trees for prokaryotic genomes.
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Chapter 1

Introduction

"LE LA P eE B oo AR R Ax f4e 48 (Species) s > ik F148  (Whole
Genomes)at TR 1 ko 4 ¢ B REF A So il R < TR kg 7a ﬁ&
N2t fEz Bang B e 2 Eandli SR A2 L 5 ol - T
B ALY B AT/ =A R (Nucleotide/Amino Acid) /& 7] vt g i
A S B AL B ag BT AT E = (Genome Rearrangement)
LD RFAFIM L AT A E L2 ot fafot ¥ - B AR 5]
8+ 2w kR T (Orthologous Genes)en=x B 11 2 & m (i B had
W2 b B gt pedr o W f N BB E R % (Point
Mutations) » & 4 +% H & / "% A& Bk e P~ % (Substitutions) ~ #& »
(Insertions) ~ M% (Deletions) % ; @ A F|8 & w2 p) g 2 JL %] (Gene) = ¥

FRBEZFLINM A RSFAFDE - R RAFIRE GRLE o TP 5



ko A1 R FMEE e kA AT 2 R FIE L R T A e R AR AR
TE AR N2 F AR P2 $ (Prokaryotes) & E_E % 4 F

(Eukaryotes) * > f* AT € 2 kFT 7 b i dr A2 M ang v § A

G T A [1,2] ¢

BAPFE o NT BT EEREINATICRP A AT IR D
pe g o @ A E_F = (Inversion)i? 5 = (Translocation) » % 7+t # i~ 8
PP AT A FIREPE > & W RBICE Sl B men® i [3] i R
B E - BB AR KT R BAAEL v E > R R AR TP

¥ [4]° % =R G MR -BAII AR S Wiz b O[5]0 A&

#i*% (Deletion) » A %1% 3% § F15 8- hF & > AL h - Barie b
PR A ",f#i AR ER AV RS B ESA T E A2 T (gap)
[6,7] - % = B ¥ & R E -k T K Fl#E# (Horizontal Gene Transfer, ij i =
HGT)  HGT & A P A Hehg it g7 - B 24 £ & ch 4 4
[8,9,10,11] > HGT ¢ & » — B¢t Xk A FIF| R A chg d BP > @ o A en i
F1R8 5 - B AT o 45 %l (Duplication) R 3 A ¢ B4R W rE 4 hR

B CURRADLATIRENA A - K4S T A TP o



A BAFIML B AR FIME BT e d LR A FIH (Gene
Pairs)cn™ 3¢ kA 47 FA L A F AL L % iR A FIE R $ gk
73| 46 4 o ¥rEhEEYE (Breakpoint Distance) [12,13] © & it g B
AT E R HP - BAFIRY - AT AL F1 ¥ (Adjacent Gene
Pairs)» H 4. % — BAFIRE w iR FIH DA T BF 4 e Bt
A2 53 4 - S ¥rgk (Breakpoint) o stitd B FlRE 2 o0 4 andf
2L=x ﬁ”ﬁ*‘u%ﬁ A FIRE b cPETBEREAE o ] UTELFEZRP| T F s B A
FIRE Gt i T BEA o BB BT KR R g B B A FIREGHH > gL K-
GrehE mRAFE T 2T TR 0 & BT ar L § F
P e AR A F AL s B F Ak R s 2 (SR
Ew R iRAF SR FILE o BERGH o= B i G=(-1,-234) @
H=(-4,-3,-2, 1) R 2% i 70 v {8 soHor iy 2 ek 5 (-3,-2)83(-2,1) » @ (-4,-3)
d 3 E(34)hip|iz > FPL il A2 UTRE o BT L E GHTR A kT ek

FHEHpR > rGIRHZ B g 5 B ETEE o

R A RTREFEE T B e LTI 2 ETREe S B ARG AR 0 @
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# 1 d Rochaetal. #7#t 4 cfice (Model) k3t 7 [14]- 2t ke i
¥ 3t 2L F1= B %-F 12 (Conservation) 22 g i* PFRF Lot 2 B BRI SX ikl
B TR A 5 R &mz#r]ff’*f F'EFRRFI )T F
ARG A LR d I EFREE R R A H R TR o
it e p R R e R AR IEF R CER &R EAT
TR WG o 2 PP 0 EFAFIHZ BRI R 0 U E A
FIFHATE LI - BEEHE A~ (Transcription Unit) s 35248 & #2585

FlEHenE g & o 30 2 P R M B yEl ay kT e (Operon) ki p? o 3k
o p i A T2 FREHES NP REAET BRI oA 2§ TR
- EAZTFFTEIR - BaEEPD AR AFIFOETHEL 007 &

- B iFehing s [15,16]

R EH G - APT R ARSI ARHY d K e

FM AR FIEHE ot 2 FEEREGT 0 5 F ad FOPRo el PR H gt 2
B BEBFGE o 1P R DBk o AT @ TR g RS AT
TP AR R OR AT A T TP RETEER S S B A B E
EREL TS G NER ER-S ST R L Yt A DU EE e

& %t 2k (Short-distance Breakpoints) ' % % §E & %7 2k (Long-distance



Breakpoints)d ** & f& $72E A F C #rdv i chE B 3 - R0 A UrEREE
AP B A b E o AT E kA B i et

YTELFEHIA A2 S 4o B ETEREEAE (Weighted Breakpoint Distance) e

",f plozoeh s e B B o0 - B o B2 R PR B 1 £ wBPtree

(http://bicalgorithm.life.nctu.edu.tw/wBPtree) » ¥ »2 4| % J % 4 3 4+ 4 >

AFga L k3B b s A 2 Fﬁméuﬁ%’?g&.}iﬁ%ﬁ’éﬁéﬁ_ﬂi}ﬁﬁ

P2 B i 1Mo GO RIGRE P a4 Al i A AP - 2 R

Pid 4 22k FIR ORI - B 1R serR it
A e 20 B IE g o sp it ki 2 d % 5 S Eugeni Belda et al

Fd @t BE AFREIS FAEAATERE D ROBA)[1]e A 50t iy

\

S0 R EYRPA S KB AP TR 0 et EUTELERAE B SLonzt
R ETELIEAE { At & A 2 (Robust)¥ kI R 2 F2 B

i o


http://bioalgorithm.life.nctu.edu.tw/wBPtree/

Chapter 2

Preliminaries

hipBF & APE-¢ 188w kR4 ¥ (Orthologous Genes) ~ -k T
A& F1#&4# (Horizontal Gene Transfer)f- %72k (Breakpoint)enfk * #£4 o ¥
AR ESL €45 FAIPPIE e B RAF > 2 Bidirectional Best

Hit (BBH):Z 2 INPARANOID -

2.1 Orthologous Genes and Horizontal Gene Transfer

At F AR HAFL SR P ARk AR AP -
BEH - EFrsta o Pl AFEN L E v FRAT - B
% i ik A& F] (Paralogous genes) = f — Bk FIRE P oA FlAd AT @

Duplication)*t & # ch A Flc i ¥ &3 b i » FRA TR E
P



FARRFE R o RA 3 ARRATFILF €L AT A RnA i o

Figure 2.1 P E v iR A FlfoS kb iR A Flaug it 4e > 2 gt
Z MM () BAATA S A we (1) AFTASD AFRE* > @
- AP TS BAFIAC(GI) 2163 BAFIALGD Fitis At
2 BARM A TFIAL N E A2 Flpied BAFIRSL 2 K FIRATF
(iV) B xFry A uld FRBWFEE A ko HOIZER CEFBST 2
(Speciation)? > w 5 X 14 2y fg 4 e 424 (Last Common Ancestor) o
A F] AL is 3R A ] 5 AL M E ALy @ 4 T A2 chis R A w] A

A2x 112 A2y o Tt 0 AT AlXIZ ALY 5 A B 9 iR TF o @ AX

R OA2y @ BB ke R AT
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Figure 2.1: Al fr A2 5 = ,:‘*‘»P?"/‘},%I%_'?‘}],ﬁf, AlLX fe Aly 5 B @ I Ak %] o

AFEZ] o Flptdem b3 B A T2 B e

S

d S FER G 3F
FPhAFIE - BER TR -7 U HE BER Ak AFZ G E @ik
B RE e RAFIR L2 B erp AR B B30 H v A Flapt i
AR DIARR o 2 fE e & ¢ > A€ 4 5 Bidirectional Best Hit 1z 2

INPARANOID # fE5E |3 & h FIRE 0t 2 & & b o 4 Fleh™ 3 o

kT A F)# 4 (Horizontal Gene Transfer) 5 & %1 &7 fe chde f6 2. B

WA AIE A RPF BT L R FF [21] 0 2% @ 2 peetmok



AFHEHS €3 2B E v FRAFINE 2 Kk RAFNFER [22] o 40
Figure 2.2 chin] 3 » A FIXA 12 A FIXBAAR 2+ A 112 $ 46 B eh
FRAF, TFPAFXALS L mFitm kom AT XB L4
CEd kTHAFIEMH A o AR L AE o RIRAFS 2 5 4o

Bidirectional Best Hit (& 2 {5 17/ %) » AFI XA 22 XB €435 7

Jm.

w e Rl oo A e BAFIRPIZAETE v RIARATF Fli XA

W

XBx2d H#RBAZ FRBBEE I PPN - BEH - LA F]orh it

=t

RSP E SE NN TR R

F o

Last universal common ancestor

m{m

A B C

Figure2.2: -k T AFIEHHFH L v kIR A F4rg F B o 48 B

poenfh FIXB Ed # 48 C p ehil F] XC -k T A FlgEH 972 = o



2.2 Bidirectional Best Hit

Bidirectional Best Hit (BBH) & - fg | BAFIHMA ) 2 F 2 »
Pk Flen™ ;2 « BBH #. 4] #* BLAST 425\ 3 3&F & & AL F R 7| efp i
MRIERA 3 RAFIRANZBF LT 2w B RO % o BBH hE &4
Figure 23 #r771 » 2% @ BAFIM G G2 F3 - 2AFlapb § 1
AFlad W H G g A TR i E D A Fla soqp i F] L A
Flbo FIEFAFID 2 WGP orp AT frinE B2 A T b &dp i
i F L AT A RIAFaSDRRREE v b iRAT G 2R
¥ BBH = 2 7 105 23 B e A 28 IR o B v e R AL F1[9] -

genea
| |
G;
BEBH
gene b

Figure23: AFla& AFIb s v FRAF -
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2.3 INPARANOID

Remm et al. [23] &4 - B* kFH A BFAEFE » b A
» L5 INPARANOID » @ " iz 1 B4 ¢ X £ F AP 3 4 kR
(Inparalogs) = B % o 42 95 INPARANOID ;g & 2 # {7 4 >
INPARANOID =77 ;2 7 48 5 41 * BBH = ;2 ¢hzt @ o INPARANOID

G B B BT R e R ERD

—‘FT' LS A g A F1HE 15 INPARANOID % - # ¢ f1* BLAST
B A B A AFIR AL AT Mo AGET RS A K
SUEEE FAANEE SIS S vy SO SRS TR RIS

7 A o

INPARANOID %z 18 %%E’ BBH &= 2 k&H 7 it che w kR %
FLR-HTRFFEPN 3 AR GRIFRDE» FIRAFE « Fp o
- AFIHR AR R - BRSO RN R RA TS R KRR AR
ARk g kp B AR FIL B

#£7 & INPARANOID ¢ 1345 0 ™ 4 k2 chi &% B 2 $H97 4 FplehE
B Je R AR F) R (T A BT o
(1) #EEwkihepgd BBH 2 2435 e » b iRA TS ¢ A4
It eE e RRep RS BE e RRESH o
(2 FEEwRARENLE DD > RAFIE 3T - BT
i BE e FIRAFISG AP dp e oo RIS BE S FIRES
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B oo

R) ¥EEiwvkhepi? FEivkRAFE . BV - B (3
AR AR E e R AT RIRIE - BATGE @ A Rl o

R E?P EvRAAFIHO- BAFEE B E v FRAFES

B AP BUER RS B E e FIRAFEE B o

H

fpat

M

(4)

(6) #v G B F R 3 5 b RPE R S FEN D B

R Fledp AR R @ A B o

&%’EéF%%EM£ﬁgEﬁE§%ﬁ@%ﬁﬁﬁéékﬁﬁﬂ@ﬁﬂ
v RAR A = 2k o INPARANOID - B & % chficdl > 7 0 3|0 ™

e #E T ;“ i * http://www.cbg.ki.se/inparanoid/

2.4  Breakpoint

e lrﬁggﬁd Sankoff [13]ﬁ“vﬁicv‘ TR I R A G ETEEe L G
H 5o B3 e (AP fI7 o f po(r+a —)wéazmavﬁ&%
wo QA BFE A G=010,...00% H=hihy..hydm n 5 & v iR T
BN GV g gz BT ESIB RE 1Si<ne #AG ¢
AFla¥rbpumr at>rbzw et aHY AFlaybi 2 jpama

fRAse A FlaftietbonREbrtrazw o RGP AT a
2 bAZ - BETEL . bGP hETER Gl %00 e H ¢ enuTE i -

B o ko BRG=(-2,-1,-3,4)aH=(3,1,2,4) ° & jfiii i
Bipd AV U RBRGEHL Bt E c APV LRy - B

12
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Hehdjz o AP e 4o B AT AGEH 24 > T34 — B A
F53 A G HE R =8 o 2 F A LEHHE SAI2EG=(0,-2,-1, -3, 4,
5mH=1(0,3,1,24,5) c 2P v 1 iFrGCiH2 fF en¥rZhfic g
20 %5 aG? 3 A BErEA W 5 (0,-2)83(-3,4) -
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Chapter 3

Methods

fé'l’é"_fl}i g ¢ o N ‘Fa;}”‘g fi 5 S BT EREE AL T 4y o U i 22 U NPE
deimfhd A5 Ffh > A P2 B anke g SrEbEE A R D P 2 B i

v o

3.1 Weighted Breakpoint Distance

s Tt AT E Bl AL o Vi - B B dic(integer) k £ 7 B B 4
Bz Ben- BEwRRAF % 1§ BE(T+H8 )k 47 HEer
SR AT G R R S~ AT S % h 3 ) hif
B Y AR FE AR G L IR e DA g

430 AT AR FIR BT S S & Rk s B e i B T
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Bk L={C,Cy....Clarm BAFIMARBZ FFene w kR4 T » N
P LE S AL MU Z BALI R chizd o B m il 7 a7

= B A=(a1, dy, ..., an)fﬁ B:(bl,bg,...,bn) N i )/\_E' KJJER{@ 9}§ %J/Tf!i!l—:’

HRF AT EE IO RE  ATFIEHY RS F A A B GRTIEYYTEL > &
m%i&iﬁﬁ&“ﬁ%’%ﬂ%&%%gﬁﬁ¢ﬁﬁ$%gﬁﬁﬁ%
jo b RF o BT AT AT 5 L il F PR R 0 d i
R Bk T A A FRLA B AT L TR B

8 AF B 2 B ende FUTREREAET Ml 0T oSt keda o ok o

S S I I
Dis(A, B) =W, x—Xa T X6) L\ (Xt X;)
2xmin(S,,S,) 2xmin(L,,L,)

ot b Y o GEIXE A B AT A B AT SE e FIRA
F P ETEEG A AN id O PERIT A FI i T R ETEE o X BT X! A

AT AR BE » R RATY > EFEE 4 00 E g S poehilir 2
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iR PR UTEE S BIS A W AT Z AY BAFIM £ i FHRDE i

k)

AT AT LELANEAT S AZBAFM Y £ ed FEoE
TR HRIT B F14E o Dis(AB) % 77 & 2L F148 A BT A T80 B 2 FF 4 B BT RLEE
Hrom W EIW R AT R F RS B T R4 4 2 W (R chARiT

I FV ) K R RS e i

3.2  Algorithm
Figure 3.1 % 2% i i 3 i cfniA W] o) S0 B o B 2 A0 4 R U BREE AL

SR NER RSl E S

Fooh AR Fe > 5 R4 fEsmEL (accession number)s i cha L
£ 1395 5 5iE_NCBI (National Centre for Biotechnology Information) !
PR FEORFIMA  FoH R FT IER LI RGN LT
er(putative) ~ B3k h(hypothetical) &8 2_A A en(unknown) sk #1022 -k
T A F##  (horizontal gene transfer)cifk F] o i3t AR 3T f2 5 45 = 27 B
A FIE AT NCBI H = FAFIA 7| ¢ & B 39 F 5% A 7(coding

sequence, i fi CDS)ea 47 #7118 kcho R m ig ikt A Fld A% 4 5 F %D
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2ERFELEDATH G FF AL PRl i g # Y F
FREFEAH L AT KT EAATL D Aot & A TER T
AFHP > 2 hf 2P LR gFomd 9] v it g 4414
i pF A 2 B iRenfiss o ¥t wBPtree 5 d HGT-DB [9] 7R B
KT A TS TR TR Y E T LER L R PR G
SR AT L FleiE s cHGT-DB TR EHR &1 < E R A $ 2

A FIREREF P 977 0 SR T A FIEM AT L H o

BT OokA g ] r BIASTR SN KiEH 8o B A 747 #1747 i en
BRI T o A ari * cngx 5 Bidirectional Best Hit (BBH) - BBH
TEGEFATaBRbANEA BAFHMARBOAFF 1% AFla
WHAFMB Y PFadApianA RS I be @ fI* AF b4 0F L7
AP FRDbEApMAAFIFFS P ac PIaViFw wgapldaib ot §
EekiRAT e A AT EHE AW FSAFIR J1* BBH &5 2
K35 NIERE P R FIRE Y B AE[1T] o TP AL BE ¥ -
4% - {17 INPARANOID [9] &1 & ki4o&F & @ LA FIRER 7 i o0
TR T2 T F 2 gRRE e FhT BpEBRIE e R IRA TS

= ;%7 » INPARANOID #_& 4+ 7[18] -
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2R A TR PERIT R FIE ARG R T K TR e &

2|87 0T A FIHHLE il R T A IR £ LE i R it

B

GE

FTOREERA B AT P g A A TR 2 B STy
STER A R Tb R BB R E A TR R BRIt A FI A A REiT
FEARSTEE N R EEARETEE T B A BB 2 T e R UTEERESE o B S
AP 1395 UPGMA ~ NJ v 25 FN = f&a& g i 1€ pien™ 32 0 2 & 3 2L 718
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Input a set of accession numbers of species genomes

A 4

Download these complete genomes form NCBI

A 4

Extract the ORFs of each genomes

Whether or not to discard ORFs annotated as
“hypothetical” or “putative” genes?

Yes

A 4

Whether or not to discard ORFs annotated
as horizontally transferred genes?

Discard the hypothetical or putative
genes.

Yes

A 4

A

No

Discard ORFs annotated as horizontally
transferred genes.

Apply BBH approach or INPARANOID program to each

genome pair for identifying the families of orthologous genes.

v

Define the short- and the long- adjacent gene pairs.

A 4

Calculate weighted breakpoint distance between any pair of
genomes.

A 4

Output the constructed genome tree based on the matrix of
pairwise weighted breakpoint distances.

Figure 3.1: /& & i crii A2 /.
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Chapter 4

Implementation

Rt PR Thtongdd s APER T - BPREFRELE LG
wBPtree (short for Genome Tree Based on Weight BreakPoint Distance)

(http://bioalgorithm.life.nctu.edu.tw/wBPtree/) - wBPtree #1i#& * &% < 73\

L% 22855 C U2 Perl i@ % > @ ® T 4 RIS PHP “1 %%

B g R BT R Y AR T M2 B ehBd % (Figure 4.1)
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http://bioalgorithm.life.nctu.edu.tw/wBPtree/

wBPtree: A Tool for Genome Tree of Prokaryotes Based on Weighted BreakPoint Distance (Help)

Input or paste a set of accession numbers of species genomes in FASTA like format:

Enter vour email address:
Email title (optional):
[Submit ] (Gl
Type of chromosomes: | Circular v
Parameters of extracting genes from downloaded genomes:
[ Deletion of all hypothetical, putative and unknown CDSs
Deletion of possible horizontally transferred genes annotated at HGT-DB database
Threshold of determining short adjacent gene pairs: |0
Method of identifying orthologous genes: (& Bidirectional Best Hit (BBH) O Inparanocid
Threshold of E-value: le - |9

Threshold of alignment coverage in each sequence: |80 %
[0 Threshold of similarity: %%
Weights of breakpoint distances:
Weight of short-distance breakpoimt: | 7 Weight of long-distance brealcpoint: |1
Method of phylogenetic reconstruction: | MNJ (Meighbor-joining) “

[Submi] (Reset.

wBPtreel-? developed by Bioinformatics Algorithm Laboratory
Institute of Bioinformatics & Department of Biological Science and Technology,
National Chiao Tung University, Taiwan

Figure 4.1: wBPtree s F /i G o

4.1  Input of wBPtree

l. 7 A7 & @ * FASTA-Like et ;8 - % 4 47 4 #83° NCNT 2+ ehdm5e
ﬁ%l ~ g ZAF B pE o 11T §_= B y-proteobacteria ] * FASTA-Like
e i~ hfe b o 2 15 wBPtree § p #: A NCBI ™ 7 5 #i » s

2 2 AFIME

0%
=
o
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>Ba

NC_002528

>EcC

NC_000913

>Hi

NC_000907

T FepiE i T A 4 :ug;?%”d I R A

Wi R e TG AR o B

=
=R
A
Py
s
=k
¥
il
5
v

TFERE D g T E P IR P E ] o

ek KRR @Y IR AOLHITA T PR F & B "Submit”
Bl &AL T RS ENEH Sk -

ER L LT PR P AT A L TR S AR

F 8 LT R - NCBI & B E 1 AL enf2 5 2 Bk ahd
£ K rothengd F] o

FEE LT LG AT A HGT-DB T4t 447 5 o KT A FIHEH
ST = ek B o

% T LR el R BT Y AT A P 2 B iR

ol IR S £ i R BT A T 0 7 ALE S B L

g\i
3=

B iR R Pl AL T o
AT UEHBEFRINBIRRES FRAFDD 2 AP BT

Bidirectional Best Hit (BBH)#? INPARANOID = #& > j% o 24 i 4% &
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4.2  Output of wBPtree

WBPtree £ & 2t I T G ¢ RIS R Y g~ hR P A S 2 A I

N\

FRME ¥ HRK T e 47 Sl 2 18§ 1P 2 B o R ETRLEEHE

M AT e e JEUTREFESE AR > doFigure 4.2 o

=
=3
=

)
i

1
=N

3
N

s}

o
£

o
=

o

1545
1498
1465
130112911288

0.112])3827
[0.847] ] 5][L69s[1 660]
7][0.460]j0.ss6][0.209]Jo. 7 0.218]0.2301.77

33]lo 8300 212) [2547][1.891][p 241][0 235][1 667
027

1.670

196][L.
[2.014][L.909] 1145
s[[1o63][2 16117571 83111551085
219[1.9942.013] 1842 1234|193
239|[1.936][ 11051143
[2.999]2.619 [2.087]

77][L062]
0431030

Figure 4.2: 30 y-Proteobacteria :f14¢ # $78LFEZRAE L o
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Chapter 5

Experiments

B E Y o AR R T SR RUTRLIE AL S 1 SLETREEAE ST

R S UL TR o 0 g (g

5.1 30 p-Proteobacteria complete genomes

Eg ke o APEER T 30 if Gamma-Proteobacteria k § 1€ip|3E ¥

# 5 ¢ % 7 Buchnera aphidicola str. APS (% i #- % fLi5® 5 Bap,
NC_002528) > Buchnera aphidicola str. Bp (BBp, NC_004545) ~ Buchnera

aphidicola str. Sg (BSg, NC _004061) - Blochmannia floridanus (bfl,
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NC _005061) ~ Escherichia coli CFT073 (ecc, NC_004431) ~ Escherichia coli
K12 (eco, NC 000913) ~ Escherichia coli 0157-H7 (ecs, NC_002695) -

Escherichia coli 0157:H7 EDL933 (ece, NC_002655) ~ Haemophilus ducreyi
35000HP (hdu, NC_002940) - Haemophilus ducreyi Rd KW20 (hin,
NC _000907) -~ Pseudomonas aeruginosa PAO1 (pae, NC _002516) -

Pseudomonas putida KT2440 (ppu, NC_002947) ~ Pseudomonas syringae pv.
tomato str. DC3000 (pst, NC_004578) ~ Pasteurella multocida Pm70 (pmu,
NC_002663) ~ Shigella flexneri 2a_str..301 (sfl, NC_004337) ~ Shigella
flexneri 2a str. 2457T (sfx, NC_004741) - Shewanella oneidensis MR-1 (son,
NC _004347) ~ Salmonella typhimurium LT2 (stm, NC_003197) ~ Salmonella
enterica subsp. enterica serovar Typhi Ty2 (stt, NC_004631) ~ Salmonella
enterica subsp. enterica serovar Typhi str. CT18 (sty, NC_003198) -~ Vibrio
cholerae O1 biovar eltor str. N16961 (vch, NC_002505) - Vibrio
parahaemolyticus RIMD 2210633 (vpa, NC _004603) ~ Vibrio vulnificus
CMCP6 (vvu, NC_004459) ~ Wigglesworthia glossinidia endosymbiont of
Glossina brevipalpis (wgl, NC_004344) ~ Xanthomonas axonopodis pv. citri
str. 306 (xac, NC_003919) ~ Xanthomonas campestris pv. campestris str.

ATCC 33913 (xcc, NC_003902) -~ Xylella fastidiosa 9abc (xfa,
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NC _002488) ~ Xylella fastidiosa Temeculal (xft, NC _004556) ~ Yersinia
pestis C092 (ype, NC 003143) r % Yersinia pestis KIM (ypk,
NC_004088) st i ri * 4L M5 5 BE & bihdv FA 7|92
H ok aaiba) (Figure 5.1)[1] o & -3 A i ina B oora 4 00 & )
(Figure5.2)£r * 1@ xuzt4e 4 c¥r BLEEAE “T2E 4 1) % e (Figure 5.3) i

Bl g o

Figure 5.1% — B4 054 47 i b 52 7 (endosymbiotic) 4~ &
(bfl, wgl, BBp, BAp, BSQ) feift " A bp e s H - i His i
At e dr b e B2 B gty = k[19,20] 0 F VWA o AR AT
WPREPN g 77035373 5 AT e AR aikir™ » Ay 2
) e f 3T CDSs e Tl B AL 312 5 42 T i~ Bk et AR Frihg
o @ w4 AW, brevipalpisa (wgl)? < 384 z’v’ﬂCDSS‘FM‘ﬁ;?‘;iﬁir’é e
e~ K e §_A Aren gl F] o Tt 'n\#”f\gﬁLCDSsg H W
brevipalpisa (wgl)& H & ##2 4572 2|2 » FiRAF > Boa 2 a1
- RN Lk TR % HGT-DBFF AL B [O] ph A3 f 5 -k T A Tl 45
AT T E AKFRT e RAATFIFRK T {5 FGEiE o e

g * BBHen = 2 k3= ik sk FIpF > A ds-E-value'? 2 5 &0 &

=t
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107> @ & BCDSH > & § 80%:15 7] %27 &t #f(alignment) p o § k24

4%+ 1 E.coli® il p & B FIk b 2 FF enped[15,16] 0 #4-381T £ 7]

Y

FHet 2 B REYE S 70bps s BT AL FIHHAR 5 E i F R 0 VR
KA A B AT > A 3T0bpseR] 5 E i F R RE S fj!‘u#frﬁ’a? I
FlE o a3t AN o H5A AT S8 e %k 0% T fF (Proteobacteria)

A AW EFIW A TS ST et o Bfs AN R NI E Li‘%ﬁ?

1RIEA P ens B oarad f dha (C A (FIgQureB.2) 59 -4 e r s A T
- Ik o g2 ZRBlochmannia floridanus (bfl) :2 7 §2W. brevipalpisa (wgl)
* A - BEE S AT R X 4 F(endosymbiotic) sride 8 o 222 4prt o
B serEkaT & 4 captas ¢ (Figure 5.3) Blochmannia floridanus (bfl)#r
ZEAYersinia= 5 3 E o ¥ oh v ipoerE 4 o) ¢ 0 Eocoligz Shigella

ERApe AEET D 2 BRRRIT R A S AR B
breakpointf#f3; ¢ - E.coli¥?Shigella= 5 B3z a - Aze3F & o B8 P &
7 B Haemophilust> a3 & = % ditsho L 7 7 #ﬁ 11 Haemophilud **
BAAFE e FEH B A B[1] Tt AR AT ELAT A 4 PR

§¥ % #t+4p v Haemophilus* Vibrio £ sz 3£ £ 2 ) (endosymbiotic)
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Chapter 6

Conclusion
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