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(Escherichia coli K12). £l [C 48 g {& (Borrelia
burgdorferi) LA SR ZF fA 11 (Bacillus cereus ZK),
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PPk, M Bacillus cereus ZK AT 1l PA 5 2 [H].
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(575 Tsirigos 55 (55 LU AE b %L T A
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Lt Tsirigos &5 e alr & H 55 T\ IBAZ P IR MR (1 T
IMEBITE UK, 0T OK SRR FE DA IR AR ) AR
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i Y Tsirigos S5 1) 7%, AHX 42 & 2 mrik 31.47%.
FiAh, AEXT 3N 41 TR DR A PR K P B A A DR TR )
i, R T 95%.

Specificity=

Table 1 Comparison of our method and Tsirigos' method performed on prediction of horizontal gene transfers

Species HT of Tsirigos” method
Escherichia coli K12 0.375
Bacillus cereus ZK 0.541
Borrelia burgdorferi 0.758

HT of our method RIon HT of our method over Tsirigos

method / %
0.493 31.47
0.571 5.55
0.767 1.19

2.2 FIA C-SVC 37K i E E /Y4 57
Paaiiles B NEA I R =X N IR b R A 1]
R MW EfA s — e ER, XF
R TR SR L G T B R £ ik,
MW HE ) C AT A BELL AT SRR 22— 28, /AR

AR SR04 B R DR 21 P R DR A S 1
A FH w1 b A By — 21 “Signature”, SR 1 ¢
Se b, FAECART R ORI, A AR T TR —
ANHE DRV v iy S B R S B B R SR DR S AT ZE 00
(UL 82, AT T I0 A40 B 5k DRI A (%) 7K - e A
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FLP IR AEVE, AT TN ) s AT T
BT BATTHE TR A A A0 v i DX AL o T3 A
HE 1 1R 5K 5 TF(H GC skew 1E f Pk AR A0 48 1 O
DRI A (1 SRS 46 AR 28 0k 50, SR 144 W R A
SN R TT 1)), AR5 23 0 AT B BRI IE AR A
L e e LR A A N Al AR R, 4
ANIERISE G AL AL B goE TR A AR
BF 0038 DR (N 45 R 3 DR Bk o iz gl 15 P 2

T W 10 528 S IE i 45 Rk 2 s, &
WS 2 400k 2.0 SRR VAR NS R, R
3% Leading strand, Lagging strand ! Mean 4} | &
RS KB R BE D AT 23 BE SOOI N 1 S B S i
(R FILIN &35 AT P 2 ()~ A8 AR 2 R 3RATTAT LA
RSP A% S DRLEAT 43 e FOLN F1 285 SR Y 4
TADBEM SRR R m T 95%). XU, T
SEERI T R b DR 6 A ) 22

LR 2%), f)a, FATFA C-SVC 70 BIXF AT W SEo S FRAT D 7K1 A% K5 DA ) Tl

Table 2 Comparison of non-strand method and new method considering strand asymmetry performed on
prediction of horizontal gene transfers

HT of new method considering strand asymmetry

Species HT of original method
Leading strand Lagging strand Mean
Escherichia coli K12 0.493 0.539 0.496 0.519
Bacillus cereus ZK 0.571 0.647 0.619 0.640
Borrelia burgdorfer: 0.767 0.849 0.860 0.852

2.3 F|F One-class X ¥ EH 3 7KFiEFBERE B
Fo

XA R L FP AU FCU F5AE, X
3 Pl B DR 2 53 M BEA T KPR RS B DA IR R S, A
ANV e B FE R 7 A AH [R), - g C-SVC
e T One-class SCHF I EAL, M FRATTIEH =B
2 WA ANZATE N % R B3 R B . Tk 100 70540 K
PR SIS R (PR S AN AR 3 o, 3R 3 AR 2
HIRIER 3 5143 527 Tsirigos 45 F SV FNERATT 0 54
ER B g, 4 P RRBANMELRY

Tsirigos 35 [ 5510 LU AE i v 2 1 By BOAS: (8 1 X 32
{71 % (relative improvement, RI). & 3 1, FAiIn]
LIVE R HE . 1E Borrelia burgdorferi A1 Bacillus
cereus ZK 1V, FRAT IR I A B T 0 A7 T A 28 114
One-class SCRF [ ALK 7%, LK Tsirigos 55177
FHAE MR, Borrelia burgdorferi ] RI {H
IEE] 11.61%, 1M {E Escherichia coli K12 H1 [ Bl
BIWG AT Tsirigos &5 ()77, Ak, AT AP AT
One-class SCHF i) SEALIK 5V AR XS 3 AN 4i i ik P 41
(R AP A kR IR S Mt A v T 95%.

Table 3 Comparison of our new method based on one-class SVM and Tsirigos' method performed on

prediction of horizontal gene transfers

Species HT of Tsirigos’ method

HT of our method RI on HT of our method over Tsirigos

method /%
Escherichia coli K12 0.375 0.346 -7.73
Bacillus cereus ZK 0.541 0.566 4.62
Borrelia burgdorferi 0.758 0.846 11.61

2.4 F)H One-class X EH 3K FEBERE B
S EET

55 2.2 2R, X HLFRATTAE TR 4 B PR 4 1
P 2 2 NN i Y S R b ) e B PN By
TR RE, HARTD S 22 i TRk e, JUg
4 C-SVC #tj% T One-class > £ 1] &= HL. HAKAI T

FER WL 4 Pror. RKP S 2 5104 2.3 ATHE I 7
O 25 K, J5 M 3 41 Leading strand,
Lagging strand 1 Mean 73 73 2 75 % 7K -4 7% A D]
AT O3 BEPOUIN I P R ) PO 5 SR (1)
SEE. R 4 P BRAT AT LA W, fE Escherichia
coli K12 F1 Borrelia burgdorferi ', F|H One-class
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SCRF ) BERLOT ZK VA% ik DRI R AT B 00000 1) 45 SR 4L
WA T AN RE S5 R, HUEAE Bacillus cereus ZK
Hh G B TN () S B 3 T AN A B ) 45 R R AN
BAaUL, 153 EER AT, TATXFN o8I F

FH T35 55 -1 114l 1% 1) One-class 24 n) FE AL J7
ARV A R R FE DI R B, i S5z 0 240 T
Tsirigos 554 Hi #7772,

Table 4 Comparison of non-strand method and new method considering strand asymmetry both by

one-class SVM performed on prediction of horizontal gene transfers

HT of non-strand

HT of new method considering strand asymmetry

Species

method Leading strand Lagging strand Mean
Escherichia coli K12 0.346 0.527 0.436 0.482
Bacillus cereus ZK 0.566 0.596 0.528 0.562
Borrelia burgdorferi 0.846 0.940 0.945 0.942
25 BRI E LA PRI 3 #

h T REEGFRATTA bR B2 A 1 S I H v () ] S
P, FRATIX M ER A (Enterococcus faecalis V583)3&
PATZH A P 7K P e o B DR R AT — R S s i F000. I i
CEHIE, 7E Enterococcus faecalis V583 Hiff S A7
FEA — 480l o K P B R AT B BT T R
(Vancomycin-resistance) 3K, —3AT 7 4%, 5 A07E
[A] —ANHE K] % (Cluster) ' ——EF2293~EF22991 |

FATRM T 2.4 bR 977k, BIAH
One-class 3CHF ] 5 L0 AN [A) 4 (1) 7K1 7% ik
HEAT T 5 R A FH A 1 PR R0 SR AT 2.2 g
FIH) GC skew J7 ¥k, FATM L v FHE E X 7 4
vancomycin-resistance & K #S A7 T 1 4% b, P
BATTHIEXS Enterococcus faecalis V583 K& K 41 H i
FHE EACFE R BB T IR, R IR IR ERAT A
NN M) Enterococcus faecalis V583 R 41 H 4
NEERFEIN, 1 Sk EF2293~EF2299 iX 7 453 [A]
PENIESREE, A 8E LR 2 500 AHEDIE N
FRAE. AV EVZRIX 7 45 3L A 300 7 ok,
T34k, FATIE K BLAE FE B EF2293 Ll 7 kb
EF2299 FEEK R 38 kb DI A A7 7 28 AN LR
TN 7K~ 6 % 2 BH . Paulsen 250X} Enterococcus
faecalis V583 T J7 155 2= FE R 7% B 9 kb 5 R
51 kb X3k P 113 64 ASJE K (EF2282~EF2347
EF1983 ~EF1987)#t47 T Blast 7341, &M, Hrh
1) 8 ANFEIE 5 Tn916 % J8E 1 v 1 4 AT AH AL (P-value
<1x107%) & 11 ALK 5 Tn1549 % 1 b 1) 3 A A
BA(P-value <1x107), XA AJ e LK EF2293 |
Ui 7 kb Y5 EF2299 JE K] T {7 38 kb X # B X By
VI PERSRES A S A S SR N s
Enterococcus faecalis V583 FE K4 7).

A, AT T FE R K e R A
BRI 7 k. IR 73— J7 T 4k & 1 i N R T4 -1
At 1 Al 1 B AT K P e B R DR SR ) AR, AR
Genomic signature [P FRATR A T %84 i
W (FCOMWE N PR, B AL 75
AT AR RS S, AL E T DR P g b £
SRR A5, o5 — T SXCRH T 1R /ANEAR Sy
K EVERBAT (0 SRR ) AL, R AR T
BHEIEDA 20 iy B AN e B B DR DX R ) 8T
JLEK. Tsirigos ZEMH T — Mk T )AL AT R A%
T I VERIEAT KPR LD R 7, O HAHEE T
DAE I BRI SR i 2 LA T 8
FER A, I FRATT TR Tsirigos 55 145 R
HEAT T HBE, R BAE AR TR s e b 3ATT i 45 R
SR T Tsirigos 2R 45 5.

AT SR o) L7 V2R T v 4 BT 320 40
WAL KPS, SR N ) I AT 40 R 1 R
DR ZH Fv e AR TR A4 DR R R DR R AP e A%, 2
SR Ay W A A DR DAy 45 AR DRI K P 6 % 381 A g A
PRIZH PP B AR B AR T SR SLSEAAAE R, HARATTHY
RVEAE 25 3o R DR 2 1 S B A 56 4G 21 T G
B LA N G DR A b A R R —
M ANBISTI, W AR N LAl N A 205 2,
SERAF R AT, AT T 27 Mg A LE
PRI 3t 1485 ANBEDAIAE O 45 M4 KE DRI E s 4. )1
RN EERI AL, AT AR T H A 100 (04l A S
B, R vh ST AT SEAG TR0 45 SR KT A4, BERE
BIUAA G AL PR 5405 A v Bkt T 5 40 7 5 DT 2 R R i
B 2% M TR AN R AN IR 2 T, SRR
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AT DA e N PR 285 s RS S 3R i 3804 350 1 4 A R
B, RIEMEAN TSR 2, iRk
AT AT 75 S

BET e B AR AGE 000 3 R ) 7K P A X 2R T
FEA BRI R I T 9 B 6 S D A B AR )
Genomic signature, i & Bl i% 5L K 4 b B IX A
“Signature” A — 1) X IR AE A 1] GE 1 KT 4
DIk, SR T RS FRATIIT TR 3 b A R AR T4 RN T
EEAOLHE N (P P A4 PR 20 R 5 R R I FCU 21
BRFAERE S, FRATTAMR ] k-means 527579311
FEFTAIEFCIR 3 b 20 BT 5 DR 25 Wk BT A 2 R 35 R B i
AL BT TR (GR 5), &N S

/3 H7 (principal component analysis, PCA) /7 7% % HL
T OTERFR S KM LA T 0 A (B 1), 38 5 H e
2 H S A5 Y IR SR R R A0 TR DR 2 () 2 DR
B, T MO A B0 SR 2 B TR AR SR IR R DA A
e, 583 AU RS A I BB A P R AR T D DR
55 AN R A A 1 SRS I I 4 17 % DR 4 2R 1)
RN, 565 4 40 R 6 IS 41 T 265 DT 20 PR AT 15 T 3
In) 8 RHL A Fvk Y Tsirigos %5 ) EL LR AE @y b
F b T HUAS B AR 6 3 5 R (relative improvement,
RD), 255 %1 R X B 40 B 5 D41 ) 3R AT 5 T
One-class SVM [ 515 Tsirigos 25 I &H.1%, L
A R E RTINS 1 RIAE (56 4. 5 B IMME K H

Table 5 Number of error cases in each cluster by genes' FCU motif between a specified bacterium

genome and phage genomes”

Error cases”

Species (Total gene number)
Escherichia coli K12 540 (4254)
Bacillus cereus ZK 6 (5134)
Borrelia burgdorferi 0 (851)

Error cases for phages®
(Total gene number of phages )

RI on HT of our method
by one-class SVM /%

RI on HT of our
C-SVC method/%*

696 (1485) 31.47 -7.73
809 (1485) 5.55 4.62
823 (1485) 1.19 11.61

DApplication of k-means clustering means for three bacterium genomes being considered and phage genomes; Number of bacterium genes

being mis-clustered into phage group; YNumber of phage genes being mis-judged into the specified bacterium group; *Source from Table 1;

JSource from Table 3.

PCA Map

| 1

-5 0

5 10

Fig. 1 Plot of the two most dominant axes generated with PCA analysis method for three bacteria genomes and phage

genomes by genes' FCU motif

The result shows the exact difference between Escherichia coli K12 cases and Bacillus cereus cases, also between Escherichia coli K12 cases and

Borrelia burgdorfer: cases , and shows a proportion of overlap occurring between Bacillus cereus and Borrelia burgdorferi cases. The result indicates that

these three bacteria genomes have their own special FCU motif usage. The main reason for wide distribution of Phage cases is that its cases came from

27 kinds of phage genomes. @: Escherichia coli K12; O: Borrelia burgdorfert; ¢: Bacillus cereus; A: Phage.
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£ 1 FE 3. 1 W', Escherichia coli K12 5
Bacillus cereus, Borrelia burgdorferi If]Ff A% 10 it i
PIYER) PCA 708, X015 ARH W W, Bacillus
cereus 5 Borrelia burgdorferi Z [\ 7y H &, Ui
WIAX 3 Bt B B PR A R PR ) FCU BEA ) W ik A
AUPTRF AT 0, 10 Phage FEA M) 2, FEIERN
REEFEACK B 27 PR AL AL 22 5 R 1 045
RoR, FATWTFTH 3 b A v FE P 4 S 0 5 A
H M) FCU B3, Borrelia burgdorferi i W & ,
Bacillus cereus ZK SLUR. B 1 BoR, Wi # AR (3
PRI S T I REA S A AR T2, FCU FREANH]
B, TFEURPIYIXEEREACK B 27 PR AR R 4,
R R DR N A N (W B AR BE BT ) FCU FAEAS
HA e, AR AN TR RS2, M
UEFRATT B 2 A7 25 S T C-SVC I kT
W » Escherichia coli K12 iy H 2 11 A1 X $& & %
(relative improvement, RI)1% 5 (31.47%), Borrelia
burgdorferi Ff&(1.19%), FIIXFP 1L EEH T K
L FCU "R AIE AN W Sl 1) A0 e 5 DR 200 1) K P % R TR
(& S).

X IRATPWEFTRT 3 A Al HE R AR 3, 5 H
R 7K 1 e F Bk DAL IR FR0I o vh R % AN A R, X
Escherichia coli K12 R Borrelia burgdorferi 1] iy /1
HIEFEIBENT 30%, WAt A B K % R
We? AN IXE &N IERH 2 )ik 5 R &
TR A L. 4 Escherichia coli K12 JER 41 H,
MEPE I TR FEPI I LA 20K, B 7 ] Ak 3=
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Support Vector Machine for Prediction of Horizontal Gene Transfers
in Bacteria Genomes”

s

Wu Jian-Sheng”, Xie Jian-Ming"™, Zhou Tong, Weng Jian-Hong, Sun Xiao™
(State Key Laboratory of Bioelectronics Southeast University, Nanjing 210096, China)

Abstract Horizontal gene transfer (HGT), also Lateral gene transfer (LGT), is any process in which an organism
transfers genetic material to another species that is not its offspring. With the increase of available genomic data, it
has become more convenient to study the way to detect the genes, which are products of horizontal transfers among
a given genome. There are few data about known horizontal gene transfers in three bacterium genomes under
consideration, so the experiments, which simulated gene transfer by artificially inserting phage genes, were carried
out. Combining the feature analysis methods of gene sequences with support vector machine (SVM), a novel
method was developed for identifying horizontal gene transfers (HGT) in 3 fully sequenced bacterium genomes
(Escherichia coli K12, Borrelia burgdorferi, Bacillus cereus ZK). According to our previous work, codon use
frequency (FCU) was selected as the sequence feature, in respect that it is inherently the fusion of both codon usage
bias and amino acid composition signals. In addition, another computational method was proposed considering
strand asymmetry and predicting horizontal gene transfers of leading strand and lagging strand of genomes under
consideration, respectively. To avoid the occasionality of simulating gene transfer through artificially inserting
phage genes, 100 times of the transfer-and-recover experiment were repeated and arithmetic average of
measurement for each genome being considered were reported to evaluate algorithm’s performance. Ten-fold
cross-validation was used for both parameter and accuracy estimation. The best results were obtained for
C-Support Vector Classification (C-SVC) type by using the radial basis function kernel with y=100, while for
one-class SVM type the best performance was obtained using the polynomial kernel of three degree. The
performance of the approach was compared with that of Tsirigos’ method ,which is one of the best predictive
approachs to date in detecting of horizontal transfer genes. Firstly, for the original method that did not consider the
strand asymmetry, the C-SVC type has a high relative improvement(R/) of 31.47% on hit ratio for Escherichia coli
K12, while the one-class SVM type has R/ of 11.61% for Borrelia burgdorferi. Moreover, as theoretically expected,
the method considering the strand asymmetry resulted in higher R/ than the original method. In order to examine
the approach’s performance in detecting factual gene transfer events, the approach was applied in genome of
Enterococcus faecalis V583. 1t is not only succeed in recovering all the seven factual horizontally transferred
genes, also found that the whole segment from 7 kb upstream of gene EF2293 to 38 kb downstream of gene
EF2299 was probably transferred into E. faecalis V583 genome simultaneously with the above seven genes.

Key words bacteria genomes, horizontal gene transfer (HGT), support vector machine (SVM), codon use
frequency (FCU)
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