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Abstract

The genus Xanthomonas currently comprises 27 species that collectively cause serious diseases in
a wide variety of economically important crops and horticultural plants. The bacterial signal
transduction mechanism and the bacterium-host plant interaction have been hot issues for micro-
biologists, plant pathologists and botanists. c-di-GMP is an ubiquitous bacterial second messenger.
It participates in the regulation of many bacterial physiological processes, such as adhesion, EPS
synthesis, biofilm formation, motility and virulence, etc. The c-di-GMP turnover is controlled by
two functionally opposite enzymes: diguanylate cyclase containing GG(D/E)EF domain and c-di-
GMP-specific phosphodiesterase containing EAL or HD-GYP domain. In this study, we performed
bioinformatics analysis on the proteins containing GG(D/E)EF, EAL and HD-GYP domians from 15
Xanthomonas strains with complete genome sequences. The distribution and phylogenetic tree
analysis revealed that the evolutionary differences of these proteins were related to their hosts;
COG and GO analysis demonstrated that these functional proteins were mainly signal transduction
related proteins, involved in gene transcription and bacterial motility. These results established
solid foundation for the construction of the regulation network mediated by c-di-GMP and for the
discovery of new drug targets for Xanthomonas control.
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£ GG(D/E)EFE I I — SH IR LB S AL, B 78 EALERHD-GYPS MR B RS —FRAg P, HARK
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1. 53|

B R (Xanthomonas) J& T2 14 1], BB R A EAPIR, F =2 RIIME, DLRRAEMEEIZE),
T MIAENE . B% —BOyE O, DI ECRRCIR . 3G JE H AT a4 27 M, BRIR 4L KL 400 2 AHE
Yy, BIERTE. XUEEY) EELEENRED SR ZAEY, kKR 3. i FmsEL]. MEFEIR
ZOAMRE . HEBE, BUHAE(R 1) BURM S BURSR RS TE ER R, L2 RS RS T
AERHE A Fr B G B e S5 20 5 1 B Oty S B0 A 5 R AR R R 9 (black rot) B0 B ™ [2]: [, —A
e 2 EORAR, SRR, KRG /ORS 5 5 B AN [ B0 A2 T 5 23 0 K A K8 B
#5975 (bacterial blight) [3]417K FE4H i 11 46 B 9% (bacterial leaf streak) [4]. Bitt, RN T RS0 HLEE R 8
BRI B B e A L

Y S A5 4> T c-di-GMP J2& 1987 4 Benziman 1 2L 75 H7F 77 761 45 B A 5T 2516 W2 141 (Acetobacter
xylinum) (27 4k 5B 45 R AR I 1 S8 R ILII[5]. 1998 4 Tal 25 A5 1 c-di-GMP (1) & i 5 [ i il 5k
KI[6], HULHI T c-di-GMP WFFLII K HE . AHE AP c-di-GMP 17K 2 B LG i 96 At i B [ 8 45 119
[7]. & GG(D/E)EF Z5 #3111 — S B (L (diguanylate cyclase, DGC)#& c-di-GMP 114 i, DGC g
FIHPE 1) GTP & —F c-di-GMP(14] 1); H A EAL 4538 1) i iR — i (phosphodiesterase, PDE)
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Table 1. Pathogenicity of crop pathogens Xanthomonas species

i L RBREMEIR RN

T LT 15 RE 2R
Xanthomonas Xanthomonas Host Disease Reference
TR B R T /KRG B0 A8 b Xanthomonas oryzae pv. oryzae g(fe’ g; ife?aﬁftjl?ﬁt [2]
JKFE R R IR0 AR Xanthomonas oryzae pv. oryzicola giii / kéiii;{?’:jiﬁ [3]
L et G S I
R T, AR B BRI g
BN iR XATOmonas campestrisp catonge il [9
HbEE R SR B A RS BOUR ST Xanthomonas axonopodis pv. citri C*?;fuﬁs é?;tfﬁiijlffr [10]
FHRE S B B A Y Fe Xanthomonas citri subsp. citri Cﬂifs é?ttﬁﬁ:ﬁffr [12]
A S0 B Xanthomonas albilineans Sugféne Leeaijfl q [13]
GGDEF EAL, DHH/DHHAI1 HD-GYP
2GTP | |  c-di-GMP pGpG 2GMP
DGC PDE-A PDE-B

Figure 1. Synthesis and degradation of the c-di-GMP messenger molecule

1. c-di-GMP {515 THI & B FNpE AR

AEEHE c-di-GMP /KA pGpG, 1M & HD-GYP 5#J45 ) PDE REW64s c-di-GMP i3t — /K N 71
GMP. ¥ K4 1f) GG(D/E)EF. EAL Fl HD-GYP ZiX L 25 a3y P A7 i (P AR <7 R AR BR i 2L [15]-[17]. 1
Ah, B E MR R ZE AT YybT 2 4 DHH/IDHHAL 458938, A5 c-di-GMP 7K fi# Ny pGpG [18].

c-di-GMP BBV AN I Z M A BETh e, AdREstE. BT A i AV R,
U FCAE 2 B (1 A= W R T s A 505 R 7 7= A6 7 T S 3 28 00 B T R (7] ISR I 50 R B c-di-GMP
BB S S T R ) BUR 48[ 19]-[23]

B A6 T A P DR ZE RS e F e I, W 9 3 ] LA sdd BE R 4H 33 8 EL#E3R 1S DGC Al PDE, {H 43
1PN DGC Al PDE 2 AW A& A (157 GG(D/E)EF 5k EAL Z5 k. Kk, FA1FIH HMMER 3k
BT EVR S 48R, UISKEUSE GG(D/E)EF. EAL Al HD-GYP 45k &E 1. HMMER £#% T k5 /R
RER, 8. AN MBRRABRE T — M BRI RGN AWM. 5 BLAST [ FASTA %
FE 47 B LE I [FIVRAE 2 T RAREL, HMMER ) F A0S A58 i % T 0 i b J 30516 25 0% R 0 (1) [R5
Ao

T & [F7E 5 [ 5 2 24(Clusters of orthologous groups of proteins, COG) ) #7i2: H Tatusov &5 [24]4% H , Bl
IR AS [EMR 1) 2 RO AR ALLER SR B AT TR 4 o5 b B &R R A%, T LA | — A i D e C A i B
KFEREDIREAR MBI, NTARIXT ThREAR KN E HIATEHREN H . GO (Gene ontology) & —% [l Frfxife
WHIE R e R B 2R R 45[25]. GO 43 A =KZ%: Biological process. Molecular function A1 Cellular
component, 37l FH kIR BE R il 1) =) Fr 2 5 AR Wi 72 . BT B B9 1 DhRE S B AL R A B R 355 . 2R
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L5 B8 G i 2 DR nT DU 1D S R B85 1R R K 5 1 3R B 5 2 X RLI) GO 5, T GO 5 mJ LA R 21 AN [F]
JZURH) GO term SRiFEAT T B8 7y A o4t i 72 437 .

NCBI |- H il 2 A7 94 35k R 20 73 56 B3 P 280 o R B i 1 ke, AR S AT - Tk o P 1 Ja T ok A ot
G, BAKHT T IR LE ARG N &5 GG(D/E)EFEAL 2 HD-GYP 45 ¥ 45k i AH ¢ 2 11 10 0 A Stk % &R,
AT T COG UifigiE Al GO ThRe/r3E, LU HE b M BF FE /K FE 2 A ML B c-di-GMP M %%, A
TR IE BB M T 1) 2P R B Rt

2. MR A%
2.1. FHIEIE

UGN - Tk A DR AL I 5 1) R R B TR R R R T AT . BRI R 41Kk H GenBank
(http://www.ncbi.nlm.nih.gov/genome) . 43 B ik B JE PR 2 3 RE SR B e koK %= DIGAP ## P2
(http://ibi.hzau.edu.cn/digap/phytopathogens.php). BEE#E4FK. f&FK & NCBI & A5 (GenBank accession) Il ¢
20 PR B P B AR KRR B R B T DU R (PR XOO (L H — R R 5 4t & s A R RIZR). —HE
XOC Fl—#k PXO), BFJ3 5 B TLkk(XC. XCC. xccb100. XCV. XCR), k%% 8 i 8 = #k(XAC.
XAC29. XACM), LA HHAS 25 B B (XCAW) - 803 B0 i T (XA Le) 55 4 £ 7 R 0 T (XFFA834R) % — k.

2.2. FAIHRRIREN

SE1E NCBI J5 & ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/ | %k 1 T4 4> 35 IR 2H W) 7 58 1 ) 35 B0 0 7
JE AR R 8, 48 Pfam i B _E 433148 2 GG(D/E)EF.EAL & HD-GYP & 4 5 (4373 %F B PF00990.

Table 2. Proteins containing GG(D/E)EF, EAL and HD-GYP domains in Xanthomonas
7 2. BBMET c-di-GMP Z BSHESIMUES SHAEE — BeiemiDEE B B %t

Strain Strain (Full name) Accession GG(D/E)EF EAL HD-GYP GGDEF + EAL
X00 Xanthomonas oryzae pv. oryzae (KACC10331/KX085) NC_006834.1 8 10 2 1
X00 Xanthomonas oryzae pv. oryzae MAFF 311018 NC_007705.1 8 10 1 1
XOC Xanthomonas oryzae pv. oryzicola BLS256 NC_017267.1 11 11 4 1
PXO Xanthomonas oryzae pv. oryzae PXO99A NC_010717.1 8 13 3 1
XC Xanthomonas campestris pv. campestris str. 8004 NC_007086.1 17 13 3 2
XCC Xanthomonas campestris pv. campestris str. ATCC 33913 NC_003902.1 17 13 1 2
xcch100 Xanthomonas campestris pv. campestris str. B100 NC_010688.1 15 13 1 2
XCV Xanthomonas campestris pv. vesicatoria str. 85-10 NC_007508.1 16 13 1 2
XCR Xanthomonas campestris pv. raphani 756C NC_017271.1 16 13 3 2
XAC Xanthomonas axonopodis pv. citri str. 306 NC_003919.1 16 12 1 2
XAC29 Xanthomonas axonopodis Xac29-1 NC_020800.1 13 10 1 1
XACM Xanthomonas axonopodis pv. citrumelo F1 NC_016010.1 16 12 2 2
XCAW Xanthomonas citri subsp. citri Aw12879 NC_020815.1 16 12 2 2
XALc Xanthomonas albilineans GPE PC73 NC_013722.1 13 14 1 1
XFF4834R Xanthomonas fuscans subsp. fuscans NC_022541.1 13 12 0 2
Total 203 181 26 24

O,
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PF00563 i PF11871), £ Alignment 1 N #% Lt x4 47 i) Stockholm 4% 38 3244 . F FH HMMER #2743 7% Pfam
JEE A Bl 48 200 B 45 AR I B, 1365 E-value A 1e-3, 331 H K E [ . Interpro J& —ANMERL 7 A4 Pfam.,
TIGRFAM. SMART. PANTHER %544 PE7E N I B B 2K . S5 MBI ThReAr s R TU R B E, 3R
T3 3] B A A Interpro FIVERBESHE InterProScan5 #4778, 43 kg XA xml HIEL AT 25 5, 9%'5 Perl
VAR P S U B DA IR N . GG(D/E)EF F1 EAL S5 41808 F 6 f5 H Perl JAIACSZHL .

2.3. ZEFFILEX Rt

WA Z HFFIERA ClustalW BF[26]1E4T, 4K B IR R S48 AR — LS5O AN R BTG A7 B
IR &5 5 Hp 25 e o A0 AR R FH 1095 2 1 3 [F) SR 22 1) Neeighbor-Joining 57434, K H Clustalw FiI Mega
(Molecular Evolutionary Genetics Analysis) Vision 6 K {-[27 13 T4 %, SR H 5] FF2 7 777 (Boot Straping)
K06 25 IR R R 14 (1000 YR EE ), ¥ B Cut-off Value for Consensus Tree S 50%, 1E3%3H#A 14 IE (Poisson
Correction)f& 74,

2.4, HZMSH

VU /KRR 3 R T ) 3L e 20 W i T MCScanX B 1F[28] 58 B, EH I AP, B—0: [EHIZERA
(K18 F 7 513247 blastp Lext, HU5EZ o ELERAE X AN ERAF VA SCAFIZAT 00T, 35 =20 fEXT Rk AR Jk
fifi AR R I

2.5. COG LhgES#i

COG R FE @i in MRS : UL myva UL & A i, R nebi-BLAST-2.2.30+H (1]
blastp 27T A BLAST, 15 H A8 A xml L5 3. 05 Perl JIAFE 7, FIH whog SCHF#2EL COG
i SR NI THRE > KT, 454 fun.txt SCIFREAT COG 4028t F% .

2.6. GO I 2

GO Ihaesr &K Blast2GO HAF[2913H4T, 1 Y65 AN IX Le 5 FdhAT Nr 18, SRJ5 T GO WLy,
W45 R F AL 2 WEGO [30]33E47 2 B 43 #T

3. BRE
3.1. WEMETEE GG(D/E)EF, EAL & HD-GYP Gl E AMmMBEENHE

T 348 1) - AR B P R R e R AR et S U DR LS« /KRG 39 B B B DY AR (XOO . XOO . XOC PXO0),
S VTSI M T T I S0 A8 b =R (XC L XCC xeeh100) , 18 B 5 i i B b A S B0 A8 F (XAC . XAC29.
XACM) S A ki 8 56 A SIZ et (XCAW) FE DU Bk, DA S OB 75 40 B 9 Do T B e S 2 B BT 235 750 50 28 o
(XCV)~ T 55 i Ji B S 9 = P o H 0 SO A8 P (XCR) T R J57 B 11 503 B i pRT (XALe) . SRS 4H
BT P28 9 9 D B 4 £ B P R 4 € T b (XFF4834R) %5 — ko

I 4 ZE T 94T A W15 B 220 Mr, KRB 203 N4 GG(DIE)EF 45 Myt & ik R 64 4
Ny GGDEF #5i#is, 5% 1/3, H4h 139 A GGEEF 4i#yif. it i) GG(D/E)EF. EAL K HD-GYP
SERIEE A i BB N Z2 20 MiZde 2 AT LAE B & B S A I2WAS EAL 22 HD-GYP Z5#43diE
FI S R E R B, AR 405 GG(D/E)EF 45 M3 &R (1 i 36 R 30 H i shs K, 4k 1% GG(D/E)EF
SEREM IS B A R AE 8~17 1), EAL S5 M EE (A Yl ik K )3 AE 10~13 2 (Al HD-GYP ¥ &
£ 1~3 Z [,

F kIR R 5 H GGDEF M EAL M5 MR H IR AL, (HAIE c-di-GMP FIVK 4% 77 [

O,
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EEREEMER7]. 2P, KIER XALc_1672 F 4L, Rl T 23 A WE5 K8 [ 1541
AR SR, I HOX 8 AR (S A7 2545y GGDEF 1fidE GGEEF, L% 2.

M 2 aTAE R 7 B 13 AN EARRMEARE S, i N4 10 AN E AR E AR L B
X R IE 35 B B 8 P AR PR 57 o 0T EAL 253 R ILIX 23 N8 A 1) EAL S RSy s A (G 3L
GGDEF 5t — AR, ZF AR DX AN E A RAPSE: W 2 45 .

BRI, IR B A RS R B R F T — AN S SRR DR S I B A S RS M, T
Ty A A GERIRIUZ A IR A T R FER S . — MR UL, 4K 2B A NSE M I B R PRI R PR AR
BRI FH - 4037 H A AT B8 (Caulobacter crescentus) 1 A GGDEF-EAL 45445 1) 85 1 CC3396, H: GGDEF
gERIE 1 Gly :BALEL T Glu, BT IHEA B4 c-di-GMP & B (& 1k, (B M8 5 GTP & 45 & M
WS EAL g5, A H R IE MR VETE[L7]. 4%, Hoh A/ DEE A F A A DGC Ml PDE Wiff
FITE I, B0 EA X5 R e 1 B 3 T P 9ICEE (Vibrio parahaemolyticus) i) ScrC 2 . ScrC E % K% DGC &
RS 14, 24 ScrC 5 ScrAL ScrB [FIR AE7ERT, X AE MR A0 N c-di-GMP, MRS 2t 18 75 40 Bl 1 c-di-GMP
[FI7KF[31] o A HF FLR B XS f s Hp 3EAN e Mk 2B A, BN c-di-GMP [13244[32] [33]. H4h, +
FLRR T B B R 2 ARAEAE GG(D/E)EF 5 HD-GYP X4 #4885 A A EAL 5 HD-GYP B MR A -

Cui 5 He *Z PleD B4 [34]11 8 & IANA—N ] RERIAR I 15 5 B2 G5 W3 52 2115 5 4 7 R Esi
WERR AL I, XUZE AR (1 DA — B TR 0% GG(D/E)EF 2544381 DGC &1tk 1 43515 5 ok s 2
FRAKHT, XU a3 1 ) DA B A4 T Q0 EAL 5443801 PDE 31 [35]

32. BEMEPEA GG(D/E)EF. EAL X HD-GYP &gisiE A rui# L&

T AT A OCE BRI, A1 A T AN E R AT A A GG(DIE)EF. EAL Fl HD-GYP
SERIREE AR, s 3-5,

3 NEH GG(D/E)EF 454l & (I I HE Ak i o DAAS 51 100% Bootstrap S8 [ i (AT REAR H),
XAC1345. XAC29_06785. XACM_1328 =M 45 BIAFLE T = W Hb s B i B Jfa g b A R B0 8
X001879. PXO_01741. XOO0_1775 (XOO JaiH FXIZ K3 Xanthomonas oryzae pv. oryzae
MAFF311018 B bk FP 3 K 4 A 4 8 (5T, BLR [A]) XOC_3158 43 JllA7-7E T VU Ak /K R o5 Bt B S50 A8 Fh o

350

XCR_2545 GGDDAI XCR 2545

XC 1841 GGDDAI XC 1841

XCC2274 GGDDAI XCC2274

xcehl100 1904 GGDDAI xceb100_1904

XCV2579 GGDDAI XCV2579

XACM_2386 GGDDAI XACM 2386

XCAW 02047 GGDDAI XCAW 02047

XAC2382 GGDDAI XAC2382

XFF4834R _chr23930  GGDDAI XFF 4834R chr 23930

X002708 GDDDAI PXO 00384

X00 2553 GDDDAI X00_2553

PXO0 00384 GDDDAI XO02708

XOC 2120 GDDDAI XOC 2120
RPGD ;
RPGD LINY[zPEAL [WACT L AEV
g;gg LEYEPEALEACTLAEV
RSGD LIeY[FPEALEACTLAEV
R3SD LIYIEPEAL BACTL AEV
RSGD
RSGD VERYGL GRMVDTYVL EAL CAQLE
RSGD VERYGL GRMVDT YVLEAL CAQL

VERYGL GRMVDTYVLEAL CAQL

VERYGL GRMVDT YVLEAL CAQL

Figure 2. Multiple sequence alignment of dual-domain proteins containing GGDEF and EAL domains
[ 2. GGDEF # EAL MM ER S FFIEExt

@
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Figure 3. Phylogeny and evolution studies of proteins containing GG(D/E)EF domains in 15 Xanthomonas strains

3. THEMERME PR E GG(D/E)EF Ll E AR 24

XC_2946. XCC1294. xcch100_3008 4l 477 T — kB ith = 8 P J 1 7 9 SR 80 A8 e, XALe_0263.
XALc_2528. XALc_2745 ¥4 T H i IR i F S0 S . S —L8 54 GG(D/E)EF 45t AL
b A kA 22 e LU b TRk A 22 SN E AL LR R 5T o 245 1 il — 2P AE B 1 XO0_2627.PX0_00466. X002787.
XOC_1994( VAL ubr R) W 43 7E IRl — 43 3 P 3 B4k I . LLF3 2] 100% Bootstrap SZHEIEH XC_0249.
XCR_4274,XCC0239.xccb100_0261.XFF4834R_chr02310. XACM_0244.XCAW_00658.XAC29 01325,
XAC0258. XCV0266 Syl (WHEALH YL 70 32), 3K +NER 70 A £ T = R B 300 S8 o 4 v i i 2
JAEF(XC. XCC. xcch100), = Hh B2 50 2 F o TR AT ARG R BU 2 A (XAC XAC29. XACM). H A 5 HLffy
A S (XCAW) LR SRR 75 i B 0755 5 1 B 90l i 26 0 A 2% B0 2 PR (XC V)« H T L 5 9 i o B 9l 2
SR A H I BUR A A (XCR) « 318 540 B 009 993 JE 1 48 €6 540 5P 0 1y €80 3V b (XFFA834R) , 17T DU PR /K A5 35
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Figure 4. Phylogeny and evolution studies of proteins containing EAL domains in 15 Xanthomonas strains
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Figure 5. Phylogeny and evolution studies of proteins containing HD-
GYP domains in 15 Xanthomonas strains
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Figure 7. COG analysisof proteins containing GG(D/E)EF, EAL and HD-GYP domains in 15 Xanthomonas strains
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Figure 8. GO analysis of proteins containing GG(D/E)EF, EAL and HD-GYP domains in 15 Xanthomonas strains
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Figure 9. The c-di-GMP effectors
E 9. BREZLIAY c-di-GMP HIZ K




FLRJUTE T c-Di-GMP S TRFN L Mg AR — BR N 1K) A= A5 B a0 i

KA EHRIEFEFTE . B, S0 A HE (M. tuberculosis). 27> F AT 15 (M. bovis). % JH T 1 (Bacillus
anthraci)& N5 30409 J5 i R & 47 DB 14> GG(DIE)EF. EAL Al HD-GYP 45 fsia 1, /b T 3a H s
JEE S AR, XA R S M 5 B AR AR SRR R A NS S N2 e ARG

BEETF A RN, AMI1K I GG(D/E)EF. EAL F1 HD-GYP 45 ¥k 2 (5 AT A AMUANL R AT & Bl 5
it AR FH o 7 9 SR B TR R B HD-GYP 45 M35 B 1 RpfG FH2H S IR Wkl RpfC 2 il — X U4 73 & 4,
{7 S8 as, M AR A P2 A 1 N[ 15] [53] [54]. Xac H HD-GYP Z5#yi () RpfG & HALE 5
DGC KEHIEMEAEM, MY DGC HIThARE[55]. Ryan 258158 K I RpfG BefE A& 4 GG(D/E)EF 45
MR A4S, B PilZ B2 XC2249 RE=HIF4IZ8[56]. ATLL, &H X =ANS5Miks A H i
BIATS, B VAT ARG BRI ThEE, WRERFEN 25 2R 2R AR, N HX SRS RE . F
i Bl HARAE S AT AR AR A S BUR S X RIE /T B R 51580 .

M2, c-di-GMP 1E NGB IZAFAERISE —ASE 0+, 7R JE B AT (0% M s 45 b A R E
B AT o BILIRAETL, PN c-di-GMP A5 8 42 19X 286 0 3-8 8T 14 B3 3 3 B0 A1 1) 24 P B A 25 v
[ERARINEN i

B M

A3 B EH 5 R A3 42 (31070065) 5 973 1 H (2010CB126105) ) % Bl o

SE#k (References)

[1] Ryan, R.P., Vorhélter, F.J., Potnis, N., et al. (2011) Pathogenomics of Xanthomonas: Understanding bacterium-plant
interactions. Nature Reviews Microbiology, 9, 344-355.

[2] Qian, W., Jia, Y., Ren, S.X,, et al. (2005) Comparative and functional genomic analyses of the pathogenicity of phyto-
pathogen Xanthomonas campestris pv. campestris. Genome Research, 15, 757-767.

[3] Lee, B.M., Park, Y.J., Park, D.S., et al. (2005) The genome sequence of Xanthomonas oryzae pathovar oryzae
KACC10331, the bacterial blight pathogen of rice. Nucleic Acids Research, 33, 577-586.

[4] Bogdanove, AJ., Koebnik, R., Lu, H., et al. (2011) Two new complete genome sequences offer insight into host and
tissue specificity of plant pathogenic Xanthomonas spp. Journal of Bacteriology, 193, 5450-5464.

[5] Weinhouse, H., Sapir, S., Amikam, D., Shilo, Y., Volman, G., Ohana, P. and Benziman, M. (1997) c-di-GMP-binding
protein, a new factor regulating cellulose synthesis in Acetobacter xylinum. FEBS Letters, 416, 207-211.

[6] Tal, R., Wong, H.C., Calhoon, R., Gelfand, D., Fear, A.L., Volman, G., et al. (1998) Three cdg operons control cellular

turnover of cyclic di-GMP in Acetobacter xylinum: Genetic organization and occurrence of conserved domains in
isoenzymes. Journal of Bacteriology, 180, 4416-4425.

[71 Romling, U., Galperin, M.Y. and Gomelsky, M. (2013) Cyclic di-GMP: The first 25 years of a universal bacterial
second messenger. Microbiology and Molecular Biology Reviews, 77, 1-52.

[8] Thieme, F., Koebnik, R., Bekel, T., et al. (2005) Insights into genome plasticity and pathogenicity of the plant patho-
genic bacterium Xanthomonas campestris pv. vesicatoria revealed by the complete genome sequence. Journal of Bac-
teriology, 187, 7254-7266.

[9] Bogdanove, A.J., Koebnik, R., Lu, H., et al. (2011) Two new complete genome sequences offer insight into host and
tissue specificity of plant pathogenic Xanthomonas spp. Journal of Bacteriology, 193, 5450-5464.

[10] da Silva, A.C.R., Ferro, J.A., Reinach, F.C., et al. (2002) Comparison of the genomes of two Xanthomonas pathogens
with differing host specificities. Nature, 417, 459-463.

[11] Jalan, N., Aritua, V., Kumar, D., et al. (2011) Comparative genomic analysis of Xanthomonas axonopodis pv. citrume-
lo F1, which causes citrus bacterial spot disease, and related strains provides insights into virulence and host specificity.
Journal of Bacteriology, 193, 6342-6357.

[12] Jalan, N., Kumar, D., Yu, F., et al. (2013) Complete genome sequence of Xanthomonas citri subsp. citri strain
AW12879, a restricted-host-range citrus canker-causing bacterium. Genome Announcements, 1, €00235-13.

[13] Pieretti, 1., Royer, M., Barbe, V., et al. (2009) The complete genome sequence of Xanthomonas albilineans provides
new insights into the reductive genome evolution of the xylem-limited Xanthomonadaceae. BMC Genomics, 10, 616.



MU c-Di-GMP - SEIRIMEBE A BEER - BERG I A5 B E b

[14]

[15]

[16]
[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

Darrasse, A., Carrere, S., Barbe, V., Boureau, T., Arrieta-Ortiz, M.L., Bonneau, S., et al. (2013) Genome sequence of
Xanthomonas fuscans subsp. fuscans strain 4834-R reveals that flagellar motility is not a general feature of xanthomo-
nads. BMC Genomics, 14, 761.

Ryan, R.P., Fouhy, Y., Lucey, J.F., Crossman, L.C., Spiro, S., He, Y.W,, et al. (2006) Cell-cell signaling in Xantho-
monas campestris involves an HD-GYP domain protein that functions in cyclic di-GMP turnover. Proceedings of the
National Academy of Sciences of the United States of America, 103, 6712-6717.

Galperin, M.Y. (2004) Bacterial signal transduction network in a genomic perspective. Environmental Microbiology, 6,
552-567.

Christen, M., Christen, B., Folcher, M., Schauerte, A. and Jenal, U. (2005) Identification and characterization of a cyc-
lic di-GMP-specific phosphodiesterase and its allosteric control by GTP. Journal of Biological Chemistry, 280, 30829-
30837.

Rao, F., See, R.Y., Zhang, D., Toh, D.C., Ji, Q. and Liang, Z.X. (2010) YybT is a signaling protein that contains a cyc-
lic dinucleotide phosphodiesterase domain and a GGDEF domain with ATPase activity. Journal of Biological Chemi-
stry, 285, 473-482.

Yang, F., Tian, F., Li, X., Fan, S., Chen, H.M., Wu, M.S., et al. (2014) The degenerate EAL-GGDEF domain protein
Filp functions as a cyclic di-GMP receptor and specifically interacts with the PilZ-domain protein PXO_02715 to re-
gulate virulence in Xanthomonas oryzae pv. oryzae. Molecular Plant-Microbe Interactions, 27, 578-589.

Yang, F., Tian, F., Sun, L., Chen, H.M., Wu, M.S., Yang, C.H. and He, C.Y. (2012) A novel two-component system
PdeK/PdeR regulates c-di-GMP turnover and virulence of Xanthomonas oryzae pv. oryzae. Molecular Plant-Microbe
Interactions, 25, 1361-1369.

Ryan, R.P. (2013) Cyclic di-GMP signalling and the regulation of bacterial virulence. Microbiology, 159, 1286-1297.

Ryan, R.P. and Dow, J.M. (2010) Intermolecular interactions between HD-GYP and GGDEF domain proteins mediate
virulence-related signal transduction in Xanthomonas campestris. Virulence, 1, 404-408.

An, S, Caly, D.L., McCarthy, Y., Murdoch, S.L., Ward, J., Febrer, M., et al. (2014) Novel cyclic di-GMP effectors of
the YajQ protein family control bacterial virulence. PLoS Pathogens, 10, e1004429.

Tatusov, R.L., Koonin, E.V. and Lipman, D.J. (1997) A genomic perspective on protein families. Science, 278, 631-
637.

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., et al. (2000) Gene Ontology: Tool for the
unification of biology. Nature Genetics, 25, 25-29.

Thompson, J.D., Gibson, T. and Higgins, D.G. (2002) Multiple sequence alignment using ClustalW and ClustalX.
Current Protocols in Bioinformatics, Unit 2.3, 1-22.

Tamura, K., Stecher, G., Peterson, D., Filipski, A. and Kumar, S. (2013) MEGAG6: Molecular evolutionary genetics
analysis version 6.0. Molecular Biology and Evolution, 30, 2725-2729.

Wang, Y., Tang, H., DeBarry, J.D., Tan, X,, Li, J.P., Wang, X.Y., et al. (2012) MCScanX: A toolkit for detection and
evolutionary analysis of gene synteny and collinearity. Nucleic Acids Research, 40, e49.

Conesa, A., Gbtz, S., Garcia-Gomez, J.M., Terol, J., Talén, M. and Robles, M. (2005) Blast2GO: A universal tool for
annotation, visualization and analysis in functional genomics research. Bioinformatics, 21, 3674-3676.

Ye, J., Fang, L., Zheng, H., Zhang, Y., Chen, J., Zhang, Z.J., et al. (2006) WEGO: A web tool for plotting GO annota-
tions. Nucleic Acids Research, 34, W293-W297.

Ferreira, R.B., Antunes, L.C., Greenberg, E.P. and McCarter, L.L. (2008) Vibrio parahaemolyticus ScrC modulates
cyclic dimeric GMP regulation of gene expression relevant to growth on surfaces. Journal of Bacteriology, 190, 851-
860.

Navarro, M.V.AS., De, N., Bae, N., Wang, Q. and Sondermann, H. (2009) Structural analysis of the GGDEF-EAL
domain-containing c-di-GMP receptor FimX. Structure, 17, 1104-1116.

Jenal, U. and Malone, J. (2006) Mechanisms of cyclic-di-GMP signaling in bacteria. Annual Review of Genetics, 40,
385-407.

Chan, C., Paul, R., Samoray, D., Amiot, N.C., Giese, B., Jenal, U. and Schirmer, T. (2004) Structural basis of activity
and allosteric control of diguanylate cyclase. Proceedings of the National Academy of Sciences of the United States of
America, 101, 17084-17089.

Cui, T. and He, Z.G. (2012) C-di-GMP signaling and implications for pathogenesis of Mycobacterium tuberculosis.
Chinese Science Bulletin, 57, 4387-4393.

Povolotsky, T.L. and Hengge, R. (2012) “Life-style” control networks in Escherichia coli: Signaling by the second
messenger c-di-GMP. Journal of Biotechnology, 160, 10-16.



MU c-Di-GMP - S IRIMUBE A BEER - BERG I A5 B2 b

[37]

(38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
(48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

Navarro, M.V.A.S., Newell, P.D., Krasteva, P.V., Chatterjee, D., Madden, D.R., O’Toole, G.A., et al. (2011) Structural
basis for c-di-GMP-mediated inside-out signaling controlling periplasmic proteolysis. PLoS Biology, 9, €1000588.

Hurley, J.H. (2003) GAF domains: Cyclic nucleotides come full circle. Science Signaling, 2003, pel.

Lin, Z., Johnson, L.C., Weissbach, H., Brot, N., Lively, M.O. and Lowther, W.T. (2007) Free methionine-(R)-sulfoxide
reductase from Escherichia coli reveals a new GAF domain function. Proceedings of the National Academy of
Sciences of the United States of America, 104, 9597-9602.

Sardiwal, S., Kendall, S.L., Movahedzadeh, F., Rison, S.C.G., Stoker, N.G. and Djordjevic, S. (2005) A GAF domain

in the Hypoxia/NO-inducible Mycobacterium tuberculosis DosS protein binds haem. Journal of Molecular Biology,
353, 929-936.

Bosca, L., Zeini, M., Través, P.G. and Hortelano, S. (2005) Nitric oxide and cell viability in inflammatory cells: A role
for NO in macrophage function and fate. Toxicology, 208, 249-258.

Kalia, D., Merey, G., Nakayama, S., Zheng, Y., Zhou, J., Luo, Y.L., et al. (2013) Nucleotide, c-di-GMP, c-di-AMP,
cGMP, cAMP, (p)ppGpp signaling in bacteria and implications in pathogenesis. Chemical Society Reviews, 42, 305-
341.

Amikam, D. and Galperin, M.Y. (2006) PilZ domain is part of the bacterial c-di-GMP binding protein. Bioinformatics,
22, 3-6.

Ryjenkov, D.A., Simm, R., Rémling, U. and Gomelsky, M. (2006) The PilZ domain is a receptor for the second mes-
senger c-di-GMP: The PilZ domain protein YcgR controls motility in enterobacteria. Journal of Biological Chemistry,
281, 30310-30314.

De, N., Pirruccello, M., Krasteva, P.V., Bae, N., Raghavan, R.V. and Sondermann, H. (2008) Phosphorylation-inde-
pendent regulation of the diguanylate cyclase WspR. PLoS Biology, 6, e67.

Petters, T., Zhang, X., Nesper, J., Treuner-Lange, A., Gomez-Santos, N., Hoppert, M., et al. (2012) The orphan histi-

dine protein kinase SgmT is a c-di-GMP receptor and regulates composition of the extracellular matrix together with
the orphan DNA binding response regulator DigR in Myxococcus xanthus. Molecular Microbiology, 84, 147-165.

Tuckerman, J.R., Gonzalez, G. and Gilles-Gonzalez, M.A. (2011) Cyclic di-GMP activation of polynucleotide phos-
phorylase signal-dependent RNA processing. Journal of Molecular Biology, 407, 633-639.

Sudarsan, N., Lee, E.R. and Weinberg, Z. (2008) Riboswitches in eubacteria sense the second messenger cyclic
di-GMP. Science, 321, 411-413.

Breaker, R.R. (2011) Prospects for riboswitch discovery and analysis. Molecular Cell, 43, 867-879.

Chin, K.H., Lee, Y.C., Tu, Z.L., Chen, C.H., Tseng, Y.H., Yang, J.M., et al. (2010) The cAMP receptor-like protein
CLP is a novel c-di-GMP receptor linking cell-cell signaling to virulence gene expression in Xanthomonas campestris.
Journal of Molecular Biology, 396, 646-662.

Li, T.N., Chin, K.H,, Liu, J.H., Wang, A.H.J. and Chou, S.H. (2009) XC1028 from Xanthomonas campestris adopts a
PilZ domain-like structure without ac-di-GMP switch. Proteins: Structure, Function, and Bioinformatics, 75, 282-288.
He, Y.W., Ng, A.Y., Xu, M,, Lin, K., Wang, L.H., Dong, Y.H. and Zhang, L.H. (2007) Xanthomonas campestris
cell-cell communication involves a putative nucleotide receptor protein Clp and a hierarchical signalling network. Mo-
lecular Microbiology, 64, 281-292.

Dow, J.M., Fouhy, Y., Lucey, J.F. and Ryan, R.P. (2006) The HD-GYP domain, cyclic di-GMP signaling, and bacteri-
al virulence to plants. Molecular Plant-Microbe Interactions, 19, 1378-1384.

Slater, H., Alvarez-Morales, A., Barber, C.E., Daniels, M.J. and Dow, J.M. (2000) A two-component system involving
an HD-GYP domain protein links cell-cell signalling to pathogenicity gene expression in Xanthomonas campestris.
Molecular Microbiology, 38, 986-1003.

Andrade, M.O., Alegria, M.C., Guzzo, C.R., Docena, C., Rosa, M.C.P., Ramos, C.H.l. and Farah, C.S. (2006) The
HD-GYP domain of RpfG mediates a direct linkage between the RpfG quorum-sensing pathway and a subset of
diguanylate cyclase proteins in the phytopathogen Xanthomonas axonopodis pv. citri. Molecular Microbiology, 62,
537-551.

Ryan, R.P., McCarthy, Y., Kiely, P.A., O’Connor, R., Farah, C.S., Armitage, J.P. and Dow, J.M. (2012) Dynamic

complex formation between HD-GYP, GGDEF and PilZ domain proteins regulates motility in Xanthomonas campe-
stris. Molecular Microbiology, 86, 557-567.



www.hanspub.org

INERHARAL A S BRRIR T EE R MRINSFE AT ZRFE. B2011FEIDLEE | IR—BRSERERE
KRR, BEERIMIZERFEAFREIIN , EEFHHEMAS0ZSFRh K SREBIENE FRIRXA , 7
WARERMNEIER |, HEARFRT AR,

IXETHRRAERERFTR (Open Access ) EBFHERTIETIRISEITE | HEVDRIFFEEITISMAMIDE , BB AL
BT EEAMN R ZREERTIRS | EAEm M ERRIRIRT  REARHMEAERHMATSIA. S5, (EEETIIEo

EHRE.

Hans Xl

L
HESEA

Hans iXili

Hans ixlli

= Rl

Finance
in Ron

Ny

[RR— Hans Xl

Pure Mathematics
"iw

My o

S

T

Hans Xl

Eilﬂll_jl

Hans Journal of Biomedicine

K Bt 95 WF 5

111111 1| [T

Hans X

n Management

EM%%@

Hans Xl

45

Modern Physics
oo

i

SN Hans Xl
LV/8N
QL LS
Ad in Psychology

Hans Xl

Eh

Smart Grid



http://www.hanspub.org/
http://www.hanspub.org/
http://www.hanspub.org/journal/ag/
http://www.hanspub.org/Journal/HJCET.html
http://www.hanspub.org/journal/csa/
http://www.hanspub.org/journal/ae/
http://www.hanspub.org/journal/fin/
http://www.hanspub.org/journal/sd/
http://www.hanspub.org/journal/pm/
http://www.hanspub.org/Journal/ACM.html
http://www.hanspub.org/journal/ass
http://www.hanspub.org/journal/bp/
http://www.hanspub.org/Journal/HJBM.html
http://www.hanspub.org/journal/jwrr
http://www.hanspub.org/Journal/MM.html
http://www.hanspub.org/journal/mp/
http://www.hanspub.org/journal/ap/
http://www.hanspub.org/Journal/SG.html

	Bioinformatics Analysis of Diguanylate Cyclases and c-di-GMP-Specific Phosphodiesterases from Xanthomonas Species
	Abstract
	Keywords
	黄单胞菌中c-di-GMP二鸟苷酸环化酶和磷酸二酯酶的生物信息学分析
	摘  要
	关键词
	1. 引言
	2. 材料与方法
	2.1. 序列来源
	2.2. 序列的搜索获取
	2.3. 多重序列比对及进化树构建
	2.4. 共线性分析
	2.5. COG功能分析
	2.6. GO功能分类

	3. 结果与分析
	3.1. 黄单胞菌中含有GG(D/E)EF、EAL及HD-GYP结构域蛋白编码基因的数量
	3.2. 黄单胞菌中含有GG(D/E)EF、EAL及HD-GYP结构域蛋白的进化图
	3.3. 四株水稻黄单胞菌的共线性分析
	3.4. 黄单胞菌中含有GG(D/E)EF、EAL及HD-GYP结构域蛋白的COG功能分析
	3.5. 黄单胞菌中含有GG(D/E)EF、EAL及HD-GYP结构域蛋白的GO注释分析

	4. 讨论
	致  谢
	参考文献 (References)

