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Supplementary Table 1. Detailed genome information of Huanglongbing-associated bacteria
and other related bacteria that were used in this study (Fig.1 & Fig. 2).

GenBank Accession

Species Strain Source Number Length (bp) Year Reference
Candidatus Liberibacter gxpsy Guangxi, China  NC_020549.1 1,268,237 2012 1
asiaticus
Candidatus Liberibacter psy62 Florida, USA  NC_012985.3 1,227,328 2010 2
asiaticus
Cand/datqs I‘_|ber|bacter Ad Guangdong, NZ CP010804.2 1,230,251 2019 3
asiaticus China —
Candidatus Liberibacter JXGC Jiangxi, China  NZ_CP019958.1 1225162 2017 s
asiaticus
Candidatus Liberibacter Ishi1 Okinawa, Japan  NZ_AP014595.1 1,190,853 2014 5
asiaticus
Candidatus Liberibacter AHCA1 California, USA  NZ_CP029348.1 1,233,755 2018 5
asiaticus —
Candidatqs Liberibacter PTSAPSY Pretoriq, South NZ CP004021.1 1,192,232 2012 7
africanus Africa —
Candidatus Liberibacter zC1 Texas, USA  NC_014774.1 1258278 2010 8
solanacearum
Candidatus Liberibacter o, py g SaoPaulo,  \o 99793 1 1195201 2013 9
americanus Brazil -
Candidatus Liberibacter NZ1 Canterbury, New PSQJ00000000.1 1,331,154 2018 10
europaeus Zealand
Liberibacter crescens BTO P”esgARico' NZ_CP010522.1 1522119 2015  Not available
Liberibacter crescens BT1 Puerto Rico, N5 019907.1 1,504,659 2012 1

USA




Supplementary Table 2. Genomic positions of the identified Liberibacter prophage loci."

Species Strain Accession LC1 LC2 sC uT
Number start stop start stop start stop start stop
gxpsy  NC_020549.1 1118314 1137878 1325780 120950% 4173699 1185042
Candidatus psy62 NC_012985.3 1132029 1149043 1196268 9590 1184862 1195729
Liberibacter A4 NZ_CP010804.2 1129881 1146896 1194901 3341 1182715 1194055
asiaticus JXGC NZ_CP019958.1 1129886 1149448 1196849 3320 1185268 1196611
Ishi1 NZ_AP014595.1 1127556 1144572 1180544 1788
AHCA1 NZ_CP029348.1 1129943 1149509 1200706 3333 1185334 1196215
Candidatus PTSA-
Liberibacter PSY NZ_CP004021.1 26536 48147 449353 488428
afticanus
Candidatus 176477 216722
Liberibacter ZC1 NC_014774.1 814348 832703
solanacearum 1214438 1257724
Ezndlgatus Sao NC 0227931 1o 633 749038 787835
iberibacter 793. 555495 576335
americanus Paulo 788985 806744
PSQJ01000004.1 44516 62901
Candidatus PSQJ01000015.1 1 16745
Liberibacter NZ1 PSQJ01000003.1 1 13653
europaeus PSQJ01000006.1 173 39658
PSQJ01000005.1 20427 41563
PSQJ01000013.1 195 3703
Liberibacter BTO NZ_CP010522.1 588495 601703 898955 916810
crescens BT1 NC_019907.1 544655 557864 850693 868545

" The shading blocks indicate that bacteria do not harbor the corresponding prophage loci.



Supplementary Table 4. A list of representative genes that were gained in the ancestor of
pathogenic Candidatus Liberibacter species.

Ortholog Groups

Domain Architecture

Represenfative Length Definition (Pfam + novel domains) Function Annotation
Accession
Toxins/effectors
WP_012778667.1 311 hypothetical protein PD+Ntox52 Ntox52 is distantly homologous
WP_012778668.1 459 hypothetical protein PD+Ntox52 to the EspG/VirA effectors
ilv12
WP_015452837.1 304  hypothetical protein SP+EEP S EEP family™ (see
upplementary Figure 6)
. Homologous to alpha-toxin and
WP_015452856.1 163 metal-dependent hydrolase YdjM the Het-C toxin domain'®
Transporters
WP_012778500.1 201 SCO family protein SP+SCO1-SenC per'p'as”g)'fof;ﬁ’i?r binding
WP_012778517.1 118 EamA family transporter SP+EamA small m“'z‘r’;‘s’ir:es'“a”ce
WP_012778542.1 491 NTP/NDP exchange transporter SP+TLC NTP/NDP transporter
WP_015452442 .1 260 metal ABC transporter permease ABC-3 lon ABC transporter
WP_015452443.1 240 g‘riiae'l ABC transporter ATP-bindiNg ABC_tran Metal ABC transporter
WP_015452444.1 294 ;irr(‘)‘:e’?nBC transporter solute-binding  gp, 7 A Zinc ABC transporter
i 15
WP_102134465.1 418 peptidase SP+Pept|dase__M75 Iron transporter_ (see
(wrong annotation) Supplementary Figure 8)
WP_015452664.1 314 cation transporter Cation_efflux Cation transporter
WP_015452813.1 202 LysE family translocator LysE Lysine translocator
WP_015452909.1 242 outer membrane beta-barrel protein ~ SP+beta-barral A beta barrel membrane protein
WP_015452959.1 225 hypothetical protein SP+ beta-barral P
WP 015452999.1 420 dicarboxylate/amino acid:cation SDF Sodium:dicarboxylate
- ! symporter transporter
WP_015452595.1 195 g‘z%it;ans"mer substrate-binding  gp,spp pac 6 ABC transporter
WP_015824913.1 107 hypothetical protein SBP _bac 8 periplasmic iron-binding protein
Enzymes for DNA/RNA synthesis and regulation
DUF4011+AAA_11
WP_109298658.1 1781 DUF4011 domain-containing protein  +RNA-Helicase_SFI Replication/transcription
+REase_AbiJ-DUF2726
RsmB/NOP family class | SAM- | 16S rRNA (cytosine(967)-C(5))-
WP_015452495.1 445 dependent RNA methyltransferase NusB+Methyltr_RsmB-F methyltransferase '°
35exo0 RnaseT.1 exodeoxyribonuclease |
WP_015452499.1 471 exodeoxyribonuclease | +Exonuc X-T C involved in DNA recombination
= and repair "7
WP_015452977.1 83 :‘:;'S[;‘t‘g?'he"x transcriptional HTH franscriptional factor
WP_015452998.1 483 deoxyribodipyrimidine photo-lyase ?F'ﬁapﬁﬁt&'ﬁss? DNA photolyase '@
Enzymes for small molecule metabolism
glycoside hydrolase™ (see
WP_015452887.1 171 lysozyme Phage_lysozyme Supplementary Figure 9)
WP_015452479.1 250  5Y3-nucleotidase SurE SurE Survival protein; metal-
dependent phosphatase
WP_015452406.1 216 MBL fold metallo-hydrolase Mbetalac betarlactamase; antibiotic
WP_015452826.1 152 acyl-CoA thioesterase 4HBT thioesterase 2
WP_015452942.1 298 polyprenyl synthetase family protein  polyprenyl_synt polyprenyl synthetases
Transmembrane proteins
WP_012778543.1 61 hypothetical protein ™ Transmembrane protein
WP_015452822.1 151 hypothetical protein TM+TM Transmembrane protein
WP_015452847 .1 302 DUF4065 domain-containing protein DUF4065+TM+TM Transmembrane protein
WP_047263992.1 119 hypothetical protein TM+Unknwon region Transmembrane protein
Function unknown proteins
. . May be a novel toxin (see
WP_015452797 .1 229 hypothetical protein SP+4Cys Supplementary Figure 10)
WP_012778451.1 98 hypothetical protein DUF167
WP_047263804.1 189 hypothetical protein DUF6456




Supplementary Figure 1. Gene Ontology analysis (in the category of biological processes) of genes that were lost in
pathogenic Liberibacter bacteria using the Blast2GO program.
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Supplementary Figure 2. The maps of KEGG pathways whose components were lost in
pathogenic Liberibacter bacteria.
a. KEGG pathway of Phenylalanine, Tyrosine and Tryptophan biosynthesis.
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b. KEGG pathway of Histidine metabolism.

HISTIDINE METABOLISM
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c. KEGG pathway of Pantothenate and CoA biosynthesis.
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d. KEGG pathway of Purine metabolism.
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e. KEGG pathway of Novobiocin biosynthesis.
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f. KEGG pathway of Thiamine metabolism.
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g. KEGG pathway of Cysteine and Methionine metabolism.
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h. KEGG pathway of Arginine and Proline metabolism.
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KEGG pathway of Nicotinate and Nicotinamide metabolism.
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KEGG pathway of Tyrosine metabolism.
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k. KEGG pathway of Glycerophospholipid metabolism.
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I. KEGG pathway of Fatty acid biosynthes

is.

FATTY ACID BIOSYNTHESIS
G

et Cob ¥ Milsate

-~ Pyrwvate metabolism
Welongi.Cob ¥ |

¥ F
sceyt e L)
FBSN
FAs2
Fas
), 3.0x0- 300
() Acstoacetyl 3-Oxonctanoyl 3-0 dod tetradscanoyl- 3-Oxohexade canoyl- facg] F-Oxonctadecancyi-[acy]
& [of] [acp] & [aop)] [acpl 5] A A
FabC Fabr | FASN || FanG: FASN || FaG FASN || Fais FASN || FanG:
CER4 Fi52 || CERA4
FEDITES] Fas _||EGDLTE
¥
(R)-3-Hyoxy R}-3 Hyelroxy- (R)-3-Hyrdroy R}-3-Hyedroxy R)-3 Hydioxy (R)-3-Hyrdroxy
Sbstinoyt el e ] et ] S 2 By g L § sctadeednogt fegd
Fabh Fabhs FASN || Fabh Fabh
FiS1 || Fabz
Fas || HTDZ
¥
But ox- frans-Clet- o xadec-
§ enost-farg] el Leng fary] Tacrl el trans Octudsc Z-enoylfae ]
— Fabl
FASH
Fas1
Fas Fauv Faal
| MECE | [ MECE. | Hexa- Octa-
. ). ¥ :Id_e;emylr[acp] decenoyhfacy]
O [ - o CO===x] 114192 »0 o
Butyryl-lacy] Hexano-fecy] Ortanogd-farg] Decanoyk-laet] Dodecancy-laef] Hexa-
53314 [acpl decanop-[acy]
[Eesn][312.4] (s ][312.14])
b }
-enogl-[acy] '
Hexadeoanoic o o 9
Octanpic acid Decanoic acid Dodecamois acid asid Hexadecenoicarid  Octadecanoic acid  Oetadscenoic acid
| |
v |
o] |
} El o metabolism
- (e metaholism
e ~Cmpetorer)
General forms Typel FAS TypeLIFAS
{Animals, Fungi, Bacteria) (Basteria, Flants) In mitoehondria (& rimals, Fung)
AcetslCak etk Cob eetylCob
r o el ©
Initistion I © Ialorgd-Coks O Malengt-Cos O#— 621~ F—O Malonate
Whalonyl-Cot O ACP O ACP
Fal [23.1.39 Aoty e MCT1[23139] MCAT
o
O Malongd- [acy] O Malonyl- [acg]
11:: ig - [acH] 5[]
= FabF OESM| CEML
¥
FASLI2
O 5 Oxoaryl-[acy] O 3-Oxoacyl-[acy]
FsH G5 i-feey] - [acd
Fab
T (0.3 Hyrtoey- & (R)-3-Hymhoxy
Elongation sy foe] aeyifecy]
cyele
Ebl HTD?
O trazs 2-Enogh [argl] O trans 2-Evayi-faryd
L Long-
L " —
| |
Long-chain I h. I ‘
o ’
Tomination Longcta } onechaa } ¥
Octanayt [aep]
M
Long-chain soylfacy] Long-chain acyl-facy]
L S (Hexadecamogl faeyl)
Long-chainacyl-CoA. Long-chainacyl-Cos
00081 52500

() Kanehusa Laboratories




Supplementary Figure 3. Multiple sequence alignment (MSA) of the PD domain. The
sequences in MSA are labelled by their species abbreviation followed by NCBI accession
number. The secondary structure predicted by JPRED is shown above the MSA, while the
consensus result calculated by a custom perl script is displayed below the MSA. The MSA was
colored according to the consensus in 80% of the sequences based on 7 amino acid classes
(see Methods section for details). Coloring theme: the amino acid involved in either catalytic
activities or specific function is highlighted in red background with white font color and bold font
style; any amino acid present above the threshold is highlighted in black background with white
font color and bold font style; hydrophobic (h) in yellow background with bold font style; aromatic
groups (a) in orange background with bold font style; big amino acids (b) in light grey
background with bold font style; small amino acids (s) in green background with bold font style;
polar (p) group in blue background with bold font style; charged (c) amino acids in pink
background with bold font style. The sequence, CLaf WP_148407341.1, consist of two protein
sequences, WP_052775023.1 and WP_148407341.1, which originated from the same gene in
C. Liberibacter africanus.
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Supplementary Figure 4. Multiple sequence alignment (MSA) of the Ntox52 domain. For

coloring themes refer to the Supplementary Figure 3 legend.
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Supplementary Figure 5. Multiple sequence alignment (MSA) of the beta-sandwich

domain associated with the YdjM domain. For coloring themes refer to the Supplementary

Figure 3 legend.

Secondary Structure

Tfra WP_051965836.
Ssil WP_094604719.
Opfe WP _054876990.

Nbac_MBI5406191.1
Nbac_ MBI4823699.1
Ntru OWZzZ84931.1
Maby GGE26688.1
Fbac_PKM87113.1
Fbac_NPV27839.1

Dlac_WP_073029145.
Dalk WP_031517982.

Dbac_MBI5328482.1
Cend_RKP58239.1
Cbac_PLX31380.1
Cbac_NLI60421.1
Cbac_HHZ17469.1
Cbac_NLT94498.1

Cfer WP_028051626.

Bace AY029893.1

Pant_WP_138192560.

Consensus/80%

1
1
1

-

—

Secondary Structure

Tfra WP_051965836.
Ssil WP_094604719.
Opfe_WP_054876990.

Nbac MBI5406191.1
Nbac_MBI4823699.1
Ntru OWZ84931.1
Maby_ GGE26688.1
Fbac_PKM87113.1
Fbac_NPV27839.1

Dlac_WP_073029145.
Dalk WP_031517982.

Dbac_MBI5328482.1
Cend RKP58239.1
Cbac_PLX31380.1
Cbac_NLI60421.1
Cbac_HHZ17469.1
Cbac_NLT94498.1

Cfer WP_028051626.

Bace AY029893.1

Pant WP 138192560.

Consensus/80%

1
1
1

-

-

EEEEEEEEE EEEEEEEE EEEEEEEE
FIVEKK---EKYYT|

FVVETK---DQY.

EEEEEEEE IHHHHHHHHH IHHHHH
-LP--STLQVEGVYYKRN---SVPPGLLNIALQAE-PT
VGLLQ--QFLTIHTKFTKQ----TLSPATQEAHKTV-LGE.
INFLY--HRVRVFDIFKGQ----- DDGIEEHVLKSR-T KE)

TNLSPNYHVTMKSDE--GRIILEG
KEIJS PHY HVEWTKDG- - DNHKAVI
GETPLYHIKCEKLG--DKFICHF
LD} FPWYSIEKQD--QODTVIKW
LN} FTYVKVKDTP--EGRKIYL
KSIITPFYYIDLIRKG--EYFYVQF
***** SSPLIEKSKRHP-AVAS|JLSIgSSHPCPHEERRG--SETIVRW
....... p.hhp.sbps...sphF..Fs.a.hhphppps....bbhpb

GDEYTATI}YTV--NWS
.ph.hbPs. .bsb.pWpbhhppp. ...

EEEEEE

EEEEEEEEE EEEEEEEE
RD-YHPFFATVTLNONLQITGACLGK

T NI TLKG-EFLHHATITYDEKMNILEEKFNP

8N LKD-RFLHSATVIVSEEGDLLEGLFHP
LpANOHRK -QY PFLAVVKYNANKEPVESYVGHW
hDLRYbhp. .pb.a.shhbbspphph.p..b..

HHH - alpha helix

EEE - beta strand



Supplementary Figure 6. Multiple sequence alignment (MSA) of the Exonuclease-
Endonuclease-Phosphatase (EEP) (PF03372) family. For coloring themes refer to the

Supplementary Figure 3 legend. The sequence, CLas_ WP_015452829.1, consist of two protein
sequences, WP_015452829.1 and WP_015452830.1, which originated from the same gene in

C. Liberibacter asiaticus.
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Supplementary Figure 7. Phylogenetic relationships of the Liberibacter EEP related
sequences and other known EEP enzymes.
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Supplementary Figure 8. Multiple sequence alignment (MSA) of the potential transporter
(which is wrongly annotated as Peptidase_M75, PF09375). For coloring themes refer to the
Supplementary Figure 3 legend.
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Supplementary Figure 9. Multiple sequence alignment (MSA) of the Phage_lysozyme
(PF00959) family. For coloring themes refer to the Supplementary Figure 3 legend.
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Supplementary Figure 10. Multiple sequence alignment (MSA) of a new protein family

which contains four conserved Cysteines. For coloring themes refer to the Supplementary

Figure 3 legend.
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