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Extensive domain shuffling in transcription regulators of DNA
viruses and implications for the origin of fungal APSES
transcription factors
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Abstract

Background: Viral DNA-binding proteins have served as good models to study the
biochemistry of transcription regulation and chromatin dynamics. Computational analysis of viral
DNA-binding regulatory proteins and identification of their previously undetected homologs
encoded by cellular genomes might lead to a better understanding of their function and evolution
in both viral and cellular systems.

Results: The phyletic range and the conserved DNA-binding domains of the viral regulatory
proteins of the poxvirus D6R/N1R and baculoviral Bro protein families have not been previously
defined. Using computational analysis, we show that the amino-terminal module of the D6R/N1R
proteins defines a novel, conserved DNA-binding domain (the KilA-N domain) that is found in a
wide range of proteins of large bacterial and eukaryotic DNA viruses. The KilA-N domain is
suggested to be homologous to the fungal DNA-binding APSES domain. We provide evidence for
the KilA-N and APSES domains sharing a common fold with the nucleic acid-binding modules of
the LAGLIDADG nucleases and the amino-terminal domains of the tRNA endonuclease. The
amino-terminal module of the Bro proteins is another, distinct DNA-binding domain (the Bro-N
domain) that is present in proteins whose domain architectures parallel those of the KilA-N
domain-containing proteins. A detailed analysis of the KilA-N and Bro-N domains and the
associated domains points to extensive domain shuffling and lineage-specific gene family expansion
within DNA virus genomes.

Conclusions: We define a large class of novel viral DNA-binding proteins and their cellular
homologs and identify their domain architectures. On the basis of phyletic pattern analysis we
present evidence for a probable viral origin of the fungus-specific cell-cycle regulatory
transcription factors containing the APSES DNA-binding domain. We also demonstrate the
extensive role of lineage-specific gene expansion and domain shuffling, within a limited set of
approximately 24 domains, in the generation of the diversity of virus-specific regulatory proteins. 
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Results and discussion
Identification of the KilA-N domain in diverse viral
proteins and its potential relationship to APSES and
LAGLIDADG domains
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Table 1

Distribution of KilA-N, Bro-N and associated conserved domains in viral and cellular proteomes 

Organism Host, if phage or virus Domain architectures

NCLDVs, baculoviruses Eukaryotes KilA-N solo (AMV, FPV)
KilA-N + Bro-C (AMV, CIV, FPV)
KilA-N + T5ORF172 (CIV)
KilA-N + RING finger (chordopoxviruses); ectromelia p28 [12]
KilA-N + CCCH + RING finger (FPV)
Bro-N solo (MSV, AMV, HzNV, LdNV, XnGV)
Bro-N + Bro-N (CnBV, CpGV, PxGV)
Bro-N + T5ORF172 (CIV, MSV, ESV, baculoviruses)
Bro-N + Bro-C (AMV, baculoviruses); BroA, BroD of BmNV [10]
Bro-N + Bro-N + Bro-C (HaNV)
Bro-N + VSR nuclease (MSV, CIV)
Bro-N + Bro-N (CnBV, CpGV)
Bro-N + Bro-C (AMV, baculoviruses)
MSV199 solo (MSV)
MSV199 + T5ORF172 (AMV, MSV, CIV)
MSV199 + UVRC (CIV)
MSV199 + Bro-C (CIV)
Bro-C solo (CIV, DpAV4, AcNV, BmNV, EpNV, LdNV, LsNV, MbNV, OpNV)
T5ORF172 solo (CIV, LdNV)

Proteobacteria - KilA-N solo (N. meningitidis, X. fastidiosa)
Bro-N solo (N. meningitidis, X. fastidiosa, Pseudomonas aeruginosa)
Bro-N (2/3 copies) + XF1559 (X. fastidiosa)
XF0704 + Bro-N (X. fastidiosa)
Bro-N + P22AR-C (Escherichia coli)
KilA-C solo (E. coli)
�31-ORF238N + P22AR-C (Haemophilus influenzae)
�31-ORF238N + wHTH (N. meningitidis)
XF0704 solo (X. fastidiosa)
XF1559 solo (X. fastidiosa)
RHA solo (Pasteurella multocida)
RHA + D3ORF11-C (H. influenzae)
RHA + ASH (Shigella flexneri)
D3ORF11-C + P22AR-N (E. coli)
bIL285ORF6-N solo (E. coli)
ASH solo (E. coli, S. flexneri)
T5ORF172 solo (N. meningitidis)

Low-GC Gram-positive bacteria/ - Bro-N solo (Streptococcus pyogenes)
Firmicutes Bro-N + HTH (S. pyogenes)

Bro-N + KilA-C (S. pyogenes, Staphylococcus aureus)
RHA solo (Streptococcus pneumoniae)
�31-ORF238N + KilA-C (S. pyogenes, S. aureus)
�31-ORF238N + �SLT-orf81a (Clostridium acetobutylicum)
T5ORF172 solo (Bacillus subtilis)
KilA-C solo (Lactococcus lactis)

High-GC Gram-positive bacteria - Bro-N solo (Streptomyces coelicolor)

Phages BP7888, BP933W, Escherichia coli Bro-N solo (BPN15)
BPHK97, BPN15, BPHK620, KilA-N + KilA-C; phage P1- KilA [14]
BPHK022, BP�-R73 BPP22, KilA-N + D3ORF11-C (BPHK620)
BPH-19B, BPP1, BPP4, BPP27, KilA-N + p63C (BP933W, BPHK97)
BP�80, BPT5, BPVT2-Sa RHA solo (BP�80); BPP22 ORF 201 [47]

RHA + KilA-C (BPHK022, BP933W, BPP1, BPH-19B, BPHK97, BPHK620, 
BPVT2-Sa); Reduced on IHF- (ROI) [48]
KilA-C solo; bacteriophage P1 antirepressor Ant1/Ant2 [49]
�31-ORF238N + P22AR-C (BP933W, BPVT2-Sa) 
D3ORF11-C + P22AR-N (BP933W, BP7888)
ASH solo (BPP4, BP�-R73, BPN15)
bIL285ORF6-N + P22AR-C (BPVT2-Sa)
T5ORF172 solo (BPT5, BPP27)

Phage P22 Salmonella typhimurium P22AR-N + Bro-N + P22AR-C; BPP22 antirepressor [33,34] 
RHA + D3ORF11-C [46]
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Table 1 (continued)

Organism Host, if phage or virus Domain architectures

Phage APSE-1 Buchnera aphidicola RHA (solo)
Bro-N (solo)

Phage D3 Pseudomonas aeruginosa KilA-N + D3ORF11-C

BP�PV83, BP�ETA, BP�SLT Staphylococcus aureus Bro-N + KilA-C (BP�PV83)
�31-ORF238N + KilA-C (BP�ETA)
�SLT-ORF81a solo (BP�SLT)
RHA solo (BP�SLT)

BPbIL285, BPbIL286, BPbIL311, BPbIL309, Lactococcus lactis Bro-N + KilA-C (BPR1T, BPBK5-T, BPLL-H, BPbIL309)
BPpi3, BP�31.1, BPTP901-1, BPR1T, KilA-C solo (BPR1T)
BPBK5-T, BPLL-H, BPTuc2009 RHA solo (BpbIL310, BPbIL311)

�31-ORF238N + bIL285ORF6-C (BPpi3, BPTuc2009, BPbIL286, BP�31.1)
bIL285ORF6-N + bIL285ORF6-C (BPbIL285, BPTP901-1)

LcBPA2 Lactobacillus casei Bro-N solo

BPTP-J34, BPSfi21 Streptococcus thermophilus �31-ORF238N + KilA-C

BPA118 Listeria monocytogenes �31-ORF238N + KilA-C

BPSp�c2 Bacillus subtilis RHA + KilA-C

BPMx8 (Myxococcal phage) Myxococcus xanthus Bro-N + p63C



�0�� ��������� 9=���	� 4�:�� ����������� ����� ���
� ����� ������	
��� �������,	�,�	����+�8����B*�*���������,	�� �,���
�!���
�,� ��� � #��� ��1��� ��� ���� ������ 0���� 	�������	
� 	������
�������	�����������/,	�������������@4����*��	���������������

 ����  
 ��� ��� 
����� 3$C�$?6+� 8��� ��1��� �� 	����������,� 0���
�����B*�*����������������������	�0�������������� �����#��
!������� !
� ���� #?><�4>� ,	������ 34$6�� ��������� ����� ���
����-�� ������� ��� �� ,	�������
� ������ ���� #��-!������

co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2002/3/3/research/0012.5

Figure 1
Sequence and structural analysis of the KilA-N domain. (a) Multiple alignment of KilA-N and APSES domains. Sequences are designated by their gene
name, followed by species abbreviation and the Genbank index (gi) number. Species abbreviations are listed in Materials and methods. The coloring
reflects the conservation profile at 80% consensus of amino acids. h, hydrophobic residues (L,I,Y,F,M,W,A,C,V in the single-letter amino-acid code);
a, aromatic residues (F,H,Y,W); and l, aliphatic residues (L,I,A,V), all shaded yellow. c, charged residues (K,E,R,D,H); +, basic residues (K,R,H); -, acidic
residues (D,E); and p, polar residues (S,T,E,D,R,K,H,N,Q), all colored magenta. s, small residues (S,A,C,G,D,N,P,V,T) colored green. b, big residues
(L,I,F,M,W,Y,E,R,K,Q) shaded gray. Further grouping of sequences is based on the association of KilA-N with other domains as follows: 1, fused to KilA-C;
2, fused to D3ORF11-C; 3, fused to Mx8p63C; 4, fused to T5ORF172; 5, fused to Bro-C; 6, fused to a CCCH domain and a RING finger; 7, fused to a
ring finger. (b) Structural comparison of the APSES, LAGLIDADG and tRNA splicing endonuclease (TEN) domains. The ribbon diagrams were drawn
using Molscript.

Sec. Structure     ˚ ˚     EEEEEEEE....EEEEEE.....EEEEE................HHHHH.HHHHHHHHH........................EEEEEE..........EEEEEHHHHHHHHH.......................
NMA1544_Nm_11290039      7 LIPRVESG---EIIPQRMSD---GYINATALCKSVG----KSYSDYRQLQSTNHFLNELKAQTGLS----------------EQQLIQQRIGGEPS-LQGSWVHPYLAINLAQ------WLSPAFAVKVSTWVHEW 109
NMB0900_Nm_11281012      2 NVSVLNFG---NTPVSFRQD---GFLNATAIASHFG----KLPKDYLKSEQTQQYISALAENLSVRRKI-------------LTEANQIVIVKRGGSEQGTWLHPKLAIHFAR------WLNPKFAVWCDEQIEIL 108
AMV132_AMV_9964446      13 NYWCLHIN---DFNLIYNKKL--NLYNASRVCDIYE----KNIHIWLE-ENYDYTIKYLKIKE-------------------INDHVSIINNNKESSLNGLYVSEHILLGISI------WISEECYYKCINIILHN 113
KILA_BPP1_125404        21 STTLPVIC---GVEITTDRA---GRYNLNALHRASGLGAHKAPAQWLRTLSAKQLIEELEKE--------------------TMQNCIVSFEGRGG---GTFAHELLAVEYAG------WISPAFRLKVNQTFIDY 121 > 1
HKBK_BPHK620_13559861    1 -MKAITLF---NTPIRVDES---GMICLTDMWKASGKSESESPYHYLRNKQTKEFLAELEK---------------------NHESVVFTERGVHG---GTYGGKFVAYDYAA------WLNPGFKYAAYKVLDDY  99 \ 2
Orf11_BPD3_9635595      16 NVIPFHYQ---GKPVRFNSD---GWINATDIAAAHG----MRLDNWLRNKETEAYIEALARHLNTS----------------DSRDLIRGQRGRGG---GTWLHPKLAVAFAR------WISPDFAVWADLHIDAL 116 /
XF2294_Xf_11345968      19 TTQQLAIN---SLPIR-EQD---GLYSLNDFHKASGGAVRHRPSEFLRLDKTKALVVELTNSPEFVSSIKGG----------APHLFVRKEKGRAG---STFACRELAIAYAS------WISPAFQLKVIRVFLAS 128
Gp73_BPHK97_9634189      3 NIIPIDFE---GHPMRFSDD---GWFDATAAADKFN----KEPAQWLRLPETVRYIEALKSRYGNI----------------TYVKTSRARKDRGG---GTWLHPKLAVRFAR------WLSVDFEIWCDEQIDAI 103 > 3
CIV315L_CIV_15079027    15 NFYYGLFR---DFKLVVDKNT--ECFNATKLCNSGG----KQFRQWTRLEKSKKLMEYYSRRGSQQ----------------MYEIKGDNKDQLVTQTTGTYAPIDFFEDIKR------WIQLPKASSASGVVYVV 119 > 4
FPV124_FPV_9634794      14 RFCYIKYD---KFDLIMMKEN--RFINATKLCKLGG----KDFHRWKRLDGSKELMIKVNEMNEMWKSAPPPPDLGGI----IIEVNGSNQYTEYD-IAGSYVHQDLIPHIAS------WISPLFALKVSKIISCY 129 \ 5
AMV112_AMV_9964426      14 SYYYGLFG---DFKLVIDKTT--GCFNATKLCNLSG----KRFRNWIRLDRSKQLLKYMENYRSSYVSVG------------FYEVKGDNNNKTSKEITGQYVPKEVILDISS------WISVEFYLKCNDIIINY 122  |
AMV024_AMV__9964338     14 SYYYGLFG---DFKLVIDKTT--GCFNATKLCNLGG----KKFKQWKRLEKSQELIDYIKNNRGGDPHPG------------FYETKGDNKDENVKKITGCYVPKEVILDISS------WISVEFYLKCNDIIINY 122  |
CIV006L_CIV_15078718    15 TFYKGLFG---DFPLIVDKKT--GCFNATKLCVLGG----KRFVDWNKTLRSKKLIQYYETRCDIKTESL------------LYEIKGDNNDEITKQITGTYLPKEFILDIAS------WISVEFYDKCNNIIINY 123  |
CIV313L-CIV_15079025    15 NFYYGLFG---DFKLVVDKNT--ECFNATKLCNSGG----KRFRDWTKLEKSKKLMEYYKGRRDDHRGGSN-----------FYEVKGDNKDDEVSKTTGQYVKKELILDIAS------WISTEFYDKCNQIVIDF 124  |
AMV110_AMV_9964424      14 SYYYGLFG---DFKLVIDKTT--GCFNATKLCNLGG----KQYRDWKRLEKSKELIKTLINVRRENSRVW------------EYNIISNNNHEIHKQYTGYYVSKDLILDIAS------WIAPEFYLKCNDIIINY 122  |
AMV100_AMV_9964414      13 TFYSAHIN---SYQLVIDKKT--GFFNASYVCIKNY----RKINNWLNNKKTIKLIKYYMNLLNNKNN--------------NNNKIKYKIVDKYDNINGIYLHPILLNHLLD------WINIKINNKYN--IIDY 117 /
FPV161_FPV_9634831      14 GFLILYYD---SIEIIVMSCN--HFINISALLAKKN----KDFNEWLKIESFREIIDTLDKINYDLGQRYCEEPYGASHSSVIIEVKASNLIDDRTA--GFYVHKDLIPYILT------CISIPFSLKVVRVLDTY 132
FPV236_FPV_9634906      26 YFMSMKLL---DVEVVIMRSN--GFVNITRLCNLEG----KDFNDWKQLESSRRLLNTLKDNNKLH----------------DPIINIRHTRIKIN---GEYVSQLLLDYVIP------WISPYVATRVSILMRYY 127
FPV155_FPV_9634825      14 EFCYIQYS---GFHLVMMISN--CYINASKLCDT------KDFKKWLRLDSSLSLLQEIENTNFPSEKKFSIKNS-------KSVIILEKYYHEEVE--GYYIHPDILPHIVG------WLSPTFAISMSKFINGY 123
FPV159_FPV_9634829      11 KFSYIIYD---KIKIIIMKSN--NYVNATRLCELRG----RKFTNWKKLSESKILVDNVKKINDKTNQLKTDM---------IIYVKDIDHKGRDTC--GYYVHQDLVSSISN------WISPLFAVKVNKIINYY 120
FPV248_FPV_9634918      11 NFCKLSYE---DIEIIMMKEN--EYINATRLCSSRG----RDILDWMSKESSVELINELDRINRSCNDYYD-----------YRGIVLNVVSDSETS--ELYVHRDLILHISH------WISPLFSLKVVKFINSY 118
FPV163_FPV_9634833      14 HFCYIKYD---GITLTMMKDN--GYINATQLCMLGN----KDFKEWIKLDHSIELIKEIEKNINKETTKYVKAVIS------VRSDYYNSETSNDIK--GFYIHGNIMPHICA------WISSKFAIKVSNIVHNY 126
FPV075_FPV_9634745      14 NFCFINYA---NIEVIMLKYN--GYINATKICDLGN----KNFRQWCRLESSKKLIKTLNYKNGIYNKAVL-----------EIGLASNSAYKYELV--GTYVHIDLVPHIIC------WVFPSIALNFSKILNSY 121
FPV157_FPV_9634827      34 SFDSIKYR---DIKVIIMKNN--GYVNCSKLCKMRN----KYFSRWLRLSTSKALLDIYNNKSVDN----------------AIVKVYGKGKKLIIT--GFYLKQNMIRYVIE------WIGDDFTNDIYKMINFY 136 > 6
FPV150_FPV_9634820      12 EYRVIEDN---GFSIILLKHT--EYINVTKLCKIHN----KEFYRWKRLISAGRIIETVSRDISNQGFE-------------SPLVYVNRKGNKEFY--GFYAHPQLALYIAK------WISEDIFNKIKHLINSY 117 \ 7
p28_EV_1360841          19 LQYIDEPN---DIRLPVCIIR5TYFINITKINPDLA----NQFRAWKKRIAGRDYMTNLSRDTGIQQSK-------------LTETIRNCQKNRNIY--GLYIHYNLVINVVI-----DWITDVIVQSILRGLVNW 131  |
D6R_VAR_885801          19 LQYIDEPN---DIRLTVCIIQ5TYYINITKINPHLA----NQFRAWKKRIAGRDYMTNLSRDTGIQQSN-------------LTETIRNCQKNRNIY--GLYIHYNLVINVVI-----DWITDVIVQSILRGLVNW 131 /

1MB1_Sc_3402004         13 VDVYEFIH---STGSIMKRKK-DDWVNATHILKA---------ANFAK-AKRTRILEKEVLK--------------------ETHEKVQGGFGKYQ---GTWVPLNIAKQLAEKFSVYDQLKPLFDFTQTDGSASP 111 \
MBP1_Kla_729994         14 VDVYEFIH---PTGSIMKRKA-DNWVNATHILKA---------AKFPK-AKRTRILEKEVIT--------------------DTHEKVQGGFGKYQ---GTWIPLELASKLAEKFEVLDELKPLFDFTQQEGSASP 112 |
PCT1_Sp_11346262        16 VEVYECFI---KGVSVMRRRR-DSWLNATQILKV---------ADFDK-PQRTRVLERQVQI--------------------GAHEKVQGGYGKYQ---GTWVPFQRGVDLATKYKVDGIMSPILSLDIDEGKAIA 114 |
SCT1_Sp_464742          14 VEVFEYTI---NGFPLMKRCH-DNWLNATQILKI---------AELDK-PRRTRILEKFAQK--------------------GLHEKIQGGCGKYQ---GTWVPSERAVELAHEYNVFDLIQPLIEYS---GSAFM 109 |
SWI4_Sc_666106          45 TDVYECYIRGFETKIVMRRTK-DDWINITQVFKI---------AQFSK-TKRTKILEKESND--------------------MQHEKVQGGYGRFQ---GTWIPLDSAKFLVNKYEIIDPVVNSILTFQFDPNNPP 146 |
CC10_Sp_115906          75 MKYMELSC---GDNVALRRCP-DSYFNISQILRL---------AGTSS-SENAKELDDIIES--------------------GDYENVDSKHPQID---GVWVPYDRAISIAKRYGVYEILQPLISFNLDLFPKFS 173 |
EFG1_Cal_1169477       215 TLCYQVDA---NNVSVVRRAD-NNMINGTKLLNV---------AQMTR-GRRDGILKSE-----------------------KVRHVVKIGSMHLK---GVWIPFERALAMAQREQIVDMLYPLFVRDIKRVIQTG 310 |
Sok2_Sc_6323658        425 TLCYQVEA---NGISVVRRAD-NDMVNGTKLLNV---------TKMTR-GRRDGILKAE-----------------------KIRHVVKIGSMHLK---GVWIPFERALAIAQREKIADYLYPLFIRDIQSVLKQN 520 |
Phd1_Sc_6322808        197 TICYQVEA---NGISVVRRAD-NNMINGTKLLNV---------TKMTR-GRRDGILRSE-----------------------KVREVVKIGSMHLK---GVWIPFERAYILAQREQILDHLYPLFVKDIESIVDAR 292 |
MGF-1_Yaly_5139660     132 TLCFQVEA---RGICVARRED-NDMINGTKLLNV---------AGMTR-GRRDGILKGE-----------------------KLRHVVKAGAMHLK---GVWIPYDRALEFANKEKIIDLLFPLFVRDIKSVLYHP 227 |
AM1_Nc_1517923         127 SLCFQVEA---RGICVARRED-NAMINGTKLLNV---------AGMTR-GRRDGILKSE-----------------------KVRHVVKIGPMHLK---GVWIPFERALDFANKEKITELLYPLFVHNIGALLYHP 222 |
StuA_Eni_549002        140 SLCYQVEA---KGVCVARRED-NGMINGTKLLNV---------AGMTR-GRRDGILKSE-----------------------KVRNVVKIGPMHLK---GVWIPFDRALEFANKEKITDLLYPLFVQHISNLLYHP 235 |
SPBC19C7.10_Sp_7491471  49 LKCTNPES--KVPHFLMRMAK-DSSISATSMFRS----------AFPK-ATQEEEDLEMRW---------------------IRDNLNPIEDKRVA---GLWVPPADALALAKDYSMTPFINALLEASSTPSTYAT 146 |
G6G8.4_Nc_12802359      79 SGIFKSSP---PSYFLMRRSQ-DGYISATGMFKA----------TFPY-ASQEEEEAERKY---------------------IKSIPTTSSEETAG---NVWIPPEQALILAEEYQITPWIRALLDPSDIAVTATD 175 /
consensus/80%              .bh...b....s..h.h.bp...shhNhoplhp...........pa.+..ppp.hlp.b.............................p....p.....G.al..pbh..hsp......hl.s.h..ph...h...
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Figure 2
Domain architectures and architecture graphs of the KilA-N, Bro-N and other associated domains. (a) Domain architectures of the KilA-N, Bro-N and
other associated domains. Gene names and species abbreviations are given below the architectures. Species abbreviations are listed in Materials and
methods. (b) Domain architecture graph for the KilA-N, Bro-N and other associated domains. Each vertex represents a domain, and edges indicate
domain combinations. Arrows point from the amino terminus to the carboxyl terminus of a multidomain protein. Architectures involving more than two
colinear domains (see the three-domain proteins in (a)) are connected by red lines. Circular arrows indicate multiple copies of the same domain.
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Table 2

Domains identified in this study

Domain name Domain definition

Bro-N Amino-terminal domain of baculovirus BRO proteins

KilA-N Amino-terminal domain of phage P1 KilA

Bro-C Carboxy-terminal domain of BmNV BroA and BroD

KilA-C Carboxy-terminal domain of phage P1 KilA

T5ORF172 Domain present in ORF172 product of bacteriophage T5

P22AR-N Amino-terminal domain of the phage P22 antirepressor

P22AR-C Carboxy-terminal domain of the phage P22 antirepressor

Mx8P63C Carboxy-terminal domain of the Myxococcus phage Mx8 p63

XF1559 Carboxy-terminal domain of the XF1559 protein of Xylella fastidiosa

XF0704 Carboxy-terminal domain of the XF0704 protein of Xylella fastidiosa

D3ORF11-C Carboxy-terminal domain of ORF11 product of Pseudomonas aeruginosa bacteriophage D3 

RHA Domain present in the RHA protein of bacteriophage �81 

MSV199 Domain present in MSV199 of Melanoplus sanguinipes entomopoxvirus

bIL285ORF6-N Amino-terminal domain of bacteriophage bIL2850 ORF6

bIL285ORF6-C Carboxy-terminal domain of bacteriophage bIL2850 ORF6

P4ASH Domain present in the ASH protein of bacteriophage P4

�31ORF238-N Amino-terminal domain of bacteriophage �31.1 ORF238

ORF81a Domain present in ORF81a of the temperate phage �SLT of Staphylococcus aureus
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Figure 3 
Multiple alignment of Bro-N domains. The color scheme is as in Figure 1. The coloring reflects the conservation profile of amino acid residues at 85%
consensus. Further groupings described reflect domain architectures as follows: 1, fused to KilA-C; 2, fused to Mx8P63C; 3, fused to P22AR-C; 4, Xylella
fastidiosa specific Bro-N duplications and fusions; 5, fused to T5ORF172; 6, fused to Bro-C; 7, duplicated Bro-N fused to Bro-C; 8, fused to a VSR
nuclease; 9, duplicated Bro-N; 10, fused to a HTH. Species abbreviations are listed in Materials and methods. 

JPred Sec Str. Pred.       ..EEEEEE.......EEEEHHHHHH-HHHHHHH...............EEEEEE...............................EEEEE..HHHHHHHHHHHH.HHHH.....................
MSV226_MSV_9631397       2 EKVPFVIKK----DNETWYNMLDII-KILGYKKKL-HLHASLLNKNNKKKFYQLLTKNTL------------KNKYFKYTNVQKNRIFINEVALFYILLSSKKE-NAII--CKNYVFG--NLFKLENLNL 108
AMV055_AMV_9964369      38 NKSIDVIGT----LNNPWFCGKDVL-NILEYEKSSFKKILQRLKESYKKSYREILYKVGD-------------NLSPTLNGNNSKIIYINDSGLYTLIMNFNLN-NAIV--FKEYVI------------- 133
AMV262_AMV_9964576      15 KYNIYIYVDIK--TKLSYFISNDIL-KILTESTDN-IY--KYCEKSDIFKWINIHNNIP--------------------SNISDETILINKNGLNNIISKLNNE-KSNH--FRKWLND--IDINIIIKNE 113
SCGD3.15_Scoe_7480004   28 GARVRRLTMP---GGSHWFPAADVC-KELGYTTTR-KALLDHVPEEHRDSLETVTGSHSL--------------SIPAGRKWRRDLQLIDLQGLILLVNACTKP-ACAP--FKQWVA---EVVETVQREG 132
ORF1_Nm_12697190         9 GQEVRTLTI----DDEPWFVGKDVA-DILGYSKAR-NAIALHVDEEDALKQGIPT------------------------SGGTQDMLIINESGLYSLILSSKLP-QARE--FKRWVTS--EVLPAIRKQG 103
ANT_LcBPA2_6599316      11 GRQVRTVVV----DNEPMFVGKDIA-EVLGYSKPA-NAVNKYVPDKFKGVTKLMT------------------------PGGKQDFVVIAEPGLYKLVFKSDMP-NADE--FTDWVAE--KVLPSIRKHG 105
PA2423_Pa_11349554     110 QRLLRALLI----DDQAWFVLDDFA-RLIEHSQPE-QMLA-RLDDDQARRESLRSE-----------------------RGEDQAQWLISESGAYAALIYQQRG-DGGE--LRRWLSG--EVVPELRSAT 204
PA1153_Pa_11349113      15 HRVLRAVLL----DEEGWFVLSDLV-RLLGRYLGG-RAPAALCDEAPWPLATAEQRERLF5LERHLDTDQWRLAWLHDERHGPRQDCLVSESGLYALLWLAAPG-AARG--LRRWVSG--SVLPRLRSQS 137
SPy2128_Spy_13623111     9 GYTIRFVEH----QGEWWAVLADIA-KALDL-NPK--FIKQRLGDEVVSNNHVTDS-----------------------LGRQQEMLIVNEFGIYETIFSSRKK-EAKT--FKLWVFE--TIKQLRQSTG 102
ORF5_BPR1T_1353522      11 NLPVRTVLI----NDEPWFVGKDVA-IAIGYKNFR-DALKSHVKDKYKRESRITT------------------------PSGVQSVTVISEPGLYQLAGESKLP-SAEP--FQDWVYE--EVLPTIRSTE 105 \ 1
orf8_BPbIL309_13095813  11 IFNLDVKVD----GENILFSAEQAA-KAMGITQVK-NGK-EYVKWER-VNSYLPN------------------------SPEVGKGSFISEPMVYKLAFKANNA-VSEK--FTDWLAV--EVLPTIRKHG 103  |
orf9_BPphiPV_9635686    11 ELPVRTVEI----ENEPYFVGKDIA-EILGYARTD-NAIRNHVDSEDKLTHQFSA------------------------SGQNRNMIIINESGLYSLIFDASKQ8TARK--FKRWVTS--DVLPAIRKHG 113  |
ORF38_BPBK5T_14251162   11 NLPVRTVLI----NDEPWFVGKDVA-IAIGYKNFR-DALKSHVKDKYKRESRITT------------------------PSGVQSVTVISEPGLYQLAGESKLP-SAEP--FQDWVYE--EVLPTIRKHG 105  |
ORF291_BPLLH_1395130    13 RGISLPVKEV---GGQVYFEAEAAA-IGLGITT--------EVNGDTYVRWPRINSYLGF----------------ATSGKKIKKGDWITEPQFYKLAFKASND-VAEK--FQDWVAS--EVLPSIRKHG 109  |
SPy0980_Spy_13622137    11 FGEVRTATI----NNQIYFNLNDCC-QILELSNPR-KTIE-RLNKDG-VTTSDIID----------------------SLGRTQQANFINESNFYKLVFQSRKP-EAEK--FADWVTS--EVLPSIRKHG 105  |
SAV0855_Sa_14246624     11 ELPVRTLEV----DGEPYFIGKDVA-DILGYANGR-DALSKHVDEDDKKVLTSRNTTLE--------------------NLPNRGLTAVNESGLYSLIFSSKLE-SAKR--FKRWVTS--DVLPAIRKYG 109 /
p63_BPMx8_15320633      18 GSTRIRVVVDE--AGEPWFVAQDIA-HALEYRMAS-D-LTRLLKPHHLRTHAVRT------------------------NRGERSATIISEPAMYRAVFLSKSK-KAEP--FQEWVTS--DVLRSIRKTG 113 > 2
Z1818_Ec_12514734       18 DSEIRVINK----CGEPWFVAKDVC-DALALTNSR-KALTALDDDEKGVTLSYT-------------------------LGGEQNLSIVSESGMYTLVLRCRDA5VPHK--FRKWVTA--EVLPSIRKHG 116 > 3
gp30_BPN15_9630500      12 SHPIRVVLV----GGDPWFVALDIC-AALNIANPS-DALR-KLDHDEKLTLGLTE--------------------AQKLDRMAREVNVVSESGLYTIILRCRDA5TAWR--FRKWVTN--EVLPAIRKNG 114
P43_BPAPSE1_9633590      8 NTVLETISH----NGQIWFTSSVLA-KALQYSSSK-SV--TDLYHKNSDEFADHM---------------SKVVDSTTLGKSRNKTRIFSLRGAHLIAIFSRTP-VAKE--FRKWVLD--ILDKQTVNQT 109
XF2506_Xf_11362060     200 SHAVRVVMR----DGNPWFVATDVC-TALGYRNPS-KAVADHLDDDEKSNQSL--------------------------GLAGKPVIIISESGLYALVLRSRKP-EARK--FSKWVTS--EVLPSIRKTC 292 \ 4
N.XF2524_Xf_11362500    39 SHAVRVQVDE---AGTPWFNANDIC-TAVELLNPC-AALAQHVGARNVSKRKIIDT-----------------------IGRTQRANYLNEPGMLTLLIGSTKE-AAKR--LRRWLIS--EALPAAAVQK 135  |
M.XF2524_Xf_11362500   171 SHAVRTVVDD---HGEVWFVGKDVA-DVLGYTNHN-KALGDHCRGVTKCYPILDS------------------------LGRSRETRIISEPDMLRLIVSSKLP-AAER--FERWVFE--ELLPTLRKTG 266  |
C.XF2524_11362500      288 SKDVRIQLDE---ASAPWFNANDVC-AVLEFGNPH-QAIESHVDADDLQKLEVIDA-----------------------LGRTQRANHINESGLYALIMGSTKP-AAKR--FKRWVTS--EVLPTLRKTG 384  |
N.XF0684_Xf_11362477    13 SHAVRTVVDD---HGEVWFVGKDVA-DVLGYTNHN-KALGDHCKGVPKRYPLQT-------------------------PGGIQEIRIISEPDMLRLIVSSKLP-AAER--FERWVTS--EVLPTIHKTG 111  |
XF1663_Xf_11362484     139 SQAVRTVVDD---HGEVWFVGKDVA-DVLGYANHN-DALGAHCKGVAKRYPLPDS------------------------LGRLQYFRIISEPDMFRLIAGSKLP-AAER--FERWVFE--GVLPTIHKTG 235  |
XF1645_Xf_11362483     118 DVSLTIIDH----DGIPYLTAADLA-RALGYKDAS-AVLRIYSRHTDEFTSEMSLTVNL-------------TVKGFGCGNSEKPVRLFSPRGCHLVAMFARTS-VAAA--FRRWVLDVLEVLPSIRKTG 225  |
XF0704_Xf_11362478      12 GKSLSIIDR----DGVPHLTAADLA-RALGYKDTS-AVLRIYSRHTDEFTYQMSLVVNL-------------TVKGFGSGNSEKPVRLFSPRGCHLVAMFARTS-VAAA--FRRWVLDVLEVLPSIRKTG 119 /
MSV194_MSV_9631452      10 NKKIHIAIY----ENKPYFKGKDIA-EILEYKDTN-DAIKKHVDDDDKSKYEDLI---------------NRPGILPSLTYNEKNTIYISESGLYSLILSSKKS-EAKI--FKKWITN--EVLPNIRKHG 113 \ 5
BROE_BmNV_9630956       14 DTFTLRYVLGG--EQPVRFVARDIA-NKLKFKNTK-KAIRDHVDGKYKCTFEQACI----------NISKEKHVKQGNPLYLQTQTILLDKIGVIQLFMRSKMT-NAAE--LQNWFYE--HVLPQCTARQ 124  |
orf117_ESV_13242588     12 TRHKVVILRDE--NDDPLFKASDIG-KILSIKNIH-TSMID-LHDDDKAIRTAST------------------------PGGEQKTVFVTEKGVYKLIMRSRKP-VAKP--FQDWVF---EVLKTIRKRG 106  |
BROM_LdNV_9631117       11 GPLEVFTVQDD--EQENWMAANPFA-ETLKYNNCN-KAIRIHVSANNQKTLEELNID----------------KSQVLPRNVQAKTKFINMNGVIELLLASQMQ-QAKE--FRYWMTN--VKFAETSADP 115  |
BROK_LdNV_9631082       14 DAFTLRYVLAA--EQPVKFVAKDIA-RSLKYEKPA-NAIAKHVDDKYKSAFEQLCF-------------DDLRVKQGDPLYLHKSTILIDKIGVIQLFMRSKLH-NAAE--LQNWFYE--RVLPQCTARQ 121  |
BROI_BmNV_13751084      14 DTFTLRYVLDA--EQQVKFVAKDIA-SSLKYVNCK-QAVIVNVDNKYKTTYEQACINIS----------KENRVKQGDPLYLQSQTILLDKIGVIQLFMRSKMT-NAAE--LQNWFYE--HVLPQCTARQ 124  |
Brob_BmNV_9630900       14 DEFTLRYVLGD--EQPVKFVAKDIA-RSLKYVNYE-KAVRVHVDVKYKTTYEQACINIS----------KENRVKHGDPLYLSPQTILLDKIGVIQLFMRSKMH-NAAE--LQNWFYE--HVLPQCTASA 124  |
BROG_LdNV_9631042       14 GVKFECWGVVTP-DGKVACKLKEFM-DFLGYKEVN-SAYK-MIPKEWKVYWHKLQD----------------DLCVDSSVDLHPRNVFVYEPGMYAFMTRSGSP-LAKW--CMGFLYD--VVVPTLKKNQ 118  |
BRO_HaNV_12597544       10 DKEVETYTVDF--NGEKWMVANPFA-EALNYSRAN-KAILEKVSDGNQKTFDQIKPYRIVH--------DGTGESSVIPRNMKPNTKFINRAGVFELIMSSQME-YARQ--FRYWLSS--VKLNTTVETD 122  |
201R_CIV_15078913       22 EHQIKLAGI----IEDPYFCGKDVC-TILGYKDKE-QALRKRVKSKHKKSLSELFEKKLPVVTTGN----FFLGTQNELSYHEGKSIYINEPGLYNLIMSSEAP-FAEQ--FQDMVYE--KILPSIRKYG 136  |
289L_CIV_15079001       22 EHQIKLAGT----VDTPYFCGKDVC-KVLGYKDIK-DALKKHVDREDKLPLSEIKKVGGTAPPT------FLGQTYAYLSHNDGRAVYISEGGLYSLIMSSEAP-FAKD--FRRLVCN--VILPSIRKFG 134  |
MSV023_MSV_9631535       4 ISKINIITY----NNCSYYKAKDIA-DILNYKSVD-YFIKKYVKNEHKINYE--------------------------------STIYVNNSGLYYIMFKSKKH-EAEK--FQNWIKE--ENLPEIENNK  90 /
AMV175_AMV_9964489      38 DVKIKVIGT----INNPWFCGKNIL-KALEYSDDSHNKILNRLDDKFKDNMYNILSS--------------VRDNLSMTKNNKNKAIYLNEPGIYYIILHCTKD-SAKG--FQDFILF--DLLPTIRKRT 143 \ 6
AMV057_AMV_9964371      38 NISINIIGS----LDNPWFKGKDILIDGLEYTDQSAKCVLKRLNTSFKKSYNDIISV--------------EGNLPPT-KNNDNKAIYVNEAGLYYIILHCTKD-SAKG--FQNYILF--DLLPSIRKRA 143  |
orf6_HaEPV_3510491       8 NINIDVLGD----INYPWFNGKNILIDGLQYTEQSAKCVLKRLESKFKNKLSDIICVGGNLPPTGN-----LDKISNITRHNDGKAIYINEAGLYYIIIHCTKE-SAKP--FQDYILF--DLLPSIRKLA 123  |
AMV177_AMV_9964491      38 DTDIKINGT----IDQPWFCLKDIIIYGFGYTKESYKSILKELNNSYKKSLYDIIVE---------------GGKTPPTKNNENKAIYVNESGLYYIVFQCTKD-SAKD--FQKYILD--ELLPSIRKLA 143  |
BROA_LdNV_9630998       10 NGPLEVFTVQDD-KQENWMAANPFA-ETLKYLNVN-RAIRVHVSKHNQKTLDELQSD----------------RNGLITSSLHPQTKFINRAGVFELISASEMP-AAKR--FKQWNAN--DLLPSLCREG 115  |
BROL_LdNV_9631113       10 NGPLEVFTVQDE-NQEKWMVANPFA-EALGYTRLN-YAVTQHVSVVNQKTYEEFKSQGST----------ATDDSSLLPRNIQAKTKFINQAGVFELIGASEMP-AAKR--FKTWNTN--DLLPTLCAEG 121  |
BroO_LdNV_9631121       10 NGPLEVFTVQDE-NQEKWMVANPFA-ESLKYAIPH-IAISKFVSTVNQKTYEELRSMRIT------SRITSTDDSSLLPRNVQAKTKFINRAGVFELISASEMP-AAKR--FKTWNTN--DLLPTLCAEG 125  |
N.BRO_HaNV_12597545     10 DKEVETYTVDF--NGEKWMVANPFA-EALSYSNVN-RAIRVHVSEKNQQNYEEFKSDR----------VGLTDSVTSLPRNIQAKTKFINRAGVFELINASDMP-GAKR--FQAWNNN--DLLPSLCQEG 120  |
BRO-d_BmNV_9630955      13 QDTFTLRYVLEQGNPQVKFVAKDIA-SSLKYGNCK-DAVSRHVDKKYKYTYSESGARL-------PPSAPNSVAKQGDPLYLQPHTVLITKSGVIQLIMKSKLP-YAIE--LQEWLLE--EVIPQVLCTG 128  |
Bro-III_BmNV_13751089   14 DTFTLRYVLEQG-NQQVKFVAKDIA-ISLKYASYE-KAVRVHVDGKYKSTFEHAGQI--------GHHAPNSVAKQGDPLYLHPRTVLITKSGVIQLIMKSKLP-YAIE--LQEWLLE--EVIPQVLCTG 127  |
ORF153_LdNV_9631120     14 DTFTLRYVLEK--DQQVKFVARDVA-VSLRYERPA-DAVSKHVDIKYKSTYAELGRQIAD-----PTLNVKLIVKKGDPLYLQPHTVLITKSGVIQLIMKSKLP-YAVE--LQEWLLE--EVIPQVLCTG 129  |
BRO-c__BmNV_9630901     14 DTFTLRYVLGD--EQPVRFVAKDIA-SSLKYVNCE-RAIRVHVDGKYKSTFEHADQI--------QHHAPDSVAKQGDPLYLHPHTVLITKSGVIQLIMKSKLP-YAIE--LQEWLLE--EVIPQVLCTG 126  |
BRO-a_BmNV_9630839      14 DTFTLRYVLEQG-NLQVKFVAKDIA-SSLKYVNCK-QAVIVNVDKKYKTTYSESGSIP-------YTPAPDNVVKQGDPLYLQPHTVLITKEGVIQLIMKSKLP-YAVE--LQAWLLE--EVIPQVLCTG 128  |
bro-a_SpLNV_7672865     14 DTFSLRYVLER--DQPLKFVAKDVA-ASLKYQDAK-RAIKIHVDDKYRSTFEHGGQI--------APLVSNALAKQGDPLYLHPHTVLITKEGVIQLIMKSKLP-YAVE--LQAWLLE--EVIPQVLCTG 126  |
BROB_LdNV_9630999       14 EEFTLRYVLER--DQSIKFVAKDVA-ASLKYVDCK-QAVRINVDDKYKFTFEQGCVP--------HTLASDSVAKQGDPLYLHPHTVLITKEGVIQLIMKSKLP-YAVE--LQAWLLE--EVIPQVLCTG 126  |
BROP_LdNV_9631128       37 DVFRLRYVL----NDPVKFVAKDVA-GSLKYQDAK-RAIRIHVDDKYKSTFEHGEIR--------SHLASNALAKQGDPLYLHPHTVLITKEGVIQLIMKSKLP-YAVE--LQAWLLE--EVIPQVLCTG 147  |
ORF114_XnGV_9635364     58 EPVEVVFSDKTGPDGLVYYF-FEVT-PFARLMNVD-NPL-SKIDSQHVIVVEEPVTA--------------ADTNNWAVRNNTRSTTLVSEAGLYQLMFTGKPV-TVRQGMVRNWLFD--IVLPTVKQFT 166  |
BROJ_LdNV_9631081       14 DTFTLRYVLGG--EQQVKFVAKDIA-SNLKHANCA-EAVRKHVDGKYKSTFEHGEIR--------SHLASNALAKQGDPLYLHPHTVLVTKEGVIQLIMKSKLP-YAVE--LQAWLLE--EVIPQVLCTG 126  /
ORF159_XnGV_9635409     52 NEELNVITQVDE-FGEPWMVANPFA-TVLQYYKPN-DAVRKHVSEWNVKSYEDFRSRRIG------ADDSSHWVDEIT-SSLHPKTKFINRAGLFELIQSSRMP-KAQE--FKNWVNS--DLLPKLCQEG 166 > 7
MSV196_MSV_9631450       1 MNIYVAIF-----NNKSYFRAKDCA-SILEFKHTK-DAIRHYVSNGNKIKFKNINIRS--------------------KKYIHPHTVFINNFGLIELILKHKSI-VHHNI-IDKLICKF-DLNVDLNITP 100 \ 8
MSV024_MSV_9631534       4 MQGIHVINY----NDNLYFKAIDIA-KLLKHKNIY-RAIKYKISDCNKTLYKNISNTN--------------------LSYKKNKMVYINKLGLIELIKESTTI-VSPMV-INGLINKFNLNLDLPIKFI 105  |
MSV026_MSV_9631533       4 ISNIKTINV----NNCLYFKGEDCA-KILKYKNTY-GAIRNNVSKNNKI------------------------------KFEKNNDIYINKLGLSELIIKHKSI-VSTNT-INTLIHNFNLNLDLFEKKK  95  |
MSV204_MSV_9631444       8 NNQIHLLYTT---IGEVYYKGKDIA-KILRYIDTK-KVIRNNVLSTNKVNYSTLIKNV---------------SINGQLHKTPHHTIFINTKGLKNLFDMP-----VKR--LSN--KEINDLIEFLNSHN 108  |
069L_CIV_15078782       29 VTLDTPIMGT---WDKPVFFGKEIA-EFLGFKKPK-DALQKHVKPKYKTTLSKVLEKK---------------LDTEPVSYNEGKRVLLYKEGVVELIKKTRLV-GIEN--KIDALIE--AFELNLNVVH 133 /
ORF2_CnBV_13160526     151 KSVVLRLYIHPI-TNEPWVVAADLA-RCLGYEKYR-QTHT-RILAAFKRKLSDLVHTEPFSGT-VESEVARLEGAPVELSSRERDIVVVNEGGIHQMLIGSRLP-NVQK--YKELVFG--KILPAARARG 270 \ 9
PxORF82_PxGV_11068085  247 LFDKLHYIVI---DGVVWFKLNQIC-KYFDIPK--------QCPDYNIITWYTLSKRL------------------KSNITWKLNTIMISDMGVYKLLIIKNEI-IAEE--FYH------KRLHELRSTG 337  |
ORF99_CpGV_14602336    160 LPSNIEFFSV---NERTYFKGLDVA-RHLKCSPS--YTINKYVADTDMVLWGDLRRYV-----------HDKYVWTNCKNHWKDNTIFLKETGVKQLCIATQGD2LYQE--MMDGVYNYDSGDEQVVYAK 271 /
SPy2127_Spy_13623110    90 HGQPLDIYGD---IQEPLFLARAVA-EMIDYTKTS-QGYY--DVQAMLRKVDEDEKLK-----------GMALEGTTKNFRSGQKVWFLTEHGLYEVLMRSNKP-KAKE--FRKAVK---NILKEIRLNG 195 > 10
consensus/85%              ......h..........bh..pshh...h.h.p....sh...h....b....................................p..hhsc.Ghh.hh..sp....s....hb.hh.....hl..h....
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KilA-N and Bro domains
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