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Abstract

Background: The Hedgehog (Hh) signaling pathway plays important roles in human and animal
development as well as in carcinogenesis. Hh molecules have been found in both protostomes and
deuterostomes, but curiously the nematode Caenorhabditis elegans lacks a bona-fide Hh. Instead a
series of Hh-related proteins are found, which share the Hint/Hog domain with Hh, but have
distinct N-termini.

Results: We performed extensive genome searches such as the cnidarian Nematostella vectensis
and several nematodes to gain further insights into Hh evolution. We found six genes in N. vectensis
with a relationship to Hh: two Hh genes, one gene with a Hh N-terminal domain fused to a
Willebrand factor type A domain (VWA), and three genes containing Hint/Hog domains with
distinct novel N-termini. In the nematode Brugia malayi we find the same types of hh-related genes
as in C. elegans. In the more distantly related Enoplea nematodes Xiphinema and Trichinella spiralis
we find a bona-fide Hh. In addition, T. spiralis also has a quahog gene like C. elegans, and there are
several additional hh-related genes, some of which have secreted N-terminal domains of only 15 to
25 residues. Examination of other Hh pathway components revealed that T. spiralis - like C. elegans
- lacks some of these components. Extending our search to all eukaryotes, we recovered genes
containing a Hog domain similar to Hh from many different groups of protists. In addition, we
identified a novel Hint gene family present in many eukaryote groups that encodes a VWA domain
fused to a distinct Hint domain we call Vint. Further members of a poorly characterized Hint family
were also retrieved from bacteria.

Conclusion: In Cnidaria and nematodes the evolution of hh genes occurred in parallel to the
evolution of other genes that contain a Hog domain but have different N-termini. The fact that Hog
genes comprising a secreted N-terminus and a Hog domain are found in many protists indicates
that this gene family must have arisen in very early eukaryotic evolution, and gave rise eventually
to hh and hh-related genes in animals. The results indicate a hitherto unsuspected ability of Hog
domain encoding genes to evolve new N-termini. In one instance in Cnidaria, the Hh N-terminal
signaling domain is associated with a VWA domain and lacks a Hog domain, suggesting a modular
mode of evolution also for the N-terminal domain. The Hog domain proteins, the inteins and
VWA-Vint proteins are three families of Hint domain proteins that evolved in parallel in
eukaryotes.
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Background

The Hedgehog (Hh) signaling pathway has been shown to
be of fundamental importance for patterning and cell pro-
liferation in animal development (for review see [1-4]).
Mutations in this pathway cause congenital defects and
several types of cancer such as basal cell carcinoma and
medulloblastoma [5-8]. A key molecule of the pathway is
Hh, a secreted ligand that can act as morphogen. Dro-
sophila melanogaster has a single hedgehog (hh) gene, while
mammalian genomes contain three paralogous genes,
Sonic Hh (Shh), Desert Hh (Dhh), and Indian Hh (Ihh)
[9]. In zebrafish, five hh genes are present due to an extra
round of genome duplication during evolution of ray-
finned fish [10,11]. The Hh protein is synthesized as a pre-
cursor composed of two domains, the N-terminal signal-
ing domain and the C-terminal autoprocessing domain. A
substantial part of the autoprocessing domain shares
sequence similarity with self-splicing inteins and there-
fore this domain has been named Hint [12]. C-terminal to
the Hint domain is a sterol recognition region (SRR). A
crucial function of the autoprocessing domain is to add a
cholesterol moiety to the N-terminal signaling domain,
which is required for the proper function of the N-termi-
nal ligand [13-16]. In the nematode Caenorhabditis elegans
no bona-fide hh is present, i.e. there is no gene that
encodes both the N-terminal signalling domain as well as
the C-terminal Hint domain. Instead ten genes encoding
the C-terminal autoprocessing domain are found that,
however, have N-terminal regions very distinct from Hh.
Furthermore, a large number of additional genes are
found that encode only these new N-terminal domains
and lack the C-terminal autoprocessing domain. Overall,
these genes can be grouped into four families that have
been named quahog (qua), warthog (wrt), groundhog (grd)
and ground-like (grl) and are collectively referred to as hh-
related genes [17-19]. At present it is not clear, whether
the C-terminal domains of the C. elegans Hh-related pro-
teins can add a cholesterol moiety to the N-terminus anal-
ogous to Hh, since there are sequence differences in the
SRR equivalent region. Therefore, this region of the Hh-
related proteins was named ARR (adduct recognition
region) [20]; here we refer to the combined Hint/SRR or
Hint/ARR region as Hog domain for simplicity, as others
have done as well [21].

The N-terminal domains of the C. elegans hh-related genes
were not found in vertebrates and flies using blast
searches, giving rise to the notion that these genes were
perhaps derived from hh in early nematode evolution
[17,18]. Recently, a Hog domain containing protein,
Hoglet, was discovered in the choanoflagellate Monosiga
ovata, but its N-terminal region is distinct from Hh and
other Hh-related proteins, instead sharing sequence simi-
larity with cellulose-binding domains (CBD) [22]. Cho-
anoflagellates are unicellular protists most closely related
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to multicellular animals [23,24] and therefore Hoglet
might represent an ancestral precursor form of Hh. A Hh
protein was also described from the cnidarian Nemato-
stella vectensis [25,26], indicating that Hh already existed
before the rise of bilaterian animals. An EST with
sequence similarity to Hh was also recovered from the
sponge Oscarella carmela [27], indicating that the
"Hedge" domain originated before the advent of Eumeta-
zoa. In order to understand the origin and evolution of
the C. elegans hh-related genes, we had already performed
cursory searches of the genome of the parasitic nematode
Brugia malayi and found that it also contains several hh-
related genes [18,17]. Here we performed comprehensive
searches of the genomes of the cnidarian N. vectensis [28],
the nematodes B. malayi and Trichinella spiralis as well as
the NCBI protein, DNA and EST databases to find addi-
tional hh and hh-related genes that may shed light on the
evolution of these genes. In these searches we found a pre-
viously described gene from the fungus Glomus mosseae
that shares sequence similarity with Hh through the Hog
domain [29], but has not been considered in recent evo-
lutionary analyses [22]. Furthermore, we found a number
of additional genes with similarity to the Hog domain in
Alveolata, moss, red algae, and other protists, indicating
that the origin of the Hog domain occurred already in
lower eukaryotes. As stated above, the Hog domain shares
sequence similarity to self-splicing inteins, which have
been found in Archaea, Bacteria, as well as fungi, algae
and a few protists [30-32]. Recently, two other types of
Hint related domains have been described, primarily from
bacteria, that have been named bacterial intein-like pro-
teins (BIL) type A and B [21,33]. Several conserved
sequence motifs within the Hint domain have been
described for inteins that have been named motif A, B, E
and F [34-37]. Our searches revealed also ORFs in Tetrahy-
mena, fungi and several other protist branches that have
similarity to the Hint domain via motifs A and B, but can-
not be classified as inteins, Hog, or BIL domains.

Results

Retrieval and analysis of sequences

We have previously characterized one qua, one hog-only,
ten wrt, 17 grd, and 32 grl ORFs from C. elegans, three of
which are pseudogenes [19,38]. Furthermore, we have
identified 49 hh-related genes in the related nematode
Caenorhabditis briggsae [38]. We correct this number to 48
hh-related genes here, because C. briggsae wrt-8 is the same
locus as wrt-4. To retrieve sequences from other species we
used selected Hh, WRT, QUA, GRD and GRL protein
sequences as queries for tblastn and blastp searches at
Stellabase, the DOE Joint Genome Institute, The Genome
Sequencing Center at the Washington University School
of Medicine, The Institute for Genomic Research (TIGR),
and NCBI (see Methods). The recovered sequences were
aligned to sequences that we had assembled previously
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[18,19,38]. When obvious discrepancies in conserved
regions were found in the newly retrieved ORFs, genomic
sequences were inspected for additional or extraneous
exons or alternative splice sites, and ESTs were examined
for frameshifts. ORFs were corrected to optimize matches
to existing motifs, and extraneous N-terminal residues
were truncated when methionine residues followed by
good N-terminal signal peptides for secretion were found.
One caveat is that our ORF predictions from genomic
sequences are still limited due to partial nature of the var-
ious contig assemblies. In some instances an ORF runs
into an unsequenced region (e.g., B. malayi wrt-4). In the
case of ESTs it was often possible to assemble several ESTs
into contigs, but in most instances ORFs derived from
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ESTs lack either N-terminus and/or C-terminus. Consider-
ing also that the various genome projects are are in differ-
ent states of completion, the nomenclature given here to
the ORFs should be considered preliminary. After correc-
tion of the ORFs multiple sequence alignments of the dif-
ferent protein domains were made and used for
phylogenetic analyses using Neighbor Joining and Maxi-
mum Likelihood. We also prepared protein sequence
logos of the Hog domains of Hh and nematode Hh-
related genes to aid with the analysis of more divergent
Hog domains (Figure 1, Additional files 1, 2, 3). We
extended the motif nomenclature of inteins by introduc-
ing motifs J, K, and L (Figure 1, Additional file 2). Motif
corresponds to motif G in inteins [34-37], however,
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Protein sequence logo of Hh Hog domains. Central section of the protein sequence logo that was generated from
aligned Hog domains of diverse Hh proteins using LogoBar. For the full image see Additional file 2. The color scheme is similar
to the one used in the multiple sequence alignments (N,Q,S,T: green; C: yellow; P: pink; G: orange; K,R: red; A,l,LLM,V: blue;
F,W.,Y: cyan blue; H, purple, D,E: magenta; gaps: white). The extend of the Hint domain and the SRR region are indicated above
the logo with a red line. Red boxes underneath the logo indicate the different motifs A, B, F, J, K, L.
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ment. Species abbreviations are shown in Table 3. Note that not all sequences in this alignment are complete.

Page 4 of 27

(page number not for citation purposes)



BMC Genomics 2008, 9:127 http://www.biomedcentral.com/1471-2164/9/127

because this motif is so distinct in Hog domains, we have and, as will be shown below, motifs K and L provide use-
ventured to give it its own name here. Motifs K and L are  ful diagnostic functions for evaluating Hog domains.
located in the SRR and are primarily found in Hog

domains of Hh proteins (Figure 2, 3, 4, Additional file 1).  hh-related genes in B. malayi and other Chromadorea

In the Hog domains of nematode Hh-related proteins, = The nematode B. malayi is a parasitic nematode that is one
these two regions show a number of differences compared  of the more distantly related members to C. elegans within
to the Hh proteins (Figure 2, 3, 4, Additional files 1, 2, 3),  the order of Rhabditiada [39]. We have previously
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Ce_wrt-1 —TEEMEL:I’I:ED——MTIG - -GDLIVDDVEAS( NTL SHIFLNFATSVQQK 164
Cb_wrt-1 - ~TEVYDLVYAED- GDLIVNDI| NTLSHIFLNLATMMOOK 165
ce_wrt-7 - ONSSELKISWESISAGK- -LTKERLVEILDIKRVKKT-GI 0--GHLLVNKI S HILONSFFKHVLKWKNK 176
Ce_wrt-8 -ASKFOKVQILDIQRVRKT-GI L--GHLLVNQT s HLLONSFFKHVLKLKNR 173
Ce_wrt-4 -SQMEORVKVLDINIVQKT-GI GHLLVDRI| s YSLONTFFTNVLRWKSQ 177
Cb_wrt-4 --SKL KVLDINKVKKT-GI - -GHLLVNRIHTSCHS -~ -~ -~ ----- 1 HTLODEFFANALHFKNL 176
Bm_wrt-6 NLVBVEVSNIQRLTGK-GFYAPLTAN--GDITIVNSIL QTLQOSIFNFLRKFRYL 167
Ce_wrt-6 --VVIKKKVSKISKVIET-GI¥SPLEST--GDIIVNRV. KSLQOEFFSLYKRESSV 166
Cb_wrt-6 - -AVIKKKVSKISKVVDT-GI¥SPLEST--GDIIVNRV. KSLQOTFFSLYKRESGV 166
Mi_Wrt-6 —-—-—-——mmmmm NLRLIRAKD- KNKKNN- - XEMMGLSSTKIIKINEIEEN-GI¥APLTSN- -GNILVNGLLA! QTLQOTF 158

Cb_hog-1 -ENYAEYVRYLPKGRNVVFAEE- ICLV-LLYKGK 'API ~-GRIIVNDIVI TRLOG! STVAIIQSW 174

ARBBBBNnnn

Ce_grd-2 --ESSEFLKILPENHEAILASY- ICVI-LTENTK SPLTKN--GRIIVNDM! NVLQ' [FWVFNRLROK 173
Ce_grd-11 ICLL-IHNGDQ- ~FRMOKIDSISKTVST-GI¥SPLTEN--GRILVNDYV: NVLOTTFFWAF' RNL 188
Ce_grd-1 ICVV-VLYKGK QOKIETT! GI¥SPLTNN--GRIIVNDMLA NTLC F LRSV 174
Cb_grd-1 -NSYQKYIKILPHDAEAIFAED- ICVV-VMYRGK- —FHQQKIESIIKNVRT -GI¥SPLINN--GRIIVNDMLS; [S=mmmm e NTLQﬂFWﬂDKLRNK 174
XC_Xhog2 TTDFQKMGLAHFTNSHSIFAGR- ICIA-TLVNNE LIADKVISMKTETKK-GIFSPITSH--GTIIVNDI HMLQO: V.SILINIRNR 145
XC_Xhog3 NDHSHKLDVVQFASNQSIFAGR- ICVA-TLIDNE- ~FRSDKIVSMVQERHR-GIFSPIPRQ--GIFV 147
Bm_qua-1 IVDQWLRKSKEF: ICVF ELQVDRIVKVGRQYLK-GI¥SPI E--GSIV. ILASCFS QVES HF S/ KLV.DFLIFLYRI 180
Ce_qua-1 EQY I VL-SI EVIADEIVR! GIYSPI E—-| I 'VLSSCFS HLES HSAHKLIFDFIY¥VYNA 179
Cb_qua-1 EKYTMNPDGIDAAMRESK! ICVL-SIDASG-~-~~~~~! DVIADEIVRIGRMTST-GI¥SPI E—-| I 'VLSSCFS HLES HSAHKLIFDFLY¥VYHA 179
Cr_qua-1 EEYTSTBDGIDAAMRESK] CVL-SI VMADEIVRI GIYSPI E--| I 'VLSSCFS HLES HSAHKLIFDFLY¥VYHA 179
Ts_qua-1 RGILPAEKLEATVNRYSKI ICVL-MAYGGL~-~~~~—~~' VK.EKIVAISQRRLR -GIFSPLEEK--GEIVVNDFV TCES HALOQKLFHNSIRHISRM 172
XC_Xhogl HQSISVRQYELLFNQWARFAKR- CVL: ISNVTRT SS--GIIVTNGFO SVEN. HAIQHEFFTCV 177
aCp_Hog IGIEVTPQLEKKKKLTSIQAKD--IRVGDSVI-IYSKI TQVSIISN NYEY' 'TD--GYLIVNGVL HNLIDLLARPIVNIEI] 215
aCm_Hog FHNIYINNKIDHFKVVSVLAKD--IRIGDALI-INSINGIIVSWITDINIYNVESQKYLQOLK-GI KD--GHLIVNNVFV "LFLFKILKPFIFL/QII 215
£Gm_GmGIN1 ) ENTKLF FVEVLPIRVTKERRK- RS--GEILVDEVLC QALLNFVLVPLRMYTKI 166
PSm_HOg ———=mmmmmmm DAKGKLVYKRAKDLOVGETLW-—— == === ===~ GSSQIPELSKVEKL-G! LS - -GNIMVNNVEA! -LDSLFDAIGATEY--LBHAJOAVLAPLRAIYNI 165
rPh_Hog -----==--—- GSGDRGPTLTAAVSLAVGDTLF-AADGSP--~~~~—~~ LVLTAVV--PGVAAA-GI 'TA--GNL! VVA! TA AALASAALAPLRAAG-- 168
aKm_Hog ASASSA VF -VCA( ILL-APWIDG TK PLLES--GAFT’ C| IPD-!i!i.LVFRKLAQITSAR-.MQAA.HALFLPLRVACRL 202
aAt_Hog RKPGRAGAVPCRADEV! IRLLVPWI IAEPAVLRIDHTCKR-G PLVSC-- ICYGLPDR! IPLVORVARLADGKG--FHAAAHAVFLPLRLLHAA 156
rGj_Hog —=---NGRLAIAGS--VKVGDRLO-DAHG-~—~——====~ APLDVEKVEVVTKT-GLYNPQELH--GDI ISVRASTFT IKMAHALMAPLRMMYNA 129
rCc_Hog RV LODGWT! RV -GLYSPOTYH--GA! v 134
rPh_Hog2 55
rPy_Hog2 —-GRAAPLRS--VRVH LDVAADAAS —=========—= ANPOTLO--GDIV: 127
rPy_Hog ~EGVRTAASAVVV LJHPPAGC et -AAAAAA.PAWTATGRWAKG NPQ LV-— IVV'GFMFTFTTX VE 145
rCc_Hog2 —--GVVAAAKTVRSGDFIT. LADG! v__ EL 108
cBn_Hog ----—————- KDSKFEI.ASD——VTLAMCLSGVDG ————————————— PEKVIQIGRFRGE- GI SVI DH.HGLIVV'GLRL.SF" uIVNAFYII——— 157
jJl_Hog2 71
jJl_Hogl BVE:IULV.KIE](LSSQ—— RLWTESG.IVVNGV GSSLE SSG 148
Xx_104K18 MCAEQVRAIALEECT 'APITMS--GDFLANGVL! ¥A EIES OSLAHAAFEPIRWWHSM 163
Ts_Xhog3 LY~ THNT AFAPATLS - -GILT SYTSH FDFI VHEIIFAPLRFFYAF 182
Mo_hoglet AIVDAVSIVEEE GFISV S--GOLA ISYT. PISLRHALNQPLIWLAQA 162
Hm_C0905822 —SEKMNLCKVDSIKITKSV- GF'AP [S--GNIT ——Nee———e] VKDVSLPGFGRIS——GQVIAHF('APLRVACLV 142
NV_120428 ~VSSNGLHRRDA! AR--VRP ——DT.HAEKWGVALGREV—GAFAP E-— ILVNGVL FA HDLANSLMSPLRSFYSM 173
Acm_DY579185 PDAIKSDF: ,VRP 'HEQVESVSVAERQ-GAFAPVIEE - L k "‘I""‘ HDL lHlLMTPLKRLY—— 166
Nv_140260 ~SRRFEEIFASQ--VKE| £ RLSRVLOV -G PLTRD-— L HWDS HO' 170
Nv_239508 ~NSTSEAIFADR--VHV! TVI—VLEGGK ———————— LVVKKVVRVAMVTES-GI¥APLTRE - | ,VVNGVF. X P HWES HOIAHGVMLPLRAWYDL 166
Acm_hh 53
Nv_95413hh ——---SKRKEACFAKD--VTVGDLVF TKSL! T! —-GVFAPLTOA--GNLI D lA ———————————— IlSS ————————— DSIAHWSLAPVRLVGAI 169
Nv_241466hh -- —-SSTIYDASAKLAQF--VTP! L IEHKL-GAVAP! Q——GIII Y. EVTS HTISHLAFSPLRGLRYW 169
XC_Hh WNGO. NGSRS 90
Ts_hh ~TNDNSGGSMEEVFAAD - -LLAGDOVF -VRNGIF- --DISRATVLGIGEIERQ- Gl.lAPll LE--GNIFVBDVLASNEA- - --—--—--—-| GESY-———————- ETLAHVSMAPARLYWNV 172
Dr_ihha - -GSAANAELRSVFASD--VLPGOCVV-STQAAG- ~QHGRLSRVSRIOM( VVNGIV: AVDO HWL RVLYNW 1717
Dr_ihhb NRGEPKPGAVRII FASD--AQVGOCLL-LGKLRK: SQIT! 0-G! PP' AH VVNDV: ¥a AVNR OQRLAHWAFAPLRLLYSW 176
Tr_fhh PDSSQYQAQFASR——AQ.GTCVL IVSI GAYAPLTEA V! LVED HOL VRLLSSV 170
Gb_Hh - --GGEPEARFADA--VRP! LL-VAADAG VAPLTAA s VLASCYA VVGS HSL AP 168
Mm_Ihh IFASH--VOPG LOPARVA L-GSYAPLTRH--GTL DVVASCF-. AVAD HHLAQLAFWPLRLFPSL 170
Hs_IHH FASH--VOPG LOPARVA L-Gi PLIKH--GIL DVVASCF. AVAD HHLAQLAFWPLRLFHSL 170
Mm_Dhh SVL-APGGDA- ~LOPARVARVA-REEAVGVFAPLTAH--GTLLVNDVL A VLES APLRLLHAL 170
Hs_DHH SVL-APGGDA- ~LRPARVARVA APLTAH--GTLLVNDVL A VLES APLRLLHAL 170
Mm_Shh 0! . DRRLLPAAVHSV' AH ILINRVL A APFRLAHAL 176
Hs_SHH ——---DRRLLPAAVHSVTLSEEAAGAYAPLTAQ--G! ILINRV' A APFRLAHAL 191
Dr_dhh IL IQPSKVVSVSLEERM-GV |AP' EH. V' A A HGLAHEVFWPFRVLFVF 170
Dr_shhb ESLKSVTVKRIY' "-II A HKW APVRLCHKL 170
Dr_shha --------TEDLHTMTAA¥ASS--VRAGQKVM-VVDDSG----~~~ QLKSVIVQRIYTEEQR- GSFAPV AH-- PY' A QGLAHLAFAPARLYYYV 171
RVVSV ,GR-TAVAPVTRQ--! VIIDVl' A EWIAHASFAPVRWYSYI 171
0 NO! | VVSV ,GH-TAVAPVTRQ-— EWVAHASFAPIRWYTYI 171
VIK] ISEHTIQ-GV¥APLILN--GNIV v.uv v ANLAHVVFAPVRGLHVL 174
] DQ--VOI GLFASRVKKIAAVSEK-GVVAPLIKS--GNIIVDGVV DYIAHASFFFLRGLHQV 176
At_Hh -—--—-eeeeee QTTPO. FAKH--VEI I -VTLEKVISVTSSAKK—GVFAPL RE--GNLVVDGV QALAHFAFAPVRLIDNV 165
Dh_Hh RQTLNFIF: ELQPORVLRLGSVQSR-GVVAPLIRE--GEIVVNSVAA A QSLAHWGLAPMRLLSTL 167
Dm_Hh -SQKLTFVFADR--IEBKNQVL-VRDVET ------ GELRPQRWKVGSVRSK ~GVVAPLIRE--GEIVVNSVAA A QSLAHWGLAPMRLLSTL 168
Ag_Hh - - 'VF -VRE| IL. ISATLAE-GV¥APLIGE--GTIVVDSIA A QTVAHWSFLPY¥RLAEKV 166
Cap_Hh -- ----EI¥ASD--VKIGQHLL-ALNNNR- --SLDKDPWAMTTQYRR -GVFAPLTAI--GTIVVNDI HAFAHAFLAPVRWHYQV 162
Bf_AmphiHh DLSSPRIAKFMSD--ARPGEFLL .PDSDG- ~GGFRKVKIVSVTMREEK-G: PLTVH--GEVVVD QALAHWVFAPFRLYYQL 171
£Ct_PI-CtrI TKQDVKL KIGGNEY- - -TGVTFEVLEKTKEGIELVKAKTKVFGY - -¥GITLAEEEDHOFLLSNMAL V] 148
ruler .......140.......150.......160.......170.......180.......190.......200.......210.......220.......230.......240.......250.......260
]

Motif F Motif J Motif K

Figure 3
Multiple sequence alignment of Hog domains, part 2. Continuation of the multiple sequence alignment of Figure 2.

Page 5 of 27

(page number not for citation purposes)



BMC Genomics 2008, 9:127 http://www.biomedcentral.com/1471-2164/9/127

SRR /ARR

XC_Shog2 IATHENIB HIQSIIQPIHAPIRIVTPIOHSPSIEDS ILRICLLQPPI 217
Ts_Xhogl LASILBE OLYEVMMFSTAVGDIKLBSLLV-GLID---IS| 209
Ts_Xhog2 FTCPASL ISDSF: YVEIPKLLL-GALN---LQ 205
XC_Xhog5 120
XC_Thog GRNILPS -"lgm.rnsnp--mnlvpgn.nsmm 205
XC_Shogl LRGILES SLYKIIFRNOD 195
XC_XHog4 152
Pt_wrt ISSIATS ATKEGVVSEEETV-ELPAVAK-EL¥D---ELNLIIBETIF KH 129
Ce_wrt-1 MRSVLGS LEETG-HLPATSE-FFLN---IIDVLLPHKY 197
Cb_wrt-1 IRSLMGL FEETG-HLEBVESE-FFLS---1IDVLLPHKY 198
Ce_wrt-7 ITKYF YETERNI N-SLIA---IFNLVVES! 210
Ce_wrt-8 ISH [F' I N-FLIE---IFELIVBSKMISE 211
Ce_wrt-4 IRNEF IGYGLN-GVMA---VLDIVIBSKLM 214
Cb_wrt-4 LMKF] A EENLGY¥GIH-SLLD---VVDLVLPAKFV. 212
Bm_wrt-6 I LPGIQ-FLTQ---ISDLFLPYSIV 197
Ce_wrt-6 FHNLMFF PVGVE-ELTS - - -VMDLFIBOSFV 202
Cb_wrt-6 FNSFALF PVGVE-ELES- - -VMDLFIBOSFV 202
Mi_wrt-6 158
Cb_hog-1 LRLF. FHTTATPVGSS-LASD---LLRLVVE 204
Ce_grd-2 VLNLFGI LHMNEIELP! -VEKE---LLSLVIPMGK 207
Ce_grd-11 IVQ¥FGD. LYLDEIELP! 222
Ce_grd-1 LVEF!] LYNNKIELPTGET- 208
Cb_grd-1 LTEF] LYNKKIELP! 208
XC_Xhog2 VEGENVLABEDKGIPLPLQ-MLLK-—-MAQFMLEAN (| 188
XC_Xhog3 147
Bm_qua-1 FGBLMOS LDEBIQHLPEFID-SIHH---LGRFAVPFVKY 215
Ce_qua-1 FGLL LS PFS 211
Cb_qua-1 FGLL ELOPIPEFVS-FAQY---LS PFS 211
Cr_qua-1 FGLL ELOPIPEFVS-FAQY---LS PFS 211
Ts_qua-1 LRNALFI OLPIY¥LK-SLY¥K---LMHWEV 201
XC_xXhogl 177
aCp_Hog FKQIFDY VKILRYISNI FDQ--SIALSLEIIRAISLFVK. 262
aCm_Hog IYKISYI RTLIQYIIKFVS)| su- DN--SIPEILQLLRIFLAPIW 261
£Gm_GmGIN1 FPSNYLDKE--T] IMGCL 193
pSm_Hog VGKEIY. EGYAAMDSCVNFAEFGAK| s nu,r_ ATKA 213
rPh_Hog PARVASRLLRR-| GCAP---WRAVAAARHSV 203
aKm_Hog RCT-LPI SDD 211
aAt_Hog ( PRHAKAAAL ) LCLGSV--HPGILLEDLSAGFRV 220
rGj_Hog VGL “TFLDKGAD-.IMS---H P 155
rCc_Hog 134
rPh_Hog2 55
rPy_Hog2 127
rPy Hog 145
rCc_Hog2 108
cBn_Hog 157
jJl_Hog2 71
jJl_Hogl 148
Xx_104K18 LAVKLKSEKQSEGIHWYPASLFVMAGSLIDILIAKKKEEVETEETTGLVAAESEDHLLFLMA--—— 233
Ts_Xhog3 FKLVVKH QBEVDALFSETYS E-IWKB---FRSAIS 219
Mo_hoglet ABSLAAB MLSSE 00-VIIRA - - - -BRAMAHAFRS TAKAVEARMPALATVECEGSL - - - - - - 215
Hm_C0905822 FRKKFQT NEE--MPK¥II-ALNQ---LGKRANLVSKE. 173
Nv_120428 APHELGS GGTYLHKYLK-VVLRP - -VGIRVFGEEKFYKGPFEEYAKKN -~ — - - = === 218
Acm_DY¥579185 166
Nv_140260 KAAFGSF IGWFBVSOPVSE: SLIS OMFSQLK 208
Nv_239508 WNF} ‘SVFDMONSVTGNEIHWYAY - ALMK - - - -ARFALPNNLASFLGA 212
Acm_hh 53
Nv_95413hh CBRCFDI ILLT---IFGKIVELCGGFL 203
Nv_241466hh LBSVF "HEGITPAGV'WFPR -FLIS---LNOIVRIAEFA 206
XC_Hh 90
Ts_hh ASTIFEQ LGBTTABTHYH WLWT---LADNVSTFVGIBSPLDYFERE-——— 221
pr_ihha @ VGHQVTC LLHEW---IGTQVL 218
Dr_ihhb [ GPDQVLKNGLHWYSQ-VLIG "’"’L!.!.DSELFIP" ALEATER 217
Tr_fhh SQLLWAE-----] PEERSDGSKTPLOPHALVRGDRKVC i 0-LLHR---LGWIVLNPDLFHP 244
Gb_Hh EAWGHAA BDY ALYS---LGOVLLPGTMLYK 213
Mm_Thh A 0-MLY¥R- - -LGRLLLEES{TFHP 211
Hs_IHH R---LGRLLLEEGSFHE! 211
Mm_Dhh GALLPGG 0 LAEELMG 200
Hs_DHH GALLPGG 0 R---LAEELLG 200
Mm_Shh LAALAPA IPAAQSATEA! TAGI - IGTWLLDSEEMHPLGMAVKAS 241
Hs_SHH LAALAPA LTAPGAADA I ~IGTWLLDSEALHPL 267
Dr_dhh anmzﬁ:.z.kvnvrncslnqmnls LSSVF LOOK -LGRIFLDEQ 248
Dr_shhb MTWLFP. DEDG ~IGSWLLDRDSFHPLGILHLS - == == === === === e 218
Dr_shha SSFLFPQ 0¢ -HGTHLLDSNWIP' 223
Sp_hh RHNMLGI DTNTGQEQRY] FLGFDV. 214
Lv_hh SHMLGIT JEQRV] SDRLFPGFDV 213
Pv_Hh SQYVI )NFTQONG! 'LSAE| P 218
Ob_Hh [SHIBFV. ASYAIDGI LFLDRTLLY¥MND 222
At_Hh WEAZLHL LRTMHIL IPPHNG - -IAHKLIPED 211
Dh_Hh 0 GoL DATAQQONGL BKSHRE| 219
Dm_Hh EAWLBAK EQLHSSBKVVSSAQQONGI] VL 216
Ag_Hh SALFDRT DSLSLERHEGI IPSNWLYH. 206
Cap_Hh L PO Q-LL¥D---IS! PSKMVFSES 197
Bf_AmphiHh [SSLWD QEGVEWYES - FFIR---.GISLVEPTL..- A 216
fCt_PI-CtrI 148

ruler ....... 270....... 280....... 290....... 300....... 310....... 320....... 330....... 340....... 350....... 360.........

Motif L
Figure 4

Multiple sequence alignment of Hog domains, part 3. Continuation of the multiple sequence alignment of Figure 3.

described a quahog gene, qua-1, in B. malayi [19], and  of both the Hog domain and the Wart domain (Figure 5,
obtained partial sequences from ESTs for two wrt, one grd 6, 7, Additional files 5, 6, 7), Bm wrt-10 is a clear ortho-
and two grl genes [17]. Here we retrieved a total of fourwrt ~ logue of Ce wrt-10, wrt-5/3 is a co-orthologue of Ce wrt-5
genes, one with a Hog domain (Bm wrt-6), two withouta  and wrt-3, and - based primarily on the Hog domain - Bm
Hog domain (Bm wrt-10, Bm wrt-5/3) and one whose C-  wrt-6 is an orthologue of Ce wrt-6. The wrt-6 ORF encodes
terminus is presently unknown (Bm wrt-4) (Table 1, Fig.  a full Wart domain, however the previously identified wrt-
2, 3, 4, Additional file 4). Based on phylogenetic analyses 6 EST [17] lacks the C-terminal half of the Wart domain.
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Table I: Number of hh and hh-related genes found in different
species.

Gene structure Nv XC Ts Bm Ce Cb Dm Mm

Hedgehog 2 | | - - | 3
Hedge-VWA |

Wart-only 2 5 5

Warthog I+17 5 3
Ground-only | 13(IP) 10
Groundhog 3 |
Ground-like 13 30 2P) 27

Quahog 3? | | | |

Hog only | |

Y0-hog |
Y1-hog |
Y2-hog |
Enop-hog

T-hog

Short-hog
Unknown hog
Total 6

2

© - N - —

5 19 58(3P) 48 | 3

The left column indicates the gene structure, with Hog referring to
the combined Hint/SRR or Hint/ARR domain. Known pseudogenes
are indicated in brackets.

Comparison with the genomic sequence revealed that this
EST spans exons 1, 2, the first 10 nucleotides of exon 3
and continues then into exon 10, 11, and 12, which con-
tain the Hog domain (data not shown). The point of dis-
crepancy in exon 3 is not at a splice site, therefore this
unusual EST might represent a cloning artifact. Bm wrt-4
cannot be assigned unequivocally as orthologue of Cb
wrt-2 or Cb wrt-4, but it appears to group with them. Ce
wrt-10 lies next to Ce wrt-1 on the chromosome [17], how-
ever the Bm wrt-10 contig is too small to determine,
whether another wrt gene resides next to it.

One Ground domain gene was recovered from B. malayi,
Bm grd-5, that is co-orthologous to Ce grd-5 and grd-10
(Figure 8, Additional file 8). We have previously identified
a few grl genes from B. malayi in searches of ESTs [17].
Here, thirteen grl genes were recovered from B. malayi,
however, only a few could be identified as orthologues of
C. elegans genes, i.e. grl-4, grl-16, and perhaps grl-7 and
grl-17 (Figure 8, Additional file 8). Other grl genes have
clearly duplicated within the B. malayi branch, e.g. Bm
grl-x1, gr -x2 and grl-3, which are more similar to each
other than to other genes.

A few ESTs were retrieved from other Chromadorea nem-
atodes: In Meloidogyne incognita we found a gene with sim-
ilarity to wrt-6 (Figure 2, 3, 4, 5, 6), and one grl gene,
Msp3, which is expressed in the esophagal gland cells [40]
(Additional file 8). In Parastrongyloides trichosuri a gene
with similarity to wrt genes was found (Additional file 7).

http://www.biomedcentral.com/1471-2164/9/127

hh and hh-related genes in Enoplea nematodes:
Xiphinema sp. and Trichinella spiralis

C. elegans and B. malayi belong to the class of Chromado-
rea. Our database searches revealed now also Hog-con-
taining genes from the distantly related class of Enoplea
nematodes, i.e. Xiphinema index CSEQDLO1, and T. spira-
lis, both members of the Dorylaimia [39]. From Xiphinema
we retrieved ESTs for nine distinct genes, and from T. spi-
ralis five (Table 1), one of which (Ts Xhogl) is also sup-
ported by ESTs. All five T. spirals ORFs have a signal
peptide sequence for secretion, and although many of the
Xiphinema ESTs are incomplete, in several instances
methionine residues followed by good signal peptides
could be found at the 5' of the ESTs (XC Thog, Shogl,
Shog?) (Additional file 9). One gene from Xiphinema
(XC hh) and one gene from T. spiralis (Ts hh) are clearly
hh genes (Figure 2, 3, 4, 9, Additional file 10), since they
both have a Hedge domain and a Hog domain. One gene
from T. spiralis has a QUA domain upstream of the Hog
domain (Ts qua-1). While its Qua domain is rather diver-
gent, the cysteine residues are all conserved (Additional
file 11). Ts Xhog3 has a rather short region upstream of
the Hog domain, which cannot be extended, because it is
delimited by an upstream cyclin gene, for which ESTs are
available (data not shown). After cleavage of the signal
peptide and subsequent autoprocessing through the Hog
domain the predicted N-terminal peptide of Ts Xhog3
would only be 34 residues long. In Xiphinema the three
ORFs with a signal peptide (XC Shogl, Shog2, and Thog)
have rather short predicted N-terminal sequences as well.
In the case of XC Shog] it is only 15 residues long, in the
case of XC Shog? it is 25 residues, and in the case of XC
Thog it is 79 residues long with an unusual stretch of
about 70 residues almost entirely composed of threonine
and serine residues. Two T. spiralis genes reside next to
each other on the chromosome (Ts Xhogl and Xhog?2).
They share sequence similarity upstream of the Hog
domain with six conserved cysteine residues. In addition,
XC Xhog5 also has sequence similarity to the upstream
regions of Ts Xhog1 and Xhog 2 (Figure 10).

Apart from the similarities in the regions N-terminal to
the Hog domain indicated above, the remaining N-termi-
nal sequences show no obvious similarities between each
other or to any other proteins. Only the threonine-rich
stretch is reminiscent of the 200 residue long threonine
stretch in the N-terminal region of the choanoflagellate
Hoglet protein [22]. However, this may be a case of con-
vergent evolution. No Wart, Ground, or Ground-like
domains could be detected in the genome of T. spiralis or
in EST database searches restricted to Enoplea.

Based on phylogenetic analyses of the Hog domains, XC
Xhogl, Xhog?2, Xhog3, and Ts Qua-1 form a clade with the
Quahog proteins (Figure 5, 6, Additional files 5, 6, 7).

Page 7 of 27

(page number not for citation purposes)



BMC Genomics 2008, 9:127

http://www.biomedcentral.com/1471-2164/9/127

XC_Xhog3

XC_Xhog2
g

Ts_Xhog2
Ts_Xho%1 Nema'

N

@
-
o
=3
[

Hog

567

1000

998

995

1000

I ——
7000

1000

p_h
Hm_C0905822

925

Ob_Hh

Pv_Hh

Dr_dhh
Nv_241466hh

Xx_104K18

Acm_DY579185

991

Nv_120428

949

1000

L Dh Hh Hh

— Bf_AmphiHh
fhh

Dr_shha
Dr_shhb

870

L 424

550

1000

1000

900

S_|
Nv_95413hh

Nv_239508

Nv_140260

jJI_Hog1

Ts_Xho%S
aAt_Hog

aKm_Hog
rCc_Hog2

555

rPy_Hog

a2

rPyﬁHo%%
1G]

551

_Hog
rCc_Hog

387

rPh_Hog

pSm_Ho
Mo_hogle

Figure 5

Phylogenetic tree of Hog domains. Phylogenetic trees were built from aligned Hog domains (Figure 2 — 4). The Neighbor
joining tree was created using the default settings of Clustal_X. Bootstrap values of 1000 trials are indicated in the figure. In this
and subsequent phylogenetic tree figures Enoplea sequences are highlighted in light green, Cnidarian sequences in yellow, Cho-
anoflagellate sequences in light red and fungal sequences in blue. The Hh sequences are marked with Hh and the nematode Hh-
related sequences are marked with NemaHog. The root was placed between the red algae/plant sequences and the remaining
sequences. Some incomplete sequences were omitted in this tree. Additional phylogenetic analyses were also carried out, for
example by omitting the protist sequences and using the fungal sequence GmGINI as outgroup (Additional files 5, 6, 7). Over-

all, the results were very similar.
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Maximum likelihood phylogenetic tree of Hog domains. A Maximum likelihood phylogenetic tree was constructed
using the same data as in Figure 5. Phyml default values were used, and bootstrap values for 100 trials are shown.
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tree is unrooted. Results of 1000 bootstrap trials are shown.
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Multiple sequence alignment of Enoplea Hog proteins with a new upstream motif. Multiple sequence alignment of
Enoplea Ts Xhogl, Ts Xhog2, and XC Xhog5 reveals new conserved regions upstream of the Hog domain.

While N-terminal sequences for XC Xhogl, 2 and 3 are
lacking they could be bona-fide Quahog proteins. A sec-
ond, distinct clade is formed by Ts Xhog1, Xhog2, and XC
Shogl, Xhog4, Xhog5 and Thog, indicating that they are
derived from a common ancestor (Figure 5, 6, Additional
files 5, 6, 7). In three cases, Ts Xhogl, Xhog2 and XC
Xhog5), a common upstream sequence (Enop) has been
identified (Figure 10), which seems to be specific to Eno-
plea nematodes, suggesting that at least in the cases of XC
Shog1 and Thog the N-terminal regions have diverged rel-
atively recently.

Almost all nematode Hh-related proteins form a distinct
clade, the only exception being the Hh proteins, and Ts
Xhog3 and XC S2hog, which are both very divergent and
do not fall into the Hh clade of genes either (Figure 5, 6,
Additional files 5, 6, 7). Two features distinguish the Hog
domains of the nematode Hh-related proteins from those
of the Hh proteins (Figure 1, 2, 3, 4, Additional files 1, 2,
3). 1) The regions corresponding to motifs K and L have
characteristic differences in their conserved residues in
nematode Hh-related proteins. 2) Two conserved cysteine
residues are found in the central region of the Hog
domain. When these two residues are mapped onto the X-
ray structure of the C-terminal autoprocessing domain of
Drosophila Hh [12], it emerges that they lie adjacent to
each other and therefore could form a disulfide bond.
This feature might stabilize this type of Hog domain in an
extracellular environment, and this extra stability might
possibly provide some new functionality. It is however
not unique to nematode Hog domains. Zebrafish ihha
and ihhb and fugu dhh (fhh) also have this extra cysteine
pair, which must represent convergent evolution. It is
worth pointing out that Ts Hh lacks the two cysteine resi-
dues and has motifs K and L as expected from a bona-fide
Hh molecule. However, the quite divergent Ts Xhog3 pro-
tein, which lacks a Hedge domain, also lacks the cysteine
residues and has motifs K and L.

hh and hh-related genes in Cnidaria

tlastn searches of the N. vectensis predicted ORFs returned
10 hits. Several turned out to be differently predicted ORF
variants most likely derived from the same locus, since
corresponding genomic sequences for some of these loci
displayed >99% identity. In the end six distinct ORFs were
retrieved that all had good signal sequence for secretion.
For four of the ORFs ESTs were found that at least partially
support the predictions (Table 1, Additional file 9). In the
case of Nv 239508 the corresponding genomic region
seems to have undergone a recent duplication as two vir-
tually identical Hog domains are present there (Addi-
tional file 12). In addition to the N. vectensis sequences,
ESTs for two genes from Acropora millepora and one gene
from Hydra magnipapillata were identified (Additional file
9). The EST from H. magnipapillata could be extended
using the blastn of the NCBI trace archives, which also
revealed a second, closely related paralogous gene (Addi-
tional file 9). Two genes from N. vectensis and one from A.
millepora are bona-fide hh genes, because they both
encode a Hedge domain and a Hog domain (Figure 2, 3,
4, Additional file 10). Two other ORFs, Nv 120428 and
Acm DY579185, share conserved sequences upstream of
the Hog domain with at least 3 conserved cysteine resi-
dues (Figure 11). The N-termini of Nv 140260 and
239508 do not show any similarity with known motifs,
and the processed N-terminal peptide of Nv 140260 is
only 86 residues long. Similarly, the upstream region of
Hm C0905822 and its close paralog do not shown any
similarity to the upstream regions of other cnidarian Hog
proteins.

Last but not least, Nv 200640 is predicted to be 3592
amino acids long and is highly unusual. It is similar to the
Hh proteins through the N-terminal Hedge domain (blast
expected probability: 1e-18 to Ciona Hh), but no Hog
domain follows (Additional files 10, 13). The Hedge
domain is encoded by two exons, and after an intron of
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Multiple sequence alignment of two cnidarian Hog proteins with a new upstream motif. Pairwise sequence align-

ment of cnidarian Nv 120428 and Acm DY579185.

600 bp many additional exons continue the ORF of the
JGI prediction, but nowhere in this genomic region
resides a Hog domain. Analysis of the ORF using the
SMART server revealed that these extra exons encode mul-
tiple motifs with significant sequence similarity to other
proteins (Additional file 13). The first motif, encoded by
exons 3 and 4, contains a von Willebrand factor (vVWF)
type A domain (VWA). For example, the VWA domain of
chicken collagen, type XIV, alpha 1 (undulin) is retrieved
with a blastp probability of 8e-28. After the VWA domain,
21 CA (Cadherin repeat) domains follow, they occur as
repeats in extracellular regions and are thought to mediate
cell-cell contact when bound to calcium. Further follow
two Immunoglobulin C-2 Type domains, two EGF
repeats, a transmembrane region, and finally an SH2
domain.

The phylogenetic analysis of the cnidarian Hog domains
reveals that they cluster primarily with the Hh Hog
domains (Figure 5, 6, Additional files 5, 6, 7), albeit
mostly with insignificant bootstrap values. The Hog
domain of Nv 241466 Hh has the best similarity to the Hh
Hog domains, and clusters with the deuterostome Hh
proteins. Nv 140260 and Nv 239508 are most similar to
each other, suggesting a likely duplication event within
the cnidarian lineage. Nv 120428 and Acm DY579185
may also be related to these two proteins via their Hog
domain (Figure 5, 6, Additional files 5, 6, 7), but the boot-
strap values are not significant. The Nv 95413 Hh protein
is rather divergent, and the Hydra sequence Hm
C0905822 is also very divergent and does not from a
clade with any of the N. vectensis sequences. Therefore, it

is not possible to determine, whether all the cnidarian
Hog genes originated all from a single ancestral gene in
the cnidarian lineage, or whether hh and other Hog genes
were already present before the split of Cnidaria and Bila-
teria. The Hedge domains of the three N. vectensis ORFs
are more divergent than the bilaterian Hedge domains
(Figure 9, Additional file 10). The Hedge domain of Nv
241466 Hh is most similar to bilaterian Hh proteins, with
a best blast probability of 2e-52 to a fish Hedge domain.
Nv 95413 Hh is more divergent, with a best blast proba-
bility of 5e-36, and Nv 200640 is the most divergent
Hedge domain, with a probability of 1e-18 to a Ciona Hh.

Hog genes in lower eukaryotes

In order to detect Hh sequences from lower eukaryotes,
tblastn searches were performed using the organism
restriction "eukaryotes NOT bilateria". This recovered a
number of genomic and EST matches from lower animals,
fungi, plants and protists (Figure 2, 3, 4, Additonal files 9,
14). One EST was recovered from the sponge Oscarella car-
mela, which was previously described [27]. Analysis of this
sequence shows that, while it does have a Hedge domain,
the downstream sequence does not contain the start of a
Hog domain in any frame (Additional file 10). No
sequence similarity to a VWA domain is detected in that
fragment either. Nevertheless, it indicates that as in the
case of Nv 200640, this gene may not contain a Hog
domain.

A match was detected to the gene GmGINT1 from the fun-
gus Glomus mosseae, which belongs to the Glomeromy-
cota, a sister group of ascomycetes and basidiomycetes
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and had already been described as having similarity to Hh
[29]. The Hog domain has a blast probability of 7e-18 to
the best matching Hh Hog domain, which is much better
than the blast probability of choanoflagellate Hoglet to
the best matching Hh Hog domains (4e-10). Further-
more, good matches to motifs J and K, as well as a region
with similarity to motif L. Therefore, GmGIN1 contains a
bona-fide Hog domain (Figure 2, 3, 4, Additional file 14).
The upstream domain of GmGIN1 shares similarity with
Ras-like GTPases, e.g. the Arabidopsis protein AIG1
(avrRpt2-induced gene 1) and the animal The IAN/IMAP
subfamily [29]. However, this ORF lacks a signal peptide
and may therefore not be secreted.

A number of matches were found in Alveolata, i.e. in the
dinoflagellates Alexandrium tamarense, Amphidinium cart-
erae, and Karlodinium micrum (blast expected probability
of aKm Hog: 9e-17 to the best matching Hh Hog domain;
note: blast probabilities below also refer to Hh Hog
domains) and the apicomplexans Cryptosporidium muris
and Cryptosporidium parvum (blast prob. of aCp Hog: 4e-
08). Their Hog domains contain motifs J and K, although
in a few cases the cysteine has been replaced with a serine
in motif ] (Figure 2, 3, 4, Additional file 14). The aCm and
aCp sequences are most likely full length, they have signal
peptide sequences for secretion and share a conserved
upstream region of about 100 residues in length that con-
tains two conserved cysteine residues (Figure 12), but no
sequence similarity of this motif to other known domains
was found.

Further Hog sequences were found in red algae and
mosses (Figure 2, 3, 4, Additional file 14): In the mosses
Selaginella moellendorffii (blast prob.: 1e-09) and Phys-
comitrella patens one sequence each with a Hog domain; in
the red algae Chondrus crispus two sequences (blast prob.
of rCc Hog: 1e-10); in Griffithsia japonica one sequence
(blast prob.: 3e-08); in Porphyra haitanensis (blast prob. of
rPh Hog: 4e-07) and Porphyra yezoensis two Hog domain
ORFs each; and in Gracilaria changii six ORF fragments

aCp_Hog MKVNNIKIICFLWLTILVELFWFNKESRKNVDL FIRVRTKSIFDTFSGMSAGGTGF!
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(blast prob. of rGc Hogl: 3e-12). Those moss and red
algae Hog domains that are not truncated have motifs J
and K, although the cysteine residue in motif ] has been
changed to serine, threonine, or aspartate. Alignment of
Py and rPh Hog?2 revealed conserved sequences upstream
of the Hog domain, however, these two sequences are rel-
atively closely related so this conservation is not surpris-
ing (Figure 13). Blast searches with this upstream region
did not reveal matches in any other organisms. Similarity,
alignment of the moss sequences revealed also a con-
served upstream region that was not found in other organ-
isms (Figure 14). The P. patens sequence is presumably full
length, since it was predicated from genomic sequence,
and it has a good signal peptide. One EST sequence sup-
posedly stems from rice (XX 104K18), however, it has a
much better match to Hh Hog domains (blast prob.: 3e-
24) than other non-metazoan Hog domains, and we
could not find any match to rice genomic sequences.
Therefore, this sequence may come from a contaminating
organism and is designated as species XX here.

Additional Hog-like sequences were recovered from the
cercozoan Bigelowiella natans (blast prob.: 9e-10), from
the cryptophyte Guillardia theta (blast prob. of crGt Hogl:
6e-11 to Hog of Mo hoglet), and from the jakobid Jakoba
libera (blast prob. jJl Hogl: 2e-05) (Additional file 14).
These sequences have motif J, although the cysteine has
been replaced, and in those cases, where the C-terminal
region is complete, it is clear that motif K is not conserved.
Sequence alignment of the J. libera Hog sequences
revealed conserved upstream sequences with some con-
served cysteine residues (Figure 15). Numerous ESTs cover
jJl Hogl and therefore its ORF could be complete. If this
is the case, the putative start methionine has a good signal
sequence for secretion, and therefore jJI Hogl has the
same global structural features as the animal Hh and Hh-
related proteins, i.e. a secreted N-terminal domain fol-
lowed by a Hog domain. Finally, three sequences were
recovered from the haptophyte Pleurochrysis haptonemof-
era. Sequence alignment revealed sequence conservation
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Figure 12
Pairwise sequence alignment of Alveolata aCm and aCp Hog.
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Figure 13
Pairwise sequence alignment of red algae rPy and rPh Hog?2.

domaln

upstream of the Hog domain with conserved cysteine res-
idues. However, it is noteworthy that the Hog domain is
much better conserved than the upstream region, indicat-
ing that the upstream region can evolve more rapidly (Fig-
ure 16).

Overall, these results show that Hog domains occur in
many different branches of the major groups of eukaryo-
tes. However, multiple losses seem to have occurred, since
in many branches we did not detect Hog domains, for
example, in Arabidopsis thaliana and other higher plants,
or in the currently sequenced ascomycetes and basidio-
mycetes, or in other sequenced organisms such as Dicty-
ostelium.

Other genes of the Hh pathway in Enoplea and N.
vectensis

C. elegans not only lacks a bona-fide Hh molecule, but sev-
eral other components of the Hh signaling pathway have
been lost as well. In particular orthologs of the Hh signal-
ing pathway in recipient cells, i.e. smoothened, fused, sup-
pressor of fused (sufu), and costa are missing [18]. On the
other hand, a homolog of the transcription factor Cubitus
interruptus (Ci/Gli) is present, albeit it has been adapted
for sex determination. And multiple homologs for the
receptor of Hh, i.e. Patched, have been found in C. elegans

[18], as well as the related molecule Dispatched, required
for secretion of Hh. Patched, Dispatched, Smoothened,
Ci/Gli and Hip have already been found in N. vectensis
[25,26]. We were particularly interested to find compo-
nents lacking in C. elegans in the relatively well sequence
genomes of N. vectensis and T. spiralis. Using reciprocal
blast searches, we have attempted to identify these com-
ponents of the pathway in Nematostella and Enoplea
(Table 2). In Xiphinema we only detected an EST for
patched, but this is not surprising giving the limitations of
the current dataset. In T. spiralis we detected patched, dis-
patched, dally-like and Ci/Gli, but found no evidence for
Ihog, smoothed, costa, fused, and sufu. This is actually iden-
tical to the situation in C. elegans. Presently about 56.8 Mb
of an estimated genome size of about 65 Mb has been
sequenced for T. spiralis [41]. If we assume that only about
80% has been sequenced, the probability of finding only
the genes listed in Table 2, but missing the others is
0.013%. If the sequence coverage is higher, this probabil-
ity would even be lower. Therefore, we have to assume
that in T. spiralis, even though it has a bona-fide hh gene,
the Hh signaling pathway is compromised in a similar
way as in C. elegans.

In N. vectensis we found good orthologues for dispatched,
dally-like, patched, smoothened, fused, sufu and Ci (Table 2).

pSm_Hog
pPPp_Hog MIRMLLPLAFLLVLEHQAGVLVGAQLAT] FGPPHADGT! FIG KALMWG NAVCD| 129
PSl_Hog -—------——mmmm oo VPGI PR.LQ PGLAQ- KGK GD I L PAMLWGSV! -I C KIV GGL KI GDWG CGAA FVF 109
ruler 1....... 10.....00 20........30........40........50........60........70........80........90.......100.......110.......120..00...
R
pSm_Hog GIFLG-F FSM-—— -, FFFATSLFAVLASVVLATN - - —ESCFP GDLKLM 55
pPp_Hog NE CGI ARRRLLAR-———-| LARKLLQ! AAKGALTGAT! CIPFLGPLYPFCMAGVIGVATAGGAAVGCAEANGCFP LAGGEVKPM 254
pS1_Hog YGR IVCP KIIL-L RILL CRE GxGAIGGAI GVLGTGGCLGT 193
ruler .......140.......150.......160.......170.......180.......190.......200.......210....... 220....... 230....... 240....... 250....... 260
pSm_Hog RDIIV - ——~VF] FIQVHPA--——————————| DM K-GKL! LWG—- ———————— KLG GNI 158
pPp_Hog [ESLA KVAV E I Lm KPVGANMSDPA F.v -GSET vammw PILV-I 383
pS1_Hog 193
ruler ....... 270.......280.......290.......300....... 310....... 320....... 330....... 340....... 350.......360....... 370, ...... 80....... 390
Hog domain
pSm_Hog VLAPLRAI¥YN-- IVGK'I YAIGYAAI.C FGAKYG GIAGVBIAMLA.KA ------ 248
PPp_Hog G I"m EAP LG! HWIP.:.:V YGLGKIAYIIL!LRLIALVDV KFGGP' GLGSSIIAALLIFKSSRPKTA 481
pS1_Hog 193
ruler ....... 400....... 410.......420....... 430....... 440....... 450....... 460....... 470....... 480........
Figure 14

Multiple sequence alignment of moss pPp Hog, pSI Hog and pSm Hog.
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.2 *x 12 P -
jJl_Hogl MGKST ILACAWACLTAAVLSQSNNIIGCNINlSGSMDNGREFNCGDVVLSANDQIQGQGFADS IDGTF ——LINGTSV PRQIVLDF 90
jJ1_Hog2 LLVEINSSVRIPGIEIRRETKTVWQFVLOEVAGWALCVWLOPLLWWLFCWPFATLALPIRWCAHGHSKATISAGT---KAAAALPPSSLDPRIEFA p CWVGGSASGET-FAVLVGS 116
jJ1_Hog3 ~———-SVRCENSRRRAV- === === — e CVWLOALVWGVLWWACATVAVPIRGCARGHSKATISAGT-- —KAAGAVPPSSLDP.IEFA cwcccsas -FGVRVGS 92
ruler 10 .cceenns 200 .cennnn ] J 40 . .unnn.n -1 60....unn. T0ueeennnn 80........90.......100.......110....... 120
TR T
jJ1_Hogl KEC D-—GCQTP GCORIGIDI GNA ---------- ILKVESGS| NVWMNVHPCGRSQGGGPGCF. ‘I‘VQ TGKIGDRILTA-S. GAGA TT 197
jJ1_Hog2 GSSSGOVVGSETVNINCNRCNLQ- GC PPV.G-LVMS GVV VSVTAT-LEKCESGGVGCF. GE KS LLOVGDRVLSSLBSSSCOLA SSP 234
jJ1_Hog3 RSS| QVGGSES KCNRCILQ— 121
ruler .......130.......140.......150....... 160....... 17000 cenu.. 180....... 190.......200....... 210....... 220.......230....... 240
Hog domain
j91_Hogl KEVLEFSLOARNGTINASLQVIHFHNMLVEGKGEVQAQDVHQGDIMRVMVENCFVEALVEKIEKLSSOKYVRLVVIESGIIVVNGVLGSSLESSG 292
jJ1_Hog2 KDVLAFTLESDRGVEAT 251
jJ1l_Hog3 121
ruler ....... 250....... 260....... 270....... 280....... 290....... 300....... 310....... 320....... 330.....
Figure 15

Multiple sequence alignment of jakobid jJl Hogl, Hog2, and Hog3.

No obvious homolog was found for Thog. In the case of
Drosophila costa, good matches to its human homologs
were found, and Drosophila costa is rather divergent.
Recently it has been shown that the mammalian homo-
logues of fused and costa do not play the same key role in
the pathway as in flies, instead sufu plays a major role
[42,43]. Overall, it looks like most of the key players of the
Hh pathway are present in N. vectensis so that it is clear
that the pathway was already well established before the
split of Cnidaria and Bilateria.

Genes with novel Hint-like (Vint) domains

During the tblastn searches ESTs and ORFs from non-Hog
genes such as inteins were discovered, usually in the non-
significant zone at the bottom of the results lists. One
group of genes attracted our attention, because upon
closer inspection it became apparent that these genes had
an amino-terminal domain comprised of a VWA domain
followed by a region that has good similarity to the first
part of the Hint domain, i.e. in particular motifs A and B
(Figure 17, 18, 19, Additional file 15). This observation
was intriguing given that in Nematostella Nv 200640 a
Hedge domain is followed by a VWA domain. Further
blast searches revealed the presence of these VWA-Hint

proteins in Tetrahymena, several fungal species, the Het-
erolobosea Naegleria gruberi, the parabasilid Tritri-
chomonas foetus, dinoflagellates, the slime mold Physarum
polycephalum, rice and the chanoflagellate Monosiga brevi-
collis. Additional matches in other species, for example,
pine tree, were found in the EST database, but not
included here, because the fragmentary nature of the
sequence information made it impossible to determine,
whether the VWA domain resides in the same transcript as
the Hint domain (data not shown). No match could be
found for the cDNA sequence from rice (pOs AK110392)
in the genomic sequence, but ESTs recovered from other
plants support the notion that VWA-Hint proteins exist in
plants.

The VWA-Hint proteins do not seem to have a signal pep-
tide for secretion. The VWA domain is located at the N-ter-
minus of the proteins, although in four cases a Ubox
precedes the VWA domain (Figure 17, 18, 19). A region of
around 300 residues separates the VWA domain from the
Hint domain. This region has several small patches of
conservation and one large region, that we propose to call
Vwaint domain. At the C-terminus a Hint-like domain fol-
lows, which is of similar size as a Hog domain. However,

_____ Kkk kk kgkk, kkg Rk k.pz L kL kogrkpkikkgh 1z
hPh_Hog2 -P KFVCKPF IKKKK| IDDE "VADVCGRDLDANEALSILEQSL INLGVAIDNV:
hPh_Hogl --------- KFVCKPFEVIDDDIDDDDIDRRRRLGKDDDDDKKH IDKKKDDDDD - - - - | NVIVDGDFGIGAK Dl EKCELAVADVCDRELNASAALSILEQSL INLGVAIDNVE]|
hPh_Hog3 \VSSVCGRKFOLDEARDKLREALIDELGLAAIDLDS
Tuler 1.......10uc.c0eee20u.enen.. 30 cennnns 40........ 50 .cannns 17, TP 1 TR - JO T PP o ....... 110....... 120....... 130....... 140
Wk xokr r L. kr kL kL gxk : e PP
hPh_Hog2 LP] DENLSKKKNKKLQKKA KTCRNVCKDECRSAEVLLNEWVADTGL CFP. 'ASPI| LVKTTDGF -
hPh_Hogl LP¥DTSLSKKKNKKLREKAEKSCKRTCKNECRSAEVLLNEWVADTGLSSCFP. TVM 'ASPI ILVKTTDGF] i
hPh_Hog3 LFSELP.AIKEVIETERFV iR-| CTEECTRQCRRIVVTILQWVNRR——— CFF SVL QNVFI LVMARNGF PIFP G .K
ruler ....... 150....... 160....... 170.......180.......190.......200.......210.......220.......230.......240....... 50....... 260. ..
KRR KRR DRk Rk kR kR Rk kR Rk s kR Rk Rk 3 kR kR Rk Kk g Rk Rk Rk k g Rk Lk k kR ko
hPh_Hog2 GMRLA [EAC V! 'VLAG: GIAA. T PL ILLAPLRALS] AVAPRL FCAN IVTS 398
hPh_Hogl GMRLA [EAC VLAG GIAAS LLAPLRALYAVAPRL! FCAK! IFTS 384
hPh_Hog3 GMRLAVSAEAE AP VLAVERE GVEV' LLAPLRAI. SVAPGL FCAK LANT. 331
ruler ....... 290.......300.......310.......320.......330.......340.......350.......360.......370.......380.......390........
Hog d omain
.
Figure 16

Multiple sequence alignment of haptophyte hPh Hogl, Hog2, and Hog3.
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Table 2: Components of the Hh signaling pathway in N. vectensis and Xiphinema sp. The absence of a gene does not mean it is not
present, it just may not have been sequenced yet. Numbers indicate the protein prediction in JGI (Nv) or the accession number (XC).
For more information on pathway components and C. elegans genes see [18]. Best blast scores are given for the Nv predictions in

parenthesis.

Gene Nv XC Ts Ce
dispatched 2), 88278 (e-100) - yes (2 copies) ceh-14, ptd-2
lhog Rk - - no

dally-like 247677 (4e-71) - yes gpn-1
Patched 1), 84424 (0.0) CV511563 yes ptc-1, pte-3
smoothened 2), 208236 (e-123), 92220 (4e-84) - ¥ no

Costa 79512 (e-135) # - - no

Fused 136852 (4-63) - ek no

Sufu 246114 (2e-89) - - no

cubitus interruptus (Ci/Gli) 2), 116463 (3e-85) - yes tra-1

# This match is to human KIF27, costa itself is rather divergent and may not be a bona-fide ortholog of KIF27, and there is functional divergence

between mammals and Drosophila in this aspect of the pathway [42].
* best reciprocal match found is to Drosophila frizzled dFz2

** best reciprocal match found is to ULK3 kinase

¥k best reciprocal match of NvI85528 is to fish protogenin 5e-75

I) mentioned in [25]

2) mentioned in [26]

the best conserved features are only motifs A and B, i.e. the
N-terminal region of the Hint-like domain. One region
shares a little similarity with motif F of inteins and BIL-Bs,
but motifs J, K and L are lacking (Figure 17, 18, 19). The
Hint-like domain is also rather different from inteins or
Hog domains, the best blast matches of aTt 00471620 are
to honeybee Hh with a probability 0.013. Therefore, these
sequences cannot be classified as intein, Hog or Bil
domains, and we refer to these genes as Vint genes. Vint
genes are apparently so wide spread in eukaryotes that we
have to assume that a common ancestor was present in
early eukaryotes. However, Vint genes seem to be lacking
in Arabidopsis, many fungi (for example, Saccharomyces
cerevisiae), and in Metazoa. Multiple independent losses
in different lineages seem the most likely explanation for
this absence.

Our searches also revealed a group of proteins from bacte-
ria that had a Hint-like domain at their C-terminus and
shared some weak sequence similarity in their N-terminal
region (Additional files 16, 17). At least some of these
proteins are predicated to have signal peptides for secre-
tion, and the upstream region has two cysteine residues
conserved between all sequences. The Hint-like domains
of these bacterial proteins are also quite divergent from
inteins, Hog and BIL domains, and represent yet another
subgroup. This subgroup has previously also been
detected by Dassa and Pietrokovski [21]. The new mem-
bers we retrieved here support the notion that this is yet
another new type of Hint protein.

Discussion

Hh and hh-related proteins in nematodes

Hh genes are present in deuterostomes as well as in several
different protostome phyla such as molluscs, annelids,
and arthropods (Figure 20). However, in nematodes the
situation is more complex. In C. elegans, C. briggsae and B.
malayi we find no hh gene but instead many hh-related
genes. We recovered 19 hh-related genes from the nema-
tode B. malayi. Based on empirical evidence from other
gene families we estimate that the genome of B. malayi is
around 80% complete (K. Mukherjee and T. B., unpub-
lished). Therefore, some additional hh-related genes
might still be forthcoming. But the present survey shows
that members of the qua, wrt, grd and grl gene families are
all present in B. malayi. Only a representative of a grd gene
with a Ground domain has so far not been found. The
phylogenetic analyses show that while there are some
instances of direct orthology between B. malayi and
Caenorhabditis genes, in many instances, in particular for
the grl genes, the relationship is not clear and in fact sug-
gests that independent diversification occurred in these
two Chromadorea branches. This shows that these gene
families have been actively evolving in nematodes.

In the more distantly related Enoplea nematodes Xiphin-
ema sp. and T. spiralis a strikingly different pictures
emerges. In both species we find both a hh gene as well as
several hh-related genes. In T. spiralis we also find a quahog
gene, and - based on the phylogenetic analyses — some of
the Xiphinema genes could also be quahog genes. Two T.
spiralis and one Xiphinema protein share a new motif
(Enop motif) upstream of the Hog domain that appears to
be specific to Enoplea nematodes. However, there are also
a number of instances of N-terminal sequences that are
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pAt_At5g60710 MGSKWRKAKVALGLNLCLYIPKILEDSSPPRRSDDAVSLSEYIVORPSTPIPSSSCLRLERSMSKESSKKICAT CLEAMKAGRCHATFIAECSHSFRFOCTETN
£Mg_MGG_09762

£Ac_HCAG_03368
£Gz, FG08272 1
£Nc_NCi
£Cg_CHGG_( 03787

HGNQICBVC] IPIQ: PKSGVKBI 1P

IIDDOIP
VTSYIH

-MVLTRIVSGCP

aTt_ 00471620
aTt_00696950
aTt_00214760

aTt_0320310 MVLIESKF
aTt_00070820 PD! PCPLN 1 OPAQC! KSCIT NQIQDNIA
INg_58186 v““.QRN'pnsF cn wm IEHWLTIHATSP SKELLVSNIA
pOs_AK110392 MEKAKAAAAGAAAPAA LTRSAVI P PLSAADLRENRA
Mb_31857 0l QI. y DRTNI IGQGED\ ORNNSBFDRSIEISAAD
eTf_Vwaint
aKb_CV173950
sPp_EC759192
aAc_Ac3725
ruler 1....... 10....een. 20........ 30........ 40........ 50...cu.n. 60........ 70, .enn.. 80........ 90....... 100....... 110....... 120....... 130....... 140....... 150
Ubox domain
PpAt_At5g60710 PRRSSPIQEESREDCLRVSSIFNEEPAVFNDPEALEHODRSAESGLDKPGVTG---——- TLEVKEYPEISEVVRSVSFKDFAVLINLKAP S LVTVL
fMg_MGG_09762 MDVPS {*) RVHVYPLASKD---G-------- ILIKVKPP: RVPK P VLV VVPT! [0}
fAc_HCAG_03368 IRPRL TSTTT GVOLHPLBDTNS MILSVHPR---LHEE KEMPHVPCDIVLC glsm:m: -----
£Gz_FG08272.1 IPTNEPQTVPLFRSLVSGSKSEKEEBL EDAQEPIAIISDK TIRL et LLIKIETP---KEBS---—- VNIPHVECDIVLV 0
£Nc_NC .1 --MTABITIBI 1 KLEIHPLPSHTS-—-G-—-—-——-] LLLRVIPP---RSPB-NLEDENFHHVECDIVLA DAPVPTTASADYTNED B
£Cg_CHGG_08787 AMAN. GLTL KK QLOLHPF LIVKIO) REPE NADL LVLST G
aTt 00271620 VKBISH----- QLTVKES IKDN---K. LRISLIPE---ASIK ICC
aT _ MDK] ISIQESIKDD. ""ISI,\IPP—-—QNYc ICCV AKIINO:! C
aTt_00214760 -MEKN KLDLOLSQTKN: I DDL 'CNIVCLV] L IGSKLVIHOKNGGK -~~~ ======—mmmmm
aTt_0320310 SRNNL '!ATIN!IGLEN---Q VRIQILSP. KGKS [VSNSICCV IKOSGGN-
aTt_00070820 LKQEIDQVRILITDENRFRDLK' ) IQ' QLKLOINRF! 0. IST EGQQ RSACBICCV KIKNSKGDI--—————————————
1Ng_58186 LRNTI! RVTPLVEQDIEDHSL------] NLTI Q' I.Vl\ TGEO: ROPCNLVCIL SAEDLSSSN:
pOs_AK110392 Lnumsw.snanwpuummmmmxnm AVDKBLLEAE A QVLVT DLT DVCYV EAKIK 0
Mb_31857 LRBAMTIRSALEEYIAQHHLEFEVABLVT. GRPALKLPARLASEL ELEVALH AILELIPQ---RQTA TTNIHLNLVL
eTf_Vwaint
aKb_CV173950
SPp_EC759192
aAc_Ac3725
ruler ....... 160....... 170....... 180....... 190....... 200....... 210....... 220....... 230....... 240....... 250....... 260....... 270....... 280....... 290....... 300
pAt_At5g60710 —-—-- TKLALLKRAMGFVIQNLGPF)
£Mg_MGG_09762 ERFGFTVLDLVGHACLTILETLTER
fAc_HCAG_03368 EETGLSVLDLE IIETLN] NESSKKAALKAVEALKE -
£Gz_FG08272.1 BSAGLSVLDLE 11 I
£Nc_NCI .1 EHNGLSVLDL T N: - -TALNKKKTERNLGGMOP - WGGIVEGLK---LFDGOSG
ng CHGG_08787 EDTGLRVIDL IVATLDSRDRLGIVEFEINRSKVGIPPYE-~——=————-] NKAKELENIESMEP- HGIRDGLS---LFSEAEG :
aTt_ 00471620 ENYCLSILDT KMIVNTLT] ——DIANKILAIDKI KLEA-—~——==—~. QHGIQVGLN---ILSKSKS -ON--RN.
aTt_00696950 ENYSLSILDVVKHSIKMIVNTLG: - IEKIENLST ELWKGLNSALN---ILLNNKT- PN--TN
aTt_00214760 KESDMTELDLV. KEIASSLN] DDO! IWGGLODSLE---VIKKGF! PN--ON
aTt_0320310 SELGYSVLDIVKHSLNEI! --T, smxssvnnmgcgp --------- IWAGIEQGLE KN--KN
aTt_00070820 ESNGLTILDL IINNLDERDRLSLVAFHENAYKITPLTEM- -~ NGRNHAIKELEKLIP---—-—-—- IWDGIYQALE---VVKAGQO 0S--IQKGEQRV
INg_58186 ENTGF: L IELMN] AIEKLEHLGP GLRLGME--§SLNNPLC
pOs_AK110392 EAGGFTELDL ITHSLGDADRLAVVI¥SAQAQVVVELTAM-———-— NGAGKKKAEALVEKLEP - - - ———-—- WDGIYTGLE---VIRKGAODOAR S| AAABRF!
Mb_31857 IEYNLCV ILVKI A PISVP.PKMGAITTVADVLGKI IYI --------- WAGIETGLO: LLASCA PH--LH
eTf_Vwaint
aKb_CV173950 A DELVA YGGEFDIWQGLSHGLD -~ -ALHTD. VEKGR
sPp_EC759192
aAc_Ac3725
ruler ....... 310....... 320....... 330....... 340....... 350....... 360....... 370....... 380....... 390....... 400....... 410....... 420....... 430....... 440....... 450
vWA domain
Figure 17

Multiple sequence alignment of VWA domain - Hint-like domain proteins, part |. Proteins containing a VWA
merged to a Hint-like domain were discovered in Tetrahymena, several fungal species, as well as several other eukaryote
branches, including choanoflagellates. The VWA domain and the Hint-like domain (Vint) with motifs A and B of the Hint
domain are marked in the alignment. A new domain between the VWA and Vint domain is marked with Vwaint. Four proteins
also have an Ubox upstream of the VWA domain. An alignment of selected Vint domains to Hh Hog domains is presented in
additional file 15. A. thaliana At5g60710 is not a Vint protein, but one of the best matching VWA domain containing proteins.
While it lacks the Vint domain, it does have some weak similarity to the Vwaint domain, and upstream of the VWA domain is
a Ring finger, which shares similarity with the Ubox motif. It would be worthwhile to investigate this similarity with a detailed

evolutionary analysis in the future.

very short. Several of these proteins cluster with the
"Enop" proteins in the phylogenetic analyses, suggesting
that they diverged from a common ancestor. However,
two proteins with short N-terminal regions (Ts Xhog3 and
XC Shog2) are rather divergent and do not reliably fall
within the clade of nematode-specific Hog proteins
("Nema-Hog" proteins) in phylogenetic analyses. In par-
ticular Ts Xhog3 lacks the conserved cysteine pair usually
found in Nema-Hog domains, and it shares motifs K and
L with Hh Hog domains, indicating it could be derived
from a Hh protein. Therefore, while these genes could
have diverged from hh or Nema-Hog genes, it may also be
possible that the represent ancestral genes that were lost in
Chromadorea. In conclusion, we think that there were

probably at least three different types of Hog genes in the
common ancestor of Enoplea and Chromadorea, one hh
gene, one quahog gene and one gene which give rise to the
wrt/grd branch in Chromadorea and the Ts Xhogl/2
branch in Enoplea. But possibly up to five Hog genes
could have existed in the common ancestor. The prolifer-
ation into further distinct groups such as wrt, ground and
ground-like appears to have happened later in a branch
specific manner.

Many different N-termini now exist in Nema-Hog pro-
teins. Two possible mechanisms can explain this diversity:
Either acquisition of new N-terminal domains, or diver-
gent evolution of existing N-terminal domains. A rela-
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PAt_At5g60710 --SSIVLI SPNGSRGTDYKALLPKE INGNRIP! FGFGAD-| SLMHSTAENSGGT! IESETVIQDAFAQCIGGLLSVWQELCVTIECMHHLLRIGSVKAESan IAVGDL
fMg_MGG_09762 --PAVML ISHLD - ————- STEFTKPVASLKETNPE--KAQIHTFGFGYN-SEAGVFKAFSEISGG! MIGT IRNFAAFRVCLNIKGEDLKLVSPF IPEP----—- D IYRIQLTLGSI
fAc HCAG 03368 --QALYV |- ~MCPKO! TKLRPILQLLGHR -MPMIHTFGFGYN-TI. LLOAT. GGGTFAFIP AGMIqVF IANL ATQAKVTFRTSGSVTLA| DLGSKTGLGLHEESTRD-——————————— SNLTVAIGTL
£Gz, FG08272 1 --PAIMI -PASIHTFGFGYS-LKSDLLKSIAEI IPDAGMIGT! A KLS¥SKPLELLETTGPSVEQKPVEF  TLMLGNL
fNC_NCU055 55.1 --PALMVI FGFGYS-L] ILLKSVAEIGG IPDAGMIGT!' ANNVVLRLTY¥PKYLGLE TTGESVDKVESVQLEKG ----- MPIS SMOLTLNLSTL
£Cg_CHGG_08787 --PALLV: FGFGYE-LI LLKST. 'GGGNYSFIPDAGM! FI. RLTY¥PSYLKL 'E: IPIDNI
aTt_00471620 --QA.M.V ------ DRNVMQFLKKIKKDNPQL-R ISEFGFGSS-CDSELLDEIAREYNGI FIPDATLI. F . TVFANYVQLRVK: LNSFKF---NVPPQQPISSKSISKQ ------------ QDVIIYGGVV
aTt_00696950 --QSIFL! —--DSGIDTNLVKFKQAYPKL-NCRINEFGFSSS-SNSELMNKIAMEYNG! IPDASFI. INNCLLHITTLEGSNLTLHPAHSFL! G0 EILIDVGVV
aTt_00214760 --VCIFLF -MIPAIGHVEMLRRWKEQHPAI-QFSIFTFGFGND- IDLMLELS@EQNGI ISDSSM! ILS NNVHLNLOL: 24 TTLDLIILGLI
aTt_0320310 --QQLIVI ~VNPPRGILTTLNNF¥NKNIISPKPSINTFGFG¥Y-. HLLFNIAQDCQOGI IPDSSFV( IF SIASHQS IFATNAVLVFKPLNKNAQ--LNL I KE. 'LGNL
aTt_00070820 AFSQILLF -VIPPRGHLPMLKKYKEENDV--NCSISTFGFGYN- ELLDQLAIEGRGSFAFIPDGOFV! '“' LAVDAVLCI! ‘“’——EEVLIEEEQAKNILNK“VLGIYIYQRCSWGLNI“IGTL
1Ng_58186 --TCLILF -INPPRGIVPTLEKYIKEHPL--NSEIHSFGFGYS-. LLKDIAMNGSG: IPDCSMV( TLC I 'TISMGGV
pOs_AK110392 --AAVLV! ---VEPPRGHLPSLA ADNKGL-PA' IFGFGYN-! LLYDLSVAGKGF] IPDGGFV( IF".lT‘ VTI GSV 'VSVPAL
Mb_31857 --NVCVA! ---RHPEQGYETAHRRFKOMENF - - S LPFGFGRI. LLOSLARTGEGIMVNI AK H| LRLLDLDGVL DYNASKO FLALGTL
eTf_Vwaint
aKb_CV173950 -LGHIMLLEDGVSQS----- ADRI1pmlglc'rxazk—l.rqxs|FGFqn—L-RLququusus-P1P.AGquvrv.T NLMVIN ¥YLGL ELILKDCMLGDLBVTQQ--~--—-~--] DGYERVKLGTL
sPp_EC759192
aAc_Ac3725
ruler ....... 460....... 470....... 480....... 490....... 500....... 510....... 520....... 530....... 540....... 550....0.. 560....... 570...0.0 580....... 590....... 600
PAt_At5g60710 -SDVMSLLKVQCV.KDWTKETVNV ILRPI WSXIVDRQRIRLRAAEAISEARVLAERGD' LETCRGLL lQLCV

£Mg_MGG_09762
fAc_HCAG_03368
£Gz_FG08272.1

~RPPPEDCVIQAELVAFDAEGYFQTVEDC--~-~. RADDISH
~AATBSMAQATL'

FOGCLKSVVADEQVFSQHTS.
IFLRVNNEKELEFLNEQ-DBTRSVVGAYL!

KPGNCIKSRKVLEAMMSKDADFIP’MBIAQR.VI-IPPS I

GGFLPKLEMADGRLAELKRII PARRFPDD----DDCA

———-LPVHVSD| ‘TNIDENGLKNARQQOLDHIIKDIKQLEHTBDEEND

LVTRLI 'KTLIETLPAKDFTBDKNK
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Multiple sequence alignment of VWA domain - Hint-like domain proteins, part 2. Continuation of the multiple

sequence alignment of Figure 17.

tively good case can be made that all Wart, Ground and
Ground-like domains arose from a single common ances-
tor based on weak sequence similarities between the
motifs [17]. This relationship is also supported by the
phylogenetic analyses of the Hog domains. Therefore,
multiple loss of the Hog domain must have occurred sec-
ondarily within the wrt and ground families. The presence
of the rather short N-termini in Enoplea suggests that
these regions have evolved and diverged through muta-
tions, rather than by acquisition of a new domain. The
threonine-rich stretch in XC Thog is very likely the result
of polymerase slippage, though it is striking that this fea-
ture has evolved separately also in the choanoflagellate
Hoglet protein [22]. It is also worth mentioning that some
of the Caenorhabditis N-terminal domains have repetitive
regions outside of the conserved Ground and Ground-like
domains, mainly proline, glycine and serine. For example,
Ce grl-23 has a 176 residue long stretch upstream of the
Ground-like domain containing 125 glycine residues. In
conclusion, most of the observed variability in the N-ter-
minal domains of nematode Hh-related proteins is prob-

ably the result of sequence divergence from a progenitor,
rather than acquisition of new domains. Loss of N-termi-
nal domains in the case of C. elegans Hog-1, as well as loss
of Hog domains did occur however.

A surprising observation is the fact that T. spiralis has a hh
gene, but apparently lacks several components of the Hh
pathway, such as Smoothened. Particularly noteworthy is
that the components that appear to be missing are the
same as in C. elegans. This would suggest that the signaling
pathway was modified by loss already before the split of
Enoplea and Chromadorea, even though hh was main-
tained in Enoplea. While one could imagine that Hh
could be maintained in an animal parasite such as T. spi-
ralis to affect host cells, this is very unlikely in the case of
the plant nematode Xiphinema. It implies that Hh has an
important function even in the absence of Smoothened,
and it refutes the hypothesis that the Nema-Hog genes
evolved directly from hh concomitantly with the other
changes in the Hh pathway.
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like domain proteins, part 3. Continuation of the multiple

Hog proteins in Cnidaria

In Cnidaria we also encounter a complex situation with
both Hh and Hh-related proteins. Both in N. vectensis and
A. millepora we find bona-fide hh genes that have a Hedge
and a Hog domain. Another gene is well conserved
between N. vectensis and A. millepora and has a distinct,
novel secreted N-terminal domain. Two further Hh-
related proteins in N. vectensis have yet other, distinct N-
termini. The upstream region of the two closely related
genes retrieved from Hydra do not share any similarity
with those in Nematostella, indicating divergent evolu-
tion. No sequence similarity of these new N-terminal
motifs has been found outside Cnidaria.

The hh-related genes from Cnidaria are however distinct
from those in nematodes, since the phylogenetic analyses
of the Hog domains does not show them to be closely
related. Therefore, we would like to suggest that - as in the
case of the nematode hh-related genes - the Cnidarian N-
terminal domains have evolved from common ancestors
by divergent evolution rather than by domain acquisition.

The case of Nv 200640 is perhaps a special exception. In
this protein we find an N-terminal Hedge domain fused to
a large extracellular protein that contains a VWA domain
as well as CA and EGF repeats, but it clearly lacks a Hog
domain. The VWA domain is a 200 residue long domain
first identified in von Willebrand Factor [44,45]. VWA
domains are found both in extracellular and intracellular
proteins, such as non-fibrillar collagens, plasma proteins

such as complement factors and integrins, and they medi-
ate adhesion via metal ion-dependent adhesion sites.
Likewise, the CA repeats also mediate adhesion in a Ca2+
dependent fashion. Therefore, the Nv 200640 protein is
probably involved in cell adhesion. This shows that the
Hedge domain can also evolve in a modular fashion and
separate from the Hog domain. The EST recovered from
sponges also has a Hedge domain that lacks the immedi-
ately following Hog domain, and may perhaps represent
also a protein lacking a Hog domain.

Hog proteins in lower eukaryotes

We have recovered a substantial number of Hog domain
proteins from many diverse groups of eukaryotes, mostly
protists, such as red algae, moss, alveolates (ciliates, dino-
flagellates, apicomplexans), cryptophytes, jakobids, hap-
tophytes, cercozoa and Glomeromycota fungi. While
some of these Hog sequences are quite divergent, they are
invariably most closely related to Hog domain proteins
from animals, and not to inteins, such as those found in
fungi, or to BIL or Vint domains. Given the widespread
occurrence in many of the major groups of eukaryotes
([46], we must conclude that Hog proteins were present
already in the earliest eukaryotes. We find diverse N-ter-
mini associated with the Hog domain that are only con-
served to limited extends within groups (case in point are
the various conserved N-termini in nematodes). Many of
these limited conserved N-termini have conserved
cysteine residues, and in cases, where one can be quite
confident of the start methionine, they start with a good
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Figure 20

Summary of the evolution of hh and hh-related genes. For detailed discussion of the evolution of the Hog proteins see
text. The right side shows the different types of ORFs found in different organisms. The sizes are not to scale. The "Hedge"
domain is marked in green, the Qua domain in orange, and the Hog domain in black, with yellow bars representing the con-
served cysteine residues. T stands for poly-threonine repeats. Red 'X's mark branches where a gene loss occurred.

signal peptide for secretion. Only in the case of the fungal
protein GmGINT1 and the choanoflagellate Hoglet are dis-
tinct other N-terminal domains fused to the Hog domain.
Therefore, we postulate that an ancestral Ur-Hog gene
existed, with a secreted N-terminal domain and an auto-
processing Hog domain, that may have added a sterol or
similar moiety to its secreted N-terminus. This gene
evolved in concert with eukaryote evolution and was lost
in several branches. In animals, the question arises about
the origin of the Hedge domain. Both in sponge and in
Nematostella we find a Hedge gene that lacks a Hog
domain. Perhaps such a gene merged with a Hog domain
in early metazoans. However, the reverse process is also
possible: the Hedge domain evolved as an N-terminal var-
iant of a Hog protein in early metazoans, and in the two
Hedge genes in sponge and Nematostella the Hog domain

was lost later. Both in Cnidaria and nematodes we find
both hh and hh-related genes. Did the hh-related genes
evolve twice independently from a hh precursor in each
lineage? This is certainly the most parsimonious hypothe-
sis. Nonetheless, in an alternative scenario, a hh and a hh-
related gene could have been present in the common
ancestor of eumetazoa, and the hh-related gene would
have given rise to the cnidarian and nematode hh-related
genes. For this hypothesis to be true, we would have to
postulate three separate losses of hh-related genes: in deu-
terostomes, in lophotrochozoa, and in arthropods. While
this seems rather unlikely, we do observe many losses of
Hog genes in various branches of eukaryotes, as well as
loss of the Hog domain only in a number of nematode
genes so that such a series of losses may not be totally
impossible.
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Novel Hint genes

Our searches revealed new genes with Hint motifs merged
to VWA domains. Given that a Hedge domain was found
fused to a VWA domain in Nematostella we investigated
this further and recovered a novel gene family. The well-
conserved gene structure consists of a VWA followed by a
new domain, termed Vwaint, followed by the "Vint"-type
Hint domain. Unlike the Hog proteins, these proteins are
most likely not secreted and instead are processed inside
the cell. The Vint genes are present in many eukaryotic
groups, but must have been lost multiple times, in partic-
ular in multicellular eukaryotes. Multiple loss seems to be
a common theme also in Hog proteins and especially
inteins [21,32]. Inteins may be subject to special selective
pressure for loss [21,32], and this pressure may also
extend to Hog and Vint proteins. However, gene loss is
not uncommon. The N. wvectensis genome contains a
remarkable complexity of highly conserved gene families
[25], and several instances of later gene loss in the proto-
stome or deuterostome lineage, for example in the home-
obox gene family, have been found [47,48], indicating
gene loss later in evolution is feasible.

Conclusion

We find that the evolution of Hh is more complex than
anticipated, and that this gene family is not simply
derived from an intein in early metazoan evolution. Both
in Cnidaria and nematodes parallel evolution between hh
and hh-related genes occurred. Given that the nematode-
specific Hog domain (Nema-Hog) with its distinct fea-
tures was already present in the progenitor of two very dif-
ferent nematode branches it may be possible that both Hh
and some other Hog domain protein was already present
in protostomes before the emergence of nematodes and
was lost in other lineages such as arthropods. The finding
of multiple Hog domain proteins in Cnidaria raises the
possibility that multiple distinct types of Hog domain
proteins also existed in ancestral Eumetazoa. Snell et al.
(2006) suggested that a precursor of a Hedge domain
fused to a Hog domain in early Metazoan evolution.
However, our discovery that an Ur-Hog gene probably
existed in the progenitor of eukaryotes makes if feasible
that Hh evolved from an ancestral Hog gene without
domain shuffling. In eukaryotes, we now know that at
least three different types of Hint domains evolved in par-
allel: Hog, Vint, and inteins. At present we do not know
the origin of the Hog and Vint domains, but perhaps new
Hint domains from bacteria, such as described here and
by Dassa and Pietrokovski [21] will shed light on that
issue in the future.

Methods

Procedures for retrieving and analyzing sequences have
been detailed in Hao et al. 2006 and Mukherjee and Biirg-
lin 2007 [38,48]. Briefly, B. malayi sequences were

http://www.biomedcentral.com/1471-2164/9/127

searched at TIGR [49]. Preliminary sequence data for B.
malayi is deposited regularly into the GSS division of Gen-
Bank. This sequencing effort is part of the International
Brugia Genome Sequencing Project and is supported by
an award from the National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health. ESTs, in par-
ticular nematode ESTs, were searched at NCBI [50]. The
nematode ESTs are generated by the Washington Univer-
sity Parasitic Nematode EST sequencing project [51].
Many of the protist ESTs were generated by the Protist EST
program [52]. The T. spiralis genome was searched using
the GSC blast server at The Genome Sequencing Center of
the Washington University School of Medicine [53]. N.
vectensis sequences were searched at Stellabase [54,28],
and at the DOE Joint Genome Institute (JGI) [55]. Addi-
tional genome sequences such as for Naegleria gruberi,
Physcomitrella patens and Monosiga brevicollis were searched
at the JGI [55]. Zebrafish sequences were retrieved from
ZFIN [56,57]. The intein database was checked at New
England Biolabs InBase [30,58]. Manual sequence correc-
tions were performed with the help of FGENESH and
FGENESH+ at Softberry [59] and PPCMatrix [60]. ESTs
representing the same locus were assembled using the
CAP3 server at [owa State University [61].

Sequences were added to an existing database of Hh and
Hh-related proteins [38], and are shown in Additional file
9. Protist sequences were arbitrarily named Hog, Hog2,
etc. (Additional file 9). For identification and tagging of
sequences in the figures the species names were reduced to
two and three letter codes and prefixed to sequence names
(Table 3). Multiple sequence alignment and phylogenetic
analyses using Neighbor joining were carried using
Clustal_X [62] and MUSCLE [63,64]. Manual correction
of alignments was carried out using SeaView [65]. For
Maximum likelihood analysis PHYML was employed
[66]. Signal peptide predication was carried out at the Sig-
nalP 3.0 server [67,68]. Protein sequence logos were gen-
erated using LogoBar [69,70]. Some protein motifs were
also identified using the SMART server [71].
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Table 3: Species abbreviations. Fungi are prefixed with 'f', red algae with 'r', plants with 'p", Alveolata (ciliates, dinoflagellates,
Apicomplexa) with 'a’, jakobids with 'j', Cercozoa with 'c’, Cryptophyta with 'cr', excavates with 'e', haptophytes with 'h’,
heterolobosea with 'l', and slime molds with 's'.

Codes Species names

Acm Acropora millepora (Cnidaria)

Ag Anopheles gambiae (malaria mosquito)

At Achaearanea tepidariorum (common house spider)
Bf Branchiostoma floridae (Florida lancelet, Amphioxus)
Bm Brugia malayi (nematode, Chromadorea)

Cap Capitella sp. | ECS-2004 (polychaete)

Cb Caenorhabditis briggsae (nematode, Chromadorea)
Ce Caenorhabditis elegans (nematode, Chromadorea)
Cr Caenorhabditis remanei (nematode, Chromadorea)
Dm Drosophila melanogaster (fruitfly)

Dh Drosophila hydei

Dr Danio rerio (zebrafish)

Gb Gryllus bimaculatus (two-spotted cricket)

Lv Lytechinus variegatus (green sea urchin)

Hm Hydra magnipapillata (Cnidaria)

Mb Monosiga brevicollis (choanoflagellate)

Mi Meloidogyne incognita (southern root-knot nematode, Chromadorea)
Mm Mus musculus (mouse)

Mo Monosiga ovata (choanoflagellate)

Nv Nematostella vectensis (Cnidaria, starlet sea anemone)
Ob Octopus bimaculoides (mollusc)

Oc Oscarella carmela (sponge)

Pt Parastrongyloides trichosuri (nematode, Chromadorea)
Pv Patella vulgata (common limpet, mollusc)

Sp Strongylocentrotus purpuratus (sea urchin)

Tr Takifugu rubripes (fugu)

Ts Trichinella spiralis (nematode, Enoplea)

XC Xiphinema index CSEQDLO! (nematode, Enoplea)
aAc Amphidinium carterae (dinoflagellate, Alveolata)
aAt Alexandrium tamarense (dinoflagellate, Alveolata)
aCm Cryptosporidium muris (Apicomplexa, Alveolata)
aCp Cryptosporidium parvum (Apicomplexa, Alveolata)
aKb Karenia brevis (dinoflagellate, Alveolata)

aKm Karlodinium micrum (dinoflagellate, Alveolata)

aTt Tetrahymena thermophila (ciliate, Alveolata)

cBn Bigelowiella natans (Cercozoa)

crGt Guillardia theta (Cryptophyta)

eTf Tritrichomonas foetus (Parabasalidea, excavates)
fAc Ajellomyces capsulatus (ascomycetes, fungus)

fCg Chaetomium globosum (ascomycetes, fungus)

fCt Candida tropicalis (ascomycetes, fungus)

fGm Glomus mosseae (Glomeromycota, fungus)

fGz Gibberella zeae (ascomycetes, fungus)

fMg Magnaporthe grisea (ascomycetes, rice blast fungus)
fNc Neurospora crassa (ascomycetes, fungus)

hPh Pleurochrysis haptonemofera (haptophytes)

i Jakoba libera (jakobids)

INg Naegleria gruberi (heterolobosea)

pAt Arabidopsis thaliana (plants)

pOs Oryza sativa (rice, plants)

pPp Physcomitrella patens (moss, plants)

pSI Selaginella lepidophylla (club moss, plants)

pSm Selaginella moellendorffii (club moss, plants)

RCc Chondrus crispus (carragheen, red algae)

RGc Gracilaria changii (red algae)

RGj Griffithsia japonica (red algae)

RPh Porphyra haitanensis (red algae)

RPy Porphyra yezoensis (red algae)

SPp Physarum polycephalum (slime mold, amoebozoa)
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Additional material

http://www.biomedcentral.com/1471-2164/9/127

Additional file 1

Multiple sequence alignment of Hog domains used for the protein
sequence logos. Multiple sequence alignment in this and subsequent fig-
ures was carried out using first MUSCLE and imported subsequently into
Clustal_X. Color coding was modified from default Clustal_X color coding
by marking all cysteine residues in yellow, small hydrophobic residues in
light blue and large hydrophobic residues in cyan blue. The conserved
motifs, as well as the C-terminal SRR or ARR region are indicated in the
alignment. The two conserved cysteine residues found in the Hog domain
of nematode Hh-related proteins are indicated with red arrows.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S1.pdf]

Additional file 2

Full image of the protein sequence logo of aligned Hog domains shown in
Figure 1. The color scheme is similar to the one used in the multiple
sequence alignments (N,Q,S,T: green; C: yellow; P: pink; G: orange; K,R:
red; A,I,L,M,V: blue; F,W,Y: cyan blue; H, purple, D,E: magenta; gaps:
white). The extend of the Hint domain and the SRR region are indicated
above the logo with a red line. Red boxes underneath the logo indicate the
different motifs A, B, F, ], K, L.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S2.pdf]

Additional file 3

Protein sequence logo of nematode Hog domains. Protein sequence logo
generated from nematode Hog domains shown in the multiple sequence
aligment of Additional file 1. This logo is in register with the Hh Hog
domain logo of Additional file 2. The two conserved cysteine residues spe-
cific to nematode Hh-related proteins are indicated with red arrows.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S3.pdf]

Additional file 4

Multiple sequence alignment of Wart domains. Wart domains were
aligned and visualized in Clustal_X as described in Figure 2.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-84.pdf]

Additional file 5

Phylogenetic tree analysis of Hog domains using Neighbor joining. Neigh-
bor joining tree without protist sequences. The Hog domain of the fungal
gene GmGINT1 was used as outgroup.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S5.pdf]

Additional file 6

Phylogenetic tree analysis of Hog domains using Maximum likelihood.
Maximum likelihood tree of the same sequences as in Additional file 5
with GmGIN1 as outgroup.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-6.pdf]

Additional file 7

Neighbor joining tree of Hog sequences which were truncated at the N-
terminus. Hog sequences were truncated at the N-terminus to have the
same size as the Pt wrt sequence fragment. This analysis shows that Pt wrt
clusters with the wrt genes (arrow). GmGIN1 was used as outgroup.
Note: Apart from Figure 5 and 6, and Additional files 5-7 further phylo-
genetic analysis were carried out that are not shown here. For example,
the intein from vacuolar ATPase from C. tropicalis was used as outgroup
[22] and gave comparable results to the tree analyses shown here.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-87.pdf]

Additional file 8

Multiple sequence alignment of Ground and Ground-like domains. Align-
ment of nematode Ground and Ground-like domains.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-88.pdf]

Additional file 9

Sequences used in the analysis. List of sequences, accession numbers,
notes, predicted signal peptide cleavage sites and protein sequences used
in this analysis.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S9.html]

Additional file 10

Multiple sequence alignment of "Hedge" domain containing proteins and
Hedgehog proteins. Note that Os hhlike and NV 200640 do not line up
in the Hog domain region.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S10.pdf]

Additional file 11

Multiple sequence alignment of Quahog proteins. Alignment of nematode
Quahog proteins.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S11.pdf]

Additional file 12

Structure of the Nematostella vectensis genomic assembly around Nv
239508. Current assembly of the genomic region around Nv 239508.
Color arrows indicate duplicated regions. N gap indicateds two regions
with unknown sequence. The green area shows the ESTs found mapping
to this region. The CAGN20453 correpsonds to Nv 239508. The yellow
area shows regions of sequence similarity, i.e. hydrolase domain, Hog
domain, and Reverse transcriptase. CAGN20453 is not sequenced fully,
but the 3' read has been mapped to the right side, since the 3' untranslated
region matches better to the 2. repeat of the duplication due to some indel
differences. However, as will be noted, the final resulting transcript
(shown at bottom) would be rather unusual, as it would splice over
another gene, i.e. the hydrolase, which is also supported by an EST.
Hence, the genomic organization and gene structure in this region could
be subject to change, especially given the unsequenced areas.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S12.pdf]
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Additional file 13

Predicted protein structure of Nv 200640. Protein motif prediction of the
SMART server was used to analyse the ORF Nv 200640, and the different
types of conserved motifs found are indicated.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S13.pdf]

Additional file 14

Multiple sequence alignment of non-metazoan Hog proteins. Alignment
of non-metazoan Hog proteins including also the ones which are only
based on EST fragments.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S14.pdf]

Additional file 15

Multiple sequence alignment of the Hint region of VWA-Vint proteins
with Hog domains of Hh proteins.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-815.pdf]

Additional file 16

Multiple sequence alignment of bacterial proteins with a novel type of
Hint-like region. Full length multiple sequence alignment of bacterial pro-
teins. Motifs A and B are marked, as well as a small region with some sim-
ilarity to the beginning of motif F in BIL-As. Note: the conserved upstream
regions may be secreted, since some of the sequences have bacterial signal
peptides for secretion. Species and the accession number for the sequences
are: bSa_STIAU_1829: Stigmatella aurantiaca DW4/3-1
(ZP_01466308); bMx_MXAN_6253: Myxococcus xanthus DK 1622
(YP_634382); bRM_MED297_11140: Reinekea sp. MED297
(ZP_01113290); bPl_plul731: Photorhabdus luminescens subsp. lau-
mondii TTO1 (NP_929012); bSp_Draf4685: Serratia proteamaculans
568 (ZP_01534811); bYi_YintA_01002283: Yersinia intermedia
ATCC 29909 (ZP_00833384).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-S16.pdf]

Additional file 17

Multiple sequence alignment of the Hint region of the bacterial proteins
with a novel Hint-like domain with Hog domains. Multiple sequence
alignment of the bacterial Hint domains from Additional file 16 with Hog
domains from animals. Note the roughly similar length.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-127-817.pdf]
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