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Summary. Phylogenetic trees were constructed for 62 venom toxins of snakes 
of Proteroglypbae suborder using matrix method. The resulting tree from 
Minimum Spanning Tree-Cluster Analysis technique had the lowest "percent  
deviation" (8.5 5). The taxonomic relationship of these toxins agrees very well 
with zoological opinions. However, the appearance of  the tree did not directly 
provide a plausible evolutionary model for the toxins. A model was derived from 
nodal ancestral sequence calculations, comparisons between intra- and inter- 
generical rates of amino acid change, and generally held ideas about protein 
evolution. According to the model, short neurotoxin is the ancient form of  snake 
venom toxins. The courses of evolution leading to the present intraspecific 
homologous toxins are explained by gene duplication and allelomorphism. 
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In the past decade intensive studies have been made of the snake venom toxins. 
To date there have been over 62 amino acid sequences determined from venoms of 
Proteroglypbae (Fig. 1). They are all small basic polypeptides with different pharma- 
cological activities, namely neurotoxins,  cardiotoxins, and so-called angusticeps-type 
toxins of unknown pharmacological activity. All the neurotoxins whose amino acid 
sequences have been determined are classified into two groups. Although the two 
types of neurotoxins are pharmacologically and structurally related (the short neuro- 
toxins consist of  6 0 - 6 2  amino acid residues with four disulfide bonds; the long neuro- 
toxins have 7 1 - 7 4  amino acid residues with five disulfide bridges), their immuno- 
chemical properties are completely different (Bores, 1972). Homologous cardiotoxins 
( 6 0 - 6 1  amino acid residues with four disulfide bridges) are serologically distinct from 
both types of neurotoxins (Viljoen and Botes, 1973). 

In the absence of paleontological records, knowledge of the classification, the 
origin, and subsequent evolution of the venomous snakes developed years of effort 
by morphologists,  and though broadly understood,  has not yet attained unequivocal 
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agreement. The difficulties arise from the limitations of the comparative method and 
the high degree of specialization of these snakes (Johnson, 1956). However, where 
morphological changes accompanying speciation have been few, molecular evidence 
is useful in helping unravel relationships of closely related species. One of the more 
informative molecular approaches is the construction of phylogenetic trees using 
amino acid sequences. 

Studies on phylogenetic relationships of  snake venom toxins have previously been 
attempted. Based on trees from 11 (Strydom, 1972a), 16 (Strydom, 1973) and 43 
(Strydom, 1974) sequences, Strydom has subsequently altered his initial conclusion 
that a cardiotoxin-like structure was the ancient form of the snake toxins to his recent 

Genus Species Co--on Name Origin ID.NO. Toxins 

~@mi ly :  ~tapidae 

N a j a  N. n a i l ,  a t r a  

N. nigricollis 
(N. mossambica pallida)* 
N. mossambica mossambica 

N. haje haje 
(N. haje annulifera)* 
N. melanoleuca 

Taiwan cobra Taiwan i 

47 
53 

Black neck spitting cobra S. Africa 3 

43 
44 
45 
qO 

52 
Egyptian cobra Nile valley, Egypt 2 

56 
Forest cobra S. Africa 7 

28 

N. nivea Cape c o b r a  S.  Africa 

N. naja siamensis Monocellate Thai cobra Thailand 
N. naja Indian cobra India 

N. naja naja Indian spectacle cobra India 

N. naja n*:ja Black cobra W. pakistan 
N. naja Cambodian cobra Cambodia 
N. naja oxi~na Iran 

0phiophagus O. hannah King cobra Thailand 

Hem~chatus H. hemaehatus Ringals S. Africa 

Dendroaspls D. polylepis polylepis Black mamba E. Africa 

D. juluesonii kaimosae Tropical mamba Africa 

D. viridis 

D, angusticeps 

B~arus B. multieinctus Banded Krait Taiwan 

Family: Hydrophiidae 

Laticauda L. semifasciata Erabu-umihebi Amami Island, J~pan 

Cobrotoxin (62-4) 
Cardiotoxin [ou-4) 
Cardiotoxin • (60-4) 
Toxin ~ (61-4} 
Toxin T (FI4) (60-4) 
v i i 1  (6o-4) 
v i i 2  (6o-4) 
v i i 3  (bO-4 )  
v i i 4  ( 6 0 - 4 )  
Toxin ~ (61-4) 
V I Z l  ( 6 0 - 4 )  
Toxin d (bl-4) 
Toxin b (71-5) 

38 Toxin 3,9,4 (71-5) 
55 v i i 1  ( 6 0 - 4 )  
58 v i i 2  ( o • - 4 )  
59 v i i 3  ( 6 1 - 4 )  

2a  Toxin ~ (61-4) 
8 Toxin ~ (61-4) 

29 Toxin ~ ( 7 1 - 5 )  
21 Toxin 3 (71-5) 
25 Toxin A (71-5) 
26 Toxin B (71-5) 
27 T o x i n  C (71-5) 
48 Cytotoxin II (60-4) 
49 Cytotoxin IIa (60-4) 
50 CM-XI ( 6 0 - 4 )  
51 C y t o t o x i n  • ( 6 0 - 4 )  
23 Toxin 3 (71-5) 
24 Toxin 4 (71-5) 
22 Toxin 3 (71-5) 
54 C a r d i o t o x i n  (F8)  ( 0 0 - 4 )  
6 0xiana ~ (61-4) 

34 Neurotoxin • (72-5) 
35 T o x i n  a ( 7 3 - 5 )  
36 T o x i n  b ( 7 3 - 5 )  
4 Toxin II (01-4) 
5 Toxin IV (61-4) 

57 bLF ( F l 2 b )  ( o l - 4 )  
9 T o x i n  ~ ( 6 0 - 4 )  

31 Toxin T (72-5) 
32 Toxin 6 (72-5) 
io v~l (bo-4) 
30 v±~il ( 7 2 - 5 )  
l l  T ~ x i n  4 . 1 1 . 3  (6o-4) 
33 4,7,3 & 4.9.3 (72-5) 
42 Toxin 4 . 9 , 6  (60-4) 
40 Toxin FvlI (61-4) 
41 Toxin Ta2 (60-4) 
37 ~-b~arotoxin (74-5) 

L. laticaudata Hiroo-~ihebi Amami Island, Japan 

L. colubrina Aomadara-umihebi Amami Island, Japan 
En/~ydrina E. schistosa Co~on-sea snake Penang Island 

Hydrophis H. cyanocinctus Annulated sea snake Taiwan 

Pelamls p. platurus Taiwan 

Fig. 1. Toxins isolated from snake venoms of Proteroglypbae suborder. Only those with amino 
acid sequences determined are listed. References to sequence data are given in Figure 2. A (*) 
indicates Broadly's proposed reclassification of Nala species 

16 E r a b u t o x i n  a ( 6 2 - 4 )  
17 E r a b u t o x i n  b ( b 2 - 4 )  
18 E r a b u t o x i n  c ( 6 2 - 4 )  
39 LS I I I  ( 0 6 - 5 )  
t g a  L a t i c o t o x i n  a ( 0 2 - 4 )  
20 Laticotoxin b (62-4) 
19 Laticotoxin a (b2-4) 
12 Toxin 4 (bO-4) 
13 Toxln 5 (60-4) 
13a Hydrophitoxin D (60-4) 
15 Bydrophitoxin a (60-4) 
14 Pelsmitoxin n (60-4) 
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recognition of two mutually exclusive alternative evolutionary pathways in the course 
of snake toxin evolution. Chang (1972) suggested that the complicated appearance of  
the phylogenetic tree constructed from 19 sequences is imperfection rather than 
anomaly. 

The difficulties encountered in phylogenetic studies on snake venom toxins are 
different from many of those encountered by investigators of cytochrome c and 
hemoglobins. It is known that multiple toxin varieties are present in the venom of a 
single individual snake, and only some of them have been sequenced. Moreover, the 
number of toxin varieties may change from species to species. Furthermore,  sequence 
alignment for all these toxins (Fig. 2) requires the assumption of  a large number of 
deletions or insertions. The mutat ion distances, calculated in terms of minimum 
number of mutat ion required (Fitch, 1966), may not  provide a sufficiently close pic- 
ture of the evolutionary history of the gene loci encoding for the toxins. In addition, 
the study of toxin protein evolution is an at tempt made to examine the phylogenetic 
relationships of a set of homologous proteins all below a suborder level. 

All  of the above complexities indicate snake venom toxins are rather unique 
proteins for the study of protein evolution. The present study a t tempted to under- 
stand the implication of the above distinct characteristics for toxin phylogeny and 
to provide some insights into the origin and evolution of toxin molecules and species 
containing them. 

Phylogenetic Tree Construction 

The matr ix method (Fitch and Margoliash, 1967; Hartigan, 1973; Moore et al., 1973) 
was chosen primarily on account of its general applicability and simplicity of idea. 'It 
has been shown (Peacock and Boulter, 1975), using a computer simulation, that when 
dissimilarity among sequences became greater the results of the method were slightly 
more accurate than those obtained by the ancestral sequence method (Dayhoff  and 
Eck, 1966). 

Three approaches were used. All were based on a distance matrix calculated from 
Minimum Number of  Multations Required (MNMR), in terms of nucleotide changes, 
to convert the codon for one amino acid into that for another (Fitch, 1966). The 
MNMR for amino acid pairs were taken from Table 1 of Fitch and Margoliash (1967), 
except that  the values for amino acid pairs involving isoleucine with glutamine, 
glutamic acid and lysine are one less than in that table. Deletions which produce the 
gaps, represented by - ' s ,  were treated as if they were a 21st amino acid. Their MNMR 
in pairing with the rest of the 20 amino acids was assigned a value of 1 by the assump- 
tion of simultaneous appearance or disappearance of all three nucleotides encoding 
an amino acid. 

The first approach used was the method of Fitch and Margoliash (1967) (FM). A 
slightly different algorithm was employed (Jou, 1975). However, extensive search for 
a best tree was not  at tempted.  Another  approach is what we called Prelimset Ancestral 
Sequence (PAS) procedure. The tree building algorithm was the same as that  used in 
FM procedure. The principal difference is in the calculation of averaged values for those 
elements of the distance matrix affected when two subsets are joined into a nodal 
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N. NAJA ATI~ COBROTOXIN 
2 N. lIAJE HAJE TOXIN 
2A N. NIVEA TOXIN S 
3 N. N. NIGRICOLLIS TOXIN 

N. HA~MACHATUS TOXIN II 
H. HA~MACHATUS TOXIN IV 

6 N. NAJA 0XIANA OX~ANA 
7 N.  M~LANOLEUCA TOXIN d 
8 N. NIV~A TOXIN 

D. POLYLEPIS POLYLEPIS TOXIN 
i D. JA~SONII KA~IMOSA/~ VII 
Ii D. VIRIDIS TOXIN 4.li.~ n 
12 E. SCHISTOSA TOXIN 4 
l~ E. SCHISTOSA TOXIN 5 
13A H. CYANOCINCTUS h~ROPHITOXIN b 
i~ P. PLAT~/RUS PELAMITOX~N a 
l~ H. CYANOCINCTUS HYDROPHITOXIN a 
16 L. SEMIFASCIATA ERABUTOXIN a 
17 L. SEMIFASCIATA ERABUTOXIN b 
18 L.S~M][FASCIATA ER&BUTOXIN c 
19 L. COLUBRINA LATICOTOXIN a 
19A L. LATICAUgATA 
20 L. LATICAIrDATA LATICOTOXIN b 
21 N. NAJA SIA.MENSIS TOXIN 3 
22 N. NAJA NAJA (PAKISTAN) TOXIN 3 
2~ N. N&JA NAJA (INDIA) TOXIN 3 
2~ N. NAJA NAJA (INDIA) TOXIN 
25 N. NAJA {INDIA) TOXIN A 
26 N. NAJA (INDIA) TOXIN B 
27 N. NAJA (INDIA) TOXIN C 
28 N. M~LA~OLEUCA TOXIN b 
~9 N. NI%r~A TOXIN 
~0 D. JAM~SON~fl KAIMOS~ VIII1 
31 D. POLYLEPIS POLYLEPIS T~XIN 
32 D. POLYLEPIS POLYLEPIS TOXIN 
33 D. VIRIDIS TOXIN 4.7.3;4.9.~ 
~4 N. NAJA 0XIANA NEUROTOXIN I 
~ O. HANNAH TOXIN a 
9~ O. I~AH TOXIN b 
37 B. MULT~CINCTUS ~-BUNGAROTO)LIN 
~8 N. I~LA~OLEUCA TOX~N 9.9.4 
~9 L. SEMIFASCIATA LS III 
~0 D. ANGUSTIC~PS TOXIN FV~I 
~I D. ANGUSTIC~PS TOX~S TA2 
~2 D. VIRIDIS TOXIN ~,9.6 
~ N. NIGRICOLLIS TOXIN FI~ I~ 

~ N. MOSS~IGA M0SSA24BICA V 1 
~5 N. MOSS/d~BICA MOSSAMBICA VII2 
~6 N. MOSSAMBICA MOSSAMBICA VI~3 
~7 N, NAJA ATRA CARDIDTOXIN 
~8 N. NAJA (INDIA) CYTOTOXIN I~ 
~9 N. NAJA (INDIA) CYTOTOXIN Ila 
50 N. NAJA (INDIA) CM-XI 
~i N. NAJA (INDIA) CYTOTOXIN ~, 
52 N. MOSSA24BICA MOSSAMBICA V*~ 
5~ N. NAJA ATRA CA]~DIOTOXIN I 
5~ N. NAJA (CAMBODIA) CARDIOTOXIN (F8) 
~5 N. I~LANOLEUCAI~ARDIOTOXIN 
56 N. ' x ~ J E  K/~J~ ~ i 

~ 8  N. ~L~_NOL~IJCA V-- 2 
~Q N. MELANOLEUCA VII3 

LECHNQQSSQTPTTTGCSGGETNCYKKRWRD-H---RGYRTERGC--GCPSVX-NGIEINCCTT-DRCNN ........ 
LQCHNqQSSQPP~KTCP-GETNCY~NRD-H---RGSITERGC--GCPSVK-KGIEINCCTT-DKCNN ........ 

LEC~QQSSQPPq~fKTCP-G~TNCYIqKVMRD-H---NGTIIERGC--GCPTVK-PGIKLNCCTT_DKCNN ........ 
LgCH~QQSS~PPq~KSCP-SDTNCYZ~KRWRD-H---RGTIIERGC--GCPTVK-PGINLKCCTT-DRCNN ........ 
LECHNQQSSQTPTTQTCP-GETNCYKKqWSD-H---RGSRTERGC--GCPTVK-PGIKLKCCTT-DRCNK ........ 
LECH~qQSS~pPTTKTCS-G~TNCYKICdWSD-H---RGTIIERGC--GCPKVK-PGVNLNCC~T-DRCNN ........ 
MECH~QQSSQPPTTKTCP-GETNCYKKqWSD-H---RGTIIERGC -GCPSVK KGVKINCCTT-DRCNN . . . . . . . .  
MICHNQQSSARPTIKTCP-G~TNCYKKRWRD-H---RGTIIERGC~-GCPSVK-KGVGIYCCKT-DKCN~ ........ 
RICYNHQSTTRATTKSCE--ENSCYKKYWRD-H---RGTIIERGC--GCPKV~-PGVGIHCCQS-DKCNY ........ 
RICYNHQSTT~ATTKSC--GENSCYKKTWGD-H---~GTIIERGC--GCPKVK-QGIHLHCCQS-DKCNN ........ 
RICYNHQSTTPATTKSC--GENSCYKKTWSD-H---[tCTIIERGC--GCPKVK-RGV~HCCQS-DKCN~N ........ 
MTCCNQQSSQPKTTTNC-A-ESSCYKKTWSD-H---H~]RIERGC--GCPqVK-PGIKLECC~T-NECNN ........ 
MTCCNQWAAqPKTTTNC-A-ESSCYKK'[WSD-E-- ItGTRIERGC--GCPQVK-SGIKLECCHT-NECNN ........ 

MTCCNQQSSQPQTTTNC-A-ESSCYKKTWSD-H---RGTRIERGC--GCPQVK-SGIKLECCHT-NECNN ........ 
MTCCNqQSSQPKTTTNC-A-ESSCYKKIMSD-H---i~TRIERGC--GCPQVK-KGIKLECCHT-N~CNN ........ 
RICFNQHSSQPQTTKTCPSGSESCYNKQW~D-F~--IICTIIERGC--GCPTVK-PGIKLSCCES-EVCNN ........ 
RICFNQHSSQPQTTKTCPSGSESCYHKQWSD-F---ItGTIIERGC--GCPTVI<-PGIKI,SCCES-EVCNN ........ 
P~ICFNQHSSQPQTTKTCPSOSESCYHKqWSD-F~~-IlGTIIERGC--GCPTVK-PGINLSCCES-EVCNN ........ 
PGRCFNHPSSQpqTNKSCPPGENSCYNK~WRI)-H---RCTITERGC~-GCPTVK-PGIKLTCCQS-EDCNN ........ 

RRCFNHPSSQPQTNKSCPPGENSCYN~WRD-H---[IGTITERGC--GCPQVK-SGIKLTCCQS-DDCNN ........ 
IRCF---ITPDITSKDCPNG-HVCYTKTMCDAFCSIRGKRVDLGCAATCPTVK-TGVDIQCCST-DNCNPFPT-RKPP 
IRCF---ITPDITSKDCPNG~HVCYTKTWCDGFCSI~OKRVDLGCAATCPTVK-TGVDIQCCST-DNCNPFPT-RKPP 
IRCF---ITPDITSKDCPNG-HVCYTKTWCDGFCSIHOKRVDLGCAATCPTVR-TGVDIQCCST-DNCNP~PT-PdgPP 
IRCF---ITPDITSKDCPNG-HVCYTKTWCDGFCSS~GKRVDLGCAATCPTVR-TGVDIQCCST-DNCNP~PT-RKPP 
IRCF---ITPDITSKDCPNG-HVCYTKTWCDGFCSIRGKR~)LGCAATCPTVR-q?GVDIQCCST-DDCDPFPT-P~PP 
IRCF---ITPDITSKDCPNG-HVCYTKTWCDGFCSSRGKRVDLGCAATCPTVR-TGVDIQCCST-DDCDPFPT-RKPP 
[HCF---ITPDITSKDCPNG-NVCYTKTWCDAFCSI RGKRVDLGCAATCPTVK-TGVDIQCCST-DDCDPFPT-R/gPP 
IRCF---ITPDVTSQICADG-HVCYTKTWCDNFCASRGFJRVDLGCAATCPTVK-PGVNIKCCST-DNCNPFPT-I~N~ 
IRCF~--ITPDV~SQA~DG-HVCYTF~4WCDNFCGMRG~iVDLGC~ATCPKVK`~GVN~KCCSR-DNCNPFPT-~`KRS 
RTCY---KTYSDKSKTCPRGENICYTKTWCDGFCSGRGKRVELGCAATCPKVK-TGVEIKCCST-YNCNPFpVW-NPR 
RTC-N--KTFSDQSKICPPGENICYTKTWCDAWCSQ~GKRVELGCAATCPKVK-AGVEIKCCST-DDCDKFO~F-GKPR 
RTC-N--KTFSDQSKICPPGENICYTKTWCDAWCSQNGKIVELGCAATCPKVK~AGVEIKCCST-DNCNKF~-~KPR 
RTCY---KTpSVKPET~PHGENICYTE]MCDAWCSQRGKREE~GCAATC~KVK-AGV~IKCCST-DNCDP~pV-l~/~PB 
ITCY---KT~PI~SETCAPGENLCYTK~MCDAWCGSBGKVIELGCAATCPTVQ-SYQD~KCCST-DD~NP~PK-~J~l~P 
TKCY.--VTPDVKSQTCPAGENICYTETWCDAWCST~GKNVDLGCAATCPIVK-PGVEIKCCST-DNCNPF~ 
TKCy,--VTPDATSQTCPDGENICYTKTWCKGFCSSRGKRIDLGCAATCPKXq~~PGVDIKCCST-DNCIqPFPq Igl[1~ 
IVCH-TTATIPSSAVTCPPGENLCYRKMWCDAFCSSNGKWELGCAATCPSKK-PYEEVTCCST-DKCNHpPK-RQJ~ 
KRCY---RTPDLKSQTCPPGEDLCYTKKWCDAWCTSRGKVIELGCYATCPKXrK~pY~QITC CsT-DNCNPHPK-MXP" 
RECY~--LNPHDT-QTCPSGQEICYVKSWCNAWCSSRGKVLEFGCAATCPSVN-TGTEIKCCSA-DKCNTYP ...... 
q~MCYSHTT'fSRAILTNC--GENSCYRKS~RHP .... pV_MVLGRGC--GCPPGD-DNLEVKCCTSPDKCN'Y ........ 
MICYSI~TPQPSATITCEE-KT-CYKKSVRKL .... PAVVAGRGC--GCPSKE-MLVAIHCCRS-DKCNE ........ 
NICYSHKTPQNSATITCEE-KT-CYKKFVTKL .... PGVIKGRGC--OCPK/~IFRKSIHCCRS-DKCN~ ........ 
LKC_N_-QLIPPFWKTCPKGKNLCy-KMTMRA~--APMVPXqZRGCIDVCPKSS-LLIKYMCCNT-DKCN ......... 
LKC_N__QLIPPFWKTCPKGKNLCy-KMTMRA---APMVPVKRGCIDVCPKSS-LLIKYMCCNT-NKCN ......... 
LKC-N--QLIPPFWKTCPKGKNLCY-KMTMRG~--ASKVPVKRGCIDVCPKSS-LLIKYMCCNT-NKCN ......... 
LKC-N--RLIPPFWKTCPEGKNLCY-NMTMRL---APKVPVKRGCIDVCPKSS-LLIKYMCCNT-NKCN ......... 
LKC-N--KLVPLF~CKTCPAGKNLCY-K~'MVA---TPKVPVKRGCIDVCPKSS-LVLKY~/CCNT-DRCN ......... 
LKC_N--KLVPLFYKTCPAGK~LCY-K2qYMVA---TpKVPVKRGCIDVCPKSS-LVLKYVCCNT-~RCN ......... 
LKC_N__~LIPLAYKTCPAGKNLCY_KM~MVS___NKTYPVKRGCIDVCPI<MS-LVLKY~/CCNT-DRCN ......... 
LKC-N--KLIPLAYKTCPAGKNLCY-KMYMVS---TPKVPVKRGCIDVCpKNS-LVLKYECCNT-DRCN ......... 
LKC,N__I£LIPLAY~KTCPAGKNLCY_KMYMVS___NKTVPVKRGCIDVCpI(NS-LVLICYECCNT-DRCN ......... 
LKC-N--ELIPIAYKTCPEGKNLCY-KMMLAS---I<]<MVPVKRGCINVCPKNS-ALV~CCST-DRCN ......... 
LKC~N--KLIPIASKTCPAGKNLCY-KMFMMS---DKTIPVK~qGCIDVCPKSN-LLVK-6VCCNT-DRCN ......... 
LKC -N- -KLIPI ASKTC PAGKNLCY -KMFMMS - - -DLTI PVIGRGCIDVC PKSN-LLV"KYa/C CNT-DRCN ......... 
LEC -N - -ItLVPIAHKTC PAGKNLCY- QM~ S - - -KSTIPVKRGCI DVCPKSS - LLV](YVCCNT-DNCN ......... 
LKCH_ _ _KLV ppVWKTCPEGKNLCY -KMFMa/S - - -TSTVPVKRGC ID~C PKI~S -ALVTgY%'CC ST-DKCN ......... 
LKCHN- -KLVPFLSKTCpEGKNLCy-KMTMLK - - -MPKIPIKRGCTDAC PKSS -LLVKVVC CNK -DKCN ......... 
IKCI~ - -TLLPFI~TKTCPEGQNLCF -KGTLKF- _ _pK/{TTYNNGC A.%TCPKSS -LL~Y~/C CNT-NKCN ......... 
IKCHI4 - -TLLPFIYKTC PEGQNLCF-KGTLK~- - -PKKqTI~GCA ATCPKS$ -LLV=KYVCCNT-NNCN ......... 

Fig. 2. Amino acid sequence alignment chart for snake venom toxins. The one-letter IUPAC-IUB 
codes for amino acid residues are used. The number in front of a toxin name is the identification 
(ID) number of the toxin as given in Figure 1. The sequence data shown are from: 1 (Yang et al., 
1969); 2 (Botes and Strydorn, 1969); 2a (Botes et al, 1971); 3 (Eaker and Porath, 1967); 2a (Botes 
et al., 1971); 3 (Eaker and Porath, 1967); 4, 5 (Strydom and Botes, 1971); 6 (Arnberg et al., 1974; 
Grishin et al., 1973); 7 (Botes, 1972); 8 (Botes, 1971); 9 (Strydom, 1972); 10 (Strydom, 1973); 
11 (Banks et al., 1974); 12 (Fryklund et al., 1972); 13 (Sato, 1974); 13a (Liu et al., 1973); 
14 (Wang et al., 1976); 15 (Liu and Blackwell, 1974); 16, 17 (Sato and Tamiya, 1971); 18 (Tamiya 
and Abe, 1972); 19 (Sato and Tamiya, 1971); 19a, 20  (Sato, 1974); 21 (Karlsson et al., 1972); 
22, 23, 24 (Karlsson, 1974); 25 (Nakai et al., 1971); 26 (Ohta and Hayashi, 1973); 27 (Hayashi, 
1974); 28 (Botes, 1 9 7 2 ) ; 2 9  (Botes, 1971); 30 (Strydom, 1973); 31, 32 (Strydom, 1972); 33 
(Banks et al., 1974); 34 (Grishin et al., 1974); 35, 36 (Joubert, 1973); 37 (Mebs et al., 1972); 
38 (Shipolini et al., 1974); 39 Maeda and Tamiya, 1974); 40 (Viljoen and Bores, 1973); 41 
(Viljoen and Botes, 1974); 42 (Shipolini and Banks, 1974); 43 (Botes, 1974); 44, 45, 46 (Louw, 
1974a); 47 (Nakai and Lee, 1970); 48 (Takechi and Hayashi, 1972); 49, 50 (Takechi et al., 1973); 
51 (Hayashi et al., 1971); 52 (Louw, 1974b); 53 (Hayashi et al., 1975); 54 (Bores, 1974); 
55 (Carlsson and Joubert, 1974); 56 (Weise et al., 1973); 57 (Fryklund and Eaker, 1973); 
58, 59 (Carlsson, 1974) 
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subset. Each time a new nodal subset was formed, a prelimset nodal ancestral sequence 
was reconstructed from its two immediate descendant subsets according to the rules 
set by Fi tch (1971). The third approach is the Minimum Spanning Tree-Cluster Ana- 
lysis (MSTCA) procedure. The method has been described and discussed in detail by 
Gower and Ross (1969) and Zahn (1971). We used the algorithm of Dijkstra (1959) 
in finding a minimum spanning tree from a known distance matrix. Clustering was then 
performed by successively breaking the linkages starting from the one with longest 
linking path length. 

Among the three procedures employed in the present study both FM and MSTCA 
algorithms were easily utilizable for computer  calculations. The PAS procedure re- 
quired considerable core storage and computer  time. 

Statistical Evaluation of a Tree 

The statistical evaluation of a tree and calculations of internodal 'path '  lengths were 
made by a least-squares fitting. With N source subsets (the present day amino acid 
sequences), the number of paths is 2N-3 (in an unrooted tree). The total  number of 
relations for connecting two source subsets with the sum of path lengths set equal 
to input distance is N(N-1)/2. The least-squares calculations then correspond to 
finding 2N-3 parameters from N(N-1)/2 observations. The function minimized was 

?2 wij (D~ - D~j), where D°. is the element (observed) of  
i<j  q 

the distance matrix calculated from MNMR between the ith and the j th source 
subsets, D c. is the corresponding calculated distance, and wij is the weight associated 
with D°.. ~/hree quantities were calculated to indicate the 'fit '  of a tree to the 'ob- 

,q 
served distances: 

1 

{ N  (D~j D~].)~/ [N(N- - I ) / 2 - (2N- -3 ) ] }  Y (1) GOF = E<j wij - 

IN ], _- N ~- 
(2) Rw i<jZ wiJ (D~. -- D~) 2 / Z Wq (D~) 2 

i<j  

(3)  SI) -- 

x 100 %, 

- Dij) / Dij ] / IN(N--I)~2--1] 5- x 100 %, 

where GOF stands 'goodness of fi t ' ,Rw,% 'weighted residual', and SD, % 'standard 
deviation'.  

There are several criteria exterior to tree building processes that  may be used in 
defining a statistical best tree. The percent 'standard deviation (SD)' based on recon- 
structed internodal path lengths is commonly used when distance matrix methods 
are employed in phylogenetic tree construction. SD, to be statistically meaningful, 
requires the assumption that  errors associated with the 'observed' distances are Poisson 
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distributed. Both GOF and R w also need the supposition that  the distribution is 
random. GOF is the external estimate of  the standard error of  an observation of  unit 
weight. A correct model will give GOF a value of 1 only when weights are correctly 
estimated for all 'observed' distances. In assuming a Poisson distribution, R w and 
GOF are further related to SD as follows. 

(5) - -  {IN(N-I)/2-11 /IN(N-I)/2]} x(SD). 
The indices of  fit calculated from unit-weight least-squares calculations in the absence 
of  a proper weighting scheme are at best only suggestive. 

After  the path lengths were calculated, the center of the tree (point of  earliest 
time), which is the point on a path of the tree such that  the distance from any source 
subset to the point  is about equal, was located. The nodal ancestral amino acid se- 
quences were then determined by minimum mutat ion fit (Hartigan, 1973); the com- 
putations are in terms of amino acid residues. 

The resulting tree topologies of snake venom toxins from all three procedures 
are given in Figure 3. Their corresponding indices of fit from unit-weight least-squares 
calculations are: GOF = 2.92, R~o = 5 .15 ,  SD = 8.82 for FM tree; GOF = 2.87, R w = 

5.06, SD = 8.85 for PAS tree; and GOF = 2.86, R w = 5,04, SD = 8.55 for MSTCA 
tree. Figure 2 gives the source amino acid sequences. 

Apparently,  the tree resulting from the MSTCA calculations is the best one, with 
all three indices of fit the lowest. However, it does not exclude the possibility of 
finding a more statistically optimal alternative tree, as not all of the alternative trees 
possible from FM and PAS calculations were tested. Also, a statistically best tree (or 
phenogram) based on knowledge of the present amino acid sequences coded by few 
genes may not be the most genealogically significant one (Fitch and Margolish, 1968), 

Least-squares calculations also provide estimated errors for all path lengths. 
Estimated errors of path lengths are related partly to cluster separability. They could 
result from assumptions of  a constant rate of evolution, unknown multiple mutations, 
improper sequence alignment, inexact calculated mutation distances, or erroneous tree 
topology. Unit-weight least-squares calculations gave estimated errors in calculated 
path lengths for all three toxin ranging from a maximum of 1.8 to a minimum of 0.5. 
When estimated errors are considered, all three trees differs insignificantly. The statistical 
uncertainty involved in the separation of a cluster from other thus leaves room for 
different interpretations of the clusters concerned. 

Two other trees using mutat ion distances estimated from a formulation (Fitch 
and Margoliash, 1967) which does not treat gaps as 21st amino acid, and a scheme 
using the number of  amino acid differences were also constructed employing the 
MSTCA procedure. They are essentially identical to those given in Figure 3. 

Toxin Phylogenetic Relationship 

Most of the toxins are well clustered at the genus level (MSTCA tree, Fig. 3) except 
1-1, c y a n o c i n c t u s  hydrophi toxin b (13a, the identification number in Fig. 2), which 
is identical in sequence to E. s c b i s t o s a  toxin 5 (13), and N. naja o x i a n a  neurotoxin I 
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Fig. 3. Toxin phylogenetic trees. Solid lines indicate the MSTCA tree. The dashed lines apply only 
to FM tree and the dotted lines to PAS tree 
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(34) and N. melanoleuca toxin 3.9.4 (38), both of  which are not clustered together 
with other Naja toxins. At  the species level, there are two more coincidences: N. haje 
haje toxin ~ (2) is identical to nivea toxin 8 (2a); and the only toxin from L. colubrina 
coincides with L. laticaudata lat icotoxin a (19). All these concurrences are of the 
short neurotoxin type. A number of obvious oddities can also be found at the species 
level in the tree. The principal anomalies are the two cardiotoxins (47, 53) from N. 
naja atra, two short neurotoxins (2a, 8) from N. nivea and two long neurotoxins (28, 
38) from N. melanoleuca. They were not  grouped together as would be expected. 

Toxins from genus Naja, therefore, constitute the major source of problems in 
the interpretation of the tree at the species level. They comprise over half of the 
present group of 62 snake toxins of known amino acid sequence. In view of the large 
number of  toxin varieties that may be present in the venom of a single snake, it is 
likely that the anomalous toxins in the phylogenetic tree could be the products of  
gene duplications at different times or a sudden burst in mutat ion rates in the course 
of evolution of genus Naja, which is the most recently diverged, and a geologically 
widespread one. 

Irrespective of the above complications, the present phylogenetic tree, however, 
manifestly classifies these toxins into four corresponding to the four commonly used 
type names. The classification is the same whether the distance matrix was based on 
MNMR or in terms of amino acid difference between sequences. 

The so-called angusticeps-type toxin is a new addition to the recent outpouring 
of snake toxin sequences. So far, only three of them are known. Their pharmacolo- 
gical activities have not ye t  been clarified. Cardiotoxins have an irreversible depolari- 
zing effect on cell membrane of muscle, especially cardia and nervous tissues (Lee, 
1972). They have not been isolated from sea-snake venoms. On the other hand, the 
neurotoxins block neuromuscular transmission by the competitive inhibition of 
acetylcholine at the postsynaptic membrane of the neuromuscular junction (Chang 
and Lee, 1966). The short neurotoxins are the most toxic components of snake venoms; 
they are present in almost all of the snake venoms of both Elapidae and Hydrophiidae 
studied to date. The long neurotoxins, containing one additional disulfide bond, are 
thought to be the result of an unequal crossing over of the toxin genes (Strydom, 1973). 
The results of a statistical calculation (Fitch, 1970) based on the present tree topology 
and its reconstructed nodal amino acid sequences indicated that all these four types of 
toxins are undoubt ly  homologous. 

Homologous toxins, however, can be either orthologous or paralogous (Fitch, 
1973). From inspecting the phylogenetic tree of  Figure 3, we fail to tell immediately 
orthologous gene products from paralogous ones. As mentioned earlier, multiple toxin 
varieties are present in the venom of a single individual snake. Those toxins from the 
same snake and with large number of amino acid residue differences among sequences 
are very likely the products of gene duplication, for example, toxin a and b of O. 
hanna (35, 36); toxin ~ and/3 ofN. nivea (2, 8); toxin II and IV ofH. haemachatus 
(4, 5); cardiotoxin and cardiotoxin I of N. naja atra (47, 53). However, a number of 
toxins isolated from pooled venom material of snakes of the same species and demon- 
strated to have only a small number of amino acid residue differences among sequences 
are probably controlled by allelic genes (Fitch,  W.M., personal communication),  such 
as erabutoxins of L. semifasciata (16, 17, 18). It is very unlikely that they  were the 
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products of a series of recent gene duplication events. A more detailed analysis will 
have to wait till more sequences are available. 

The simultaneous presence of orthologous and paralogous toxins in the phylo- 
genetic tree as well as the possibility of a high frequency of gene duplication leading to 
the present great varieties of homologous toxins in the venom of snakes complicated 
the explanation of the course of evolution of these four types of toxins from the tree 
topologies. The center of the tree given in Figure 3 may not be the point of earliest 
t ime in the divergence of these toxins. Strydom (1974) gave two mutually exclusive 
postulates for the evolution of  these toxins from digestive tract enzyme based on the 
number of amino acids assigned to reconstructed nodal ancestal sequences. One had a 
short neurotoxin and the other had a cardiotoxin as the ancestral venom protein. 

Evolutionary Models of Toxins 

Mathematically, there are five different evolutionary pathways possible from an un- 
rooted tree containing four different types of toxins. Those models based on the pre- 
sent unrooted tree (Unrooted MSTCA tree) of 62 snake toxins are shown in Figure 4. 
Only the most remote ancestral nodes of each type of toxins are given. In distinguish- 
ing the probable model  from others, we assumed that the most elegant evolutionary 
pathway would have the largest sum of amino acids assigned to all nodes by minimum 
mutation fit. We called it 'minimax' criterion, meaning maximum number of amino 
acids assigned by minimum mutation fit. The number of amino acids assigned to each 
node of the five models together with their sums are also given'in Figure 4. The results 

model I 

SN AT LN CT SN AT LN CT 
(57) (45) (58) (55) (58) (48) (58) (48) 

sum = 335  sum = 342 

model 5 / (~ . .54  ) ( 5 ~  model 4 

~T SN LN CT SN AT CT LN 
(41) (57) (61)  (54) (58) (49) (53) (54) 

sum = 350 sum = 352 

model 5 / ~ 5 6 )  

SN AT LN CT 
(55) (48) (59') (56) 

sum = 353 

i I0 20 30 
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AT M+CYSH+TTQPA+T+TC +EGENSCYRKS+RK+--- 

NDI I + CYN- -KT+ P ,+ + S +TCPEGQNLCYRK]~4 +KA. 

LN I + CY ---KTPPDTSQTCP+GQNLCYRKMI4 C + AW C S 

CT IKCHN - -KL+ PF + SKTCPEGQNLCY-KMT+KA --- 

qO 5 0  ~0  70 
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Fig. 4. Alternative topologies  of the M S T C A  

tree describing the evolutionary relationship 
of the four types of toxins, short neurotoxins 
( S N ) ,  long neurotoxins (LN), cardiotoxins ( C T ) ,  

and angusticeps-type toxins (AT). The num- 
ber in parentheses are the number of ances- 
tral nodal amino acids assigned from mini- 
mum mutation fit. Only ancestral amino 
acid sequences for Model 5 are shown. The 
numbers in the circles are the node numbers 
( N D ) .  A (+)  symbol indicates that amino 
acid residue at the position could not be 
unambiguously assigned 
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thus indicate,Model 5 is the most probable one. However, the sum of Model 5 is only 
1 greater than Model 4 and 3 greater than Model 3. Model 5 and Model 3 are essenti- 
ally the same in view of  the small path length separating AT and SN nodes. Therefore, 
Model 5 and Model 4 are the two most plausible models based on the 'minimax'  
criterion. Model 5 was considered the most  likely one by Strydom (1974). He rejected 
Model 4 simply on the basis of  the proposi t ion that  a plausible mechanism exists for 
the insertion of the extra disulfide loop of  the long neurotoxin into a short neurotoxin- 
or cardiotoxin-type of chain. 

The relevant evidence supporting one model instead of others is presently un- 
ascertainable. Different numbers of toxin varieties in snake venoms, the possibility o f  
different gene duplication frequencies and other genetic events happening in the evolu- 
tion of snakes of  different groups, and the presence of both orthologous and para- 
logous toxins in the phylogenetic tree constructed indicate that a more detailed explan- 
a tory  model simulating the course of evolution of  snake toxins cannot be inferred 
simply from the appearance of a phylogenetic tree. 

Rates of Toxin Evolution 

We measured rate of evolution in terms of  amino acid differences between sequences 
normalized to a common base of 100 amino acids and corrected for the possibility that  
two or more amino acid changes have occured at the same place (Dickerson, 1971). All 
comparisons were made for species of which at  least two types of toxins have been 
sequenced. When more than one toxin of the same type were present in the species 
compared, an average rate was calculated. These values together with mutat ion distances 
calculated from MNMR are given in Table 1. 

The analysis indicates, intragenerically, that the rates of amino acid change of 
short neurotoxins, on the average, are relatively slower than those of long neurotoxins 
and cardiotoxins. Similarly, the rates of  cardiotoxins are faster than those of long 
neurotoxins. However, intergenerically, the rates of amino change of all those three 
types of toxins are comparable. Although only a small fraction of all toxins have been 
compared, the observations indicate that evolution of snake toxins is rather peculiar. 
While uniform rates of amino acid change can be assumed for parallel evolution of the 
three types of toxins from genetically more distantly related species, intragenerical 
different rates of  amino acid change seems to require the supposition that long neuro- 
toxins and cardiotoxins have been undergoing a more rapid change in the selection of 
the functions of  the two proteins. It would be contradictory to the observation of 
comparable rates of amino acid change above the genus level if we assumed that the 
more rapidly evolving (below the genus level) cardiotoxin-type protein is the ancient 
form of the snake toxins. A more meaningful discussion in terms of  effects of amino 
acid changes on the physical and physiological properties will be possible only when 
information from X-ray structure determination or chemical modification is avail- 
able relative to all those three types of  toxins, However, a uniform rate of amino acid 
change for homologous proteins would be expected if amino acid changes are selec- 
tively neutral. This seems in accord with the comparable number of common amino 
acid residues from sequence alignment: 26 in short neurotoxins; 21 in long neurotoxins; 
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Table 1. Intra- and inter-generical rates of amino acid change 

177 

Genus a Type of toxin b Toxins compared c Amino acid changes Minimum muta- 
per 100 residues tion number per 
corrected for multiple 100 residues o 
hits d 

(A) Intragenerical 
SN (2,6,7) 17.6(5.2) 19.4(5.8) 

N. 
LN (28,29, 34) 37.7(22.1 ) 40.4(22.5) 

SN (2,3,5) 18.3(4.9) 19.9(4.1) 
N. 

C-'T (43,53,56) 35.7(2.7) 36.0(3.4) 

SN (9,10,11) 12.1 (7.7) 13.4(8.8) 
D. 

LN (30,32,33) 27.1(2.2) 28.8(2. 5) 

(B) Intergener ical 
D. (9,10,11) 
~, SN (2,6,7) 42.2(4.9) 43.0(5.6) 

O. (30,32,33) 
N. 12q (28,29,34) 49.0(2.5) 51.0(4.2) 

a Abbreviations for genera Naja (N.) and Dendroaspis (D.) 
b Abbreviations for short neurotoxins (SN), long neurotoxins (LN), and cardiotoxins (CT) 
c Toxins compared are represented by identification numbers as given in Figure 1 
d Estimated errors are in parentheses 

and 22 in cardiotoxins. It also agrees with the fact that these toxins assume similar 

biological roles in snakes. 
The above discussion, therefore, implies that short neurotoxins had been relatively 

stabilized since acquiring their toxicity. The apparent absence of cardiotoxins in venoms 
of sea snakes and the isolation of only a long neurotoxin in venom of L. semifasciata 
further suggest that short neurotoxin-type molecules are the most primitive form of 
toxins and that other types of toxins have evolved in one way or another from these 

molecules. This agrees with Model 5, chosen on the basis of the 'minimax'  criterion, in 
one aspect -- the ancient form of toxins. 

Cladistic Relationships of Snakes 

Toxins used in the present study were isolated from venoms of twenty three subspecies 
of eighteen species representing nine genera from two families of the Proteroglypbae 
suborder. The tree topologies indeed show acceptable genetic relatedness above the 
species level. Figure 5 gives a conservative depiction of the genus phylogeny inferred 
both from the tree and an analysis using composite data where they were available. 

The venom contents of sea snakes are simpler. No cardiotoxin-type proteins have 
yet been isolated from them. Only one type toxin (Ls III), similar to long neurotoxin 

has been isolated and sequenced from L. semifasciata. The branching topologies of the 
short neurotoxin portion of the tree depict a very close relationship among sea snakes. 

The taxonomic relationship is in remarkable agreement with zoological opinions. The 
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Fig. 5. Cladistic relationship of snakes at genus 
level as inferred from toxin phylogeny 

phylogenetic scheme, however, does not conclusively agree with the suggestion that  
Laticaudinae is the most primitive form of the Hydrophiidae (Smith, 1926). Of course, 
the implication from toxin phylogeny is uncertain as the errors associated with the 
path lengths separating Laticaudinae from Hydrophinae is larger (-+ 1.6). It only 
indicates that Laticaudinae and Hydrophinae diverged very early in the evolutionary 
history of Hydrophiidae. 

If one accepts the supposition that Elapidae arose from aquatic forms and that no 
cardiotoxin-like components  in sea snake venoms will be observed, the evolutionary 
model of toxins is such that cardiotoxins were evolved after Elapidae were established 
as a terrestrial group. This also agrees with the result that  the Hydrophinae, including 
the ocean-going Pelamis platurus, diverged long before the short neurotoxin portion of 
the toxin phylogenetic tree. Alternatively, if one considers that Hydrophiidae had 
originated from terrestrial Elapida¢ and that Hydrophiidae were the aquatically adapted 
group of their ancient terrestrial counterpart ,  the above suggested model for toxin 
evolution would indicate that cardiotoxins branched off late after the divergence of sea 
snakes. The long neurotoxins '  intermediate rate of amino acid change (intragenerical) 
would imply that  they evolved earlier than cardiotoxin did. 

Members of  Laticaudinae have usually been described as part ly marine and partly 
terrestrial and the name 'seakrait '  was suggested because of their close relation to the 
Elapidae (Burger and Natsuno, 1974). Those of Hydrophinae were identified as true 
sea snakes (Burger and Natsuno, 1974). McDowell (1967) hypothesized that Laticau- 
dinae and Hydrophinae had separate origins and independent histories. The short 
neurotoxin part of the present toxin tree indicates only that Laticaudinae diverged 
between Hydrophinae and Elapidae. 

Venom contents of Elapidae are much more complicated; nevertheless the taxo- 
nomic relationship of the toxins is as expected from zoological classification except 
for a few kraits, which appear to be closer to the ancient form of Elapidae. The highly 
developed 'spitting'  cobra (H. haemachatus) and genus Naja diverged only recently. The 
time after their divergence is not  long enough to allow their genetic differentiation to 
be clearly distinguished in the phylogenetic tree. In the absence of further information, 
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we consider the present cladistic relationship at the genus level and as given in Figure 5 
to be the best possible consistent with the present evidence. 

Strydom (1974) has suggested, from sequence comparisons between cobrotoxin 
and bovine pancreatic ribonuclease, that toxins evolved from an ancestor of ribonucle- 
ase or a homologous enzyme in the snake digestive tract through gene duplication. The 
relatively slower rates of evolution of short neurotoxins and their presence in both 
Elapidae and Hydropbiidae, therefore, allow an estimate to be made for the branching 
date of the two families. Their averaged number of amino acid differences per 100 
amino acids with masking effect being corrected is 45.4 (+ 6.6). Assuming short neuro- 
toxins evolved at the same rate as ribonuclease, 2.1 UEP (unit evolutionary period per 
million years) (Dickerson, 1971), the estimated diverging time between Elapidae and 
Hydropbiidae is about 100 (+ 14) million years. This is not an unreasonable figure 
considering the branch dates estimated from paleontological records for mammals and 
reptiles (Dickerson, 1971; Yang, 1962), 300 million years, and birds and reptiles, 
240 million years. 

Course of Toxin Evolution 

So far we have not considered explicitly the so-called angusticeps-type toxins. There 
ai'e currently only three of them isolated, all from a single genus, Dendroaspis. These 
three toxins differ greatly from each other in terms of number of amino acid differences. 
The number of  amino acid differences indicate they would be more properly classified 
into two types: angusticeps-F-type (D. angusticeps toxin FvII) and angusticeps-T-type 
(D. angusticeps toxin Ta2 and D. viridis toxin 4.9.6). The intragenerical rate of amino 
acid change between the two angusticeps-T-type toxins is intermediate (20.8) as compared 
to their short neurotoxins (12.1, averagedvalue) and long neurotoxins (26.4)which may 
indicate that they diverged before the long neurotoxins. The assignment of a branch 
point for angusticeps-type toxins would be as indicated in Model 5 (Fig. 4). 

Therefore, Model 5 is the most plausible one for the evolution of toxin. It has been 
implicitly expressed in the unrooted phylogenetic tree and was chosen based on the 
'minimax' criterion. The choice of  the model, however, is principally based on the two 
generally held ideas that uniform rate of evolution may be assumed for homologous 
proteins from genetically more distantly related species and that a protein underwent a 
more rapid change in amino acid composition when it was selecting for a new function. 

Although the suggested model for the evolution of toxins is very plausible, the total 
complexity of  the relationships between intraspecific homologous toxins required 
further clarification. Gene duplication and allelomorphism have been considered the 
two principal mechanisms leading to intraspecific homologous proteins (Neurath et al., 
1967). Extending the discussion given by Chang (1972), we explain the course of  evolu- 
tion of  toxins leading to the present great number of  toxin varieties by the simplified 
diagrammatic illustration given in Figure 6. The ancestral S gene duplicated before 
separation of the two most ancient branching points. In one lineage, the descending 
duplicated genes underwent unequal crossover. The event of unequal crossover intro- 
duced the L. gene. In the other lineage, the first ancestral separation resulted in one of 
the descending duplicated genes coding for a new protein (A gene). Further indepen- 
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Fig. 6. A simplified diagrammatic illustration of genetic 
events which might have happened in the evolutionary 
history of toxins. (S) represents short neurotoxin gene, 
(L) long neurotoxin, (C) cardiotoxin, and (A)angusti- 
ceps-type toxin. The alphabetic superscripts indicate 
distinct species, the numerical subscripts are for 
identification purpose. GD denotes gene duplication. 
M means mutation. MD indicates mutation divergence 
accompanying speciation. (a), the course of evolution; 
(b), one of the possible phylogenetic trees 

dent evolution in separated lines may ultimately have produced C genes by accumulated 
mutational changes. One of the possible existing phylogenetic trees of all these genes 
then may have the appearance shown in Figure 6b. However, it will be possible to re- 
produce the entire series of genetic events leading to a toxin phylogenetic tree only 
when sequence data from most of the toxins coded by homologous genes in all species 
studied are available. 
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