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Abstract

Loxosceles spider venoms cause dermonecrosis in mammalian tissues. The toxin sphingomyelinase D (SMaseD) is a

sufficient causative agent in lesion formation and is only known in these spiders and a few pathogenic bacteria. Similarities

between spider and bacterial SMaseD in molecular weights, pIs and N-terminal amino acid sequence suggest an evolutionary

relationship between these molecules. We report three cDNA sequences from venom-expressed mRNAs, analyses of amino

acid sequences, and partial characterization of gene structure of SMaseD homologs from Loxosceles arizonica with the goal of

better understanding the evolution of this toxin. Sequence analyses indicate SMaseD is a single domain protein and a divergent

member of the ubitiquous, broadly conserved glycerophosphoryl diester phosphodiesterase family (GDPD). Bacterial SMaseDs

are not identifiable as homologs of spider SMaseD or GDPD family members. Amino acid sequence similarities do not afford

clear distinction between independent origin of toxic SMaseD activity in spiders and bacteria and origin in one lineage by

ancient horizontal transfer from the other. The SMaseD genes span at least 6500 bp and contain at least 5 introns. Together,

these data indicate L. arizonica SMaseD has been evolving within a eukaryotic genome for a long time ruling out origin by

recent transfer from bacteria.

q 2004 Elsevier Ltd. All rights reserved.

Keywords: Venom; Loxosceles; Corynebacteria; Horizontal transfer; Concerted evolution
1. Introduction

The evolution of novel gene function is of fundamental

interest across broad disciplines, particularly when the novel
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effect is toxic to humans. Venoms of predatory animals are

rich in toxins with novel structure and function, and thus

provide an arena for studies of molecular diversification (see

Menez, 2002, for recent examples). These studies also

provide valuable insight into taxonomic distribution and

variation in venom toxins that have damaging or lethal

effects on humans, information that is critical for developing

broadly effective antibody-based diagnostics and treatments

of envenomation.

Venoms from spiders of the genus Loxosceles, brown or

violin spiders, are notorious for their ability to induce

dermonecrotic lesions in mammalian tissues. The venom

toxin sphingomyelinase D (SMaseD) is a sufficient causative

agent for lesion formation (Kurpiewski et al., 1981; Rees et al.,

1984; Tambourgi et al., 1998; Fernandes Pedrosa et al., 2002;

Tambourgi et al., 2004). While the pathogenic bacterium
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Clostridium perfringens has been demonstrated to enhance

the severity of lesions (Monteiro et al., 2002), it is clear from

mammalian assays of SMaseD active cDNA expression

products that SMaseD is the causative agent of lesion

formation (Fernandes Pedrosa et al., 2002; Tambourgi et al.,

2004). The mechanism by which cleavage of sphingomyelin

(a ubiquitous eukaryotic membrane phospholipid) leads to

severe tissue necrosis in humans is poorly understood but

involves a complex immune response (Tambourgi et al., 1995,

1998, 2002; Desai et al., 1999). While cleavage of phospho-

lipids is a common and necessary housekeeping phenomenon,

cleavage at the D site (between the choline and phosphate) of

these molecules is rare.

SMaseD activity is currently unknown in the animal

kingdom outside of venoms in the Loxosceles lineage.

Comparative analyses suggest a single evolutionary origin

of SMaseD activity in the most recent common ancestor of

Loxosceles and their sister genus Sicarius (Binford and

Wells, 2003). Outside of this spider lineage, SMaseD

activity is known in the pathogenic bacteria Corynebacter-

ium pseudotuberculosis, C. ulcerans, Archanobacterium

haemolyticum (formerly Corynebacterium) and Vibrio

damsela (Bernheimer et al., 1985; Truett and King, 1993;

Cuevas and Songer, 1993; McNamara et al., 1995). This

disparate occurrence has led to speculation of an evolution-

ary relationship between the spider and bacterial SMaseDs

(Bernheimer et al., 1985). SMaseDs from Loxosceles,

C. pseudotuberculosis, and A. haemolyticum are similar in

molecular weight (30–35 kDa), charge and isoelectric point,

and share some conserved amino acid residues in the

N-terminus (McNamara et al., 1995; Barbaro et al.,1996;

Tambourgi et al.,1998; vanMeeteren, et al., 2004). SMaseD

from V. damsela is larger than the other SMaseDs (69 kDa)

and shares no other similarities outside of the SMaseD

activity. Infection by C. pseudotuberculosis and envenoma-

tion by Loxosceles result in similar pathologies. Both have a

comparable effect on neutrophils and the complement

system (Yozwaik and Songer, 1993; Truett and King,

1993; Songer, 1997; Tambourgi et al., 2002; vanMeeteren,

et al., 2004). However, Loxosceles and Corynebacterium
Fig. 1. (a) Alignment of Loxosceles venom SMaseD N-terminal amino ac

Cisar et al., 1989; 4, Gomez et al., 2001). L. intermedia* is a related venom

highlighted in grey are 100% conserved. (b). cDNA sequences and deduce

arizonica. The vertical line indicates the beginning of the mature protein.

glycosylation site.
SMaseDs are not antigenically cross-reactive (Bernheimer,

et al., 1985).

There are three plausible evolutionary scenarios that

could explain the similarities between spider and bacterial

SMaseD: (a) bacterial and spider SMaseD could have

independently evolved from the same general conserved

protein family, (b) SMaseD could have originated in

one lineage and moved to the other via horizontal transfer,

(c) similarities between bacterial and spider SMaseD do not

result from common ancestry but reflect convergence due to

common function. Distinguishing among these mechanisms

requires comparative analyses of SMaseD nucleotide and

amino acid sequences, and characterization of SMaseD

genes in Loxosceles.

Recently, cDNA homologs of SMaseD have been cloned

and sequenced from two South American Loxosceles

species (Fernandes Pedrosa et al., 2002; Kalapothakis

et al., 2002; Tambourgi et al., 2004) (Fig. 1a). Here we

report cDNA sequences from three SMaseD homologs and

details about the genomic structure of SMaseD family

members from the North American species Loxosceles

arizonica. We subject these sequences to bioinformatic and

phylogenetic analyses and discuss the implications on our

understanding of the evolution of this unique venom toxin.
2. Methods

2.1. Spiders

Loxosceles arizonica, Arizona brown spiders (Gertsch

and Ennik, 1983), were collected as adults from the desert

of the Santa Catalina Mountain southern foothills (2500–

2800’), Tucson, Arizona, Pima Co (32.1920N, 11.04833W)

Voucher specimens are kept in the personal collection

of GJB.

2.2. cDNA sequences

SMaseD homologous cDNAs were amplified using two

degenerate primers that were designed from conserved
id sequences (1, Tambourgi et al., 1998; 2, Barbaro et al., 1996; 3,

protein without SMaseD activity (Tambourgi et al., 1998). Residues

d amino acid sequences for three SMaseD paralogs from Loxosceles

The bold and underlined 4 amino acid region NESA is a proposed
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regions of N-terminal amino acid sequences of purified

proteins with known SMaseD activity (Fig. 1a). Venom

glands were dissected out of 40 L. arizonica two days after

venom was removed from glands by electrostimulation,

corresponding to a time when we expected SMaseD

expression. mRNA was isolated from the venom gland tissue

using a Clontech Nucleic Acid Purification kit. cDNA was

generated by RT-PCR using Superscript II (Gibco), and

SMaseD related cDNAs were amplified using the upstream

degenerate primer (5 0-TGGATHATGGGNCAYATGGT-3 0)

and a polyT primer with a random 20mer. Products of

this reaction were amplified with the nested degenerate

primer (5 0-CARATHGAYGARTTYGT-3 0), cloned

(Invitrogen TA cloning) and sequenced using standard

techniques.
Sequence upstream of the primers was identified using

genomic library screens (see Section 2.3). Primers for

amplifying the complete coding region (signal peptide and

mature protein) were designed from the genomic sequence

for the N-terminus (5 0-GTTTCCATGGTTAGAGCAACT-

GAGA-3 0, underlined sequence is a NcoI site with a 5

base pair adapter sequence), and from the cDNA sequence

for the 3 0 antisense C-terminus (5 0 TTTTCTCGAGT-

TAATTCTTGAATGTTTCCCA-3 0, underlined sequence

is an XhoI site with a four base pair adapter sequence).

PCR products resulting from amplification of venom gland

cDNA using these primers were submitted for direct

sequencing and cloned (Invitrogen TA vectors). Cloned

fragments were sequenced using M13F and M13R

primers.



Fig. 2. Alignment of amino acid sequences for all available SMaseDs. The histogram reflects degree of conservation. The first vertical lines for each sequence indicate estimated cleavage sites

between signal and propeptides (SignalP 3.0, DyrlØv Bendtsen et al., 2004). The second vertical line with the arrow above indicates the beginning of the mature protein. GenBank accession

numbers are as in Table 2. Asterisks indicate names of sequences whose expression products have been demonstrated to exhibit SMaseD activity.
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Table 1

Percent nucleotide identity between SMaseD cDNA sequences from

Loxosceles arizonica. In parentheses is the number of overlapping

nucleotides in the pairwise comparison

%Nucleotide

identity

cDNA 2 cDNA 3

cDNA 1 94.9 (800) 93.7 (791)

cDNA 2 90.2 (949)
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2.3. Gene structure

To characterize the gene structure of SMaseD we made

and screened a phage genomic library with SMaseD cDNA

labeled with digoxigenin (DIG) The phage genomic DNA

library was created using ZAP Express (Stratagene) from

450 mg of L. arizonica tissue. DNA was digested overnight

in 6 U/ml Sau3A1 then size selected for an average insert

size of 5 kb using sucrose gradient centrifugation. A

SMaseD probe was made by incorporating DIG into the

cDNA sequence using random-primed labeling (DIG High

Prime, Boehringer Mannheim Corp.) (Roche). Plaques were

grown on NZY plates ((50,000 pfu/plate), lifted onto

Magna, Nylon transfer membranes (0.45 micron, Osmonics,

Inc.), UV crosslinked and incubated overnight with DIG-

labeled SMaseD cDNA. Membranes were washed and

incubated with DIG antibody. Positive clones were excised,

purified and cloned into pBluescript II KS(C/-).

Three library inserts (w5 kb) with homology to the

cDNA were determined to be distinct from one another by

restriction digest analyses (EcoR1, Kpn1, Xba1). These

three genomic fragments were sequenced using primer

walking and assembled by identifying overlapping regions.

Exons were identified by pairwise comparisons of the

genomic DNA with the cDNA. Attempts to use PCR to

amplify the region including exon 2 were unsuccessful.

2.4. Sequence analyses

cDNA, amino acid, and genomic sequences were

analyzed for homology to known sequences using NCBI-

BLAST (http://www.ncbi.nlm.nih.gov/BLAST). Protein

domain family analysis was done using Pfam (http://

pfam.wustl.edu). Fold recognition analysis was performed

by submitting Clustal-generated multiple sequence align-

ments to the 3D-PSSM server (http://www.sbg.bio.ic.ac.

uk/ servers/3dpssm/) (Fischer et al., 1999; Kelly et al.,

1999). Pairwise global alignments were performed with

GeneStream Align (http://xylian.igh.cnrs.fr/). N-glycosy-

lation sites were identified using PROSITE NiceSite

(http://ca.expasy.org/cgi-bin/nicedoc.pl?PDOC00001).

Signal peptide cleavage sites were estimated using

SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/

)(DyrlØv Bendtsen et al., 2004).

2.5. Phylogenetic analysis

Evolutionary relationships among amino acid SMaseD

cDNA sequences, and exon 5 (nucleotide only) from

L. arizonica, L. laeta, and L. intermedia (see Fig. 2) were

analyzed using Bayesian (MrBayes, Huelsenbeck and

Ronquist, 2001), parsimony and neighbor-joining (PAUP*,

Swofford, 2001) phylogenetic algorithms. Nucleotide

sequences were also analyzed using maximum likelihood

(PAUP*, Swofford, 2001). All sequences were aligned using

ClustalX with gap and extension penalties of 10 and 0.1,
respectively, and were corrected by hand using MacClade

4.02 (Maddison and Maddison, 2001). Amino acid align-

ments were weighted using the Gonnet series scoring

matrix. Analyses with other gap penalty setting and

weighting schemes resulted in the same tree topology.

Maximum likelihood used GTR and gamma scale par-

ameters estimated on a single most parsimonious tree.

(Parameter values: ACZ1.5, AGZ2.8, ATZ1.6, CGZ1.7,

CTZ3.9, GTZ1.0; AZ0.32%, CZ0.20%; GZ0.23%;

TZ0.26%; aZ1.19.) Robustness of parsimony and maxi-

mum likelihood tree topologies was assessed with bootstrap

analyses (1000 and 100 replicates, respectively) and

posterior probabilities (Bayesian, 10,000,000 generations,

saved every 100th tree, 1000 burnin).
3. Results and discussion

3.1. cDNA sequences

Our analyses yielded two distinct cDNAs that include a

partial signal peptide, a propeptide and the complete mature

protein (cDNA 2ZAY699703, cDNA 3ZAY699704) and

one partial cDNA that does not include the N-terminus of

the mature peptide, but does include the 3 0 untranslated

region (cDNA 1ZAF512953) (Fig. 1b). Sequence hom-

ology and estimated molecular weights substantiate

the identity of these sequences as mRNAs of members of

the SMaseD family. Deduced amino acid sequences and

alignments to SMaseD protein sequences from other

Loxosceles species are shown in Fig. 2. The three

L. arizonica cDNA sequences are sufficiently different that

they likely represent three paralogous members of a gene

family (Table 1). BLASTn searches of the cDNA sequences

identified homology only to SMaseD cDNAs recently

determined from South American Loxosceles species

(Fig. 2). The estimated molecular weights of the deduced

protein sequence are comparable to mature SMaseDs

purified from Loxosceles venoms (cDNA 2Z32,086 Da,

cDNA 3Z31,041 Da) (Kurpiewski et al., 1981; Rees et al.,

1988; Tambourgi et al., 1998; Fernandes Pedrosa et al.,

2002; Tambourgi et al., 2004). Outside of Loxosceles

there were no homologous sequences or fragments larger

than 21 nucleotides.

BLASTp searches of the deduced amino acid sequence

show strong similarity (45–92%; E values from 0.08 to

http://www.ncbi.nlm.nih.gov/BLAST
http://pfam.wustl.edu
http://pfam.wustl.edu
http://www.sbg.bio.ic.ac.uk/servers/3dpssm/
http://www.sbg.bio.ic.ac.uk/servers/3dpssm/
http://xylian.igh.cnrs.fr/
http://ca.expasy.org/cgi-bin/nicedoc.pl?PDOC00001
http://www.cbs.dtu.dk/services/SignalP/)
http://www.cbs.dtu.dk/services/SignalP/)
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3e-11) only with partial and complete amino acid sequences

from Loxosceles (Figs. 1a and 2). Also identified by

BLASTp, however, were several weak hits (EZ0.1–5.7)

of the SMaseD C-terminal region (residues 210–250) to the

C-termini of a variety of eukaryotic and prokaryotic

sequences that have been annotated as glycerophosphoryl

diester phosphodiesterases (GDPD pfam03009). The simi-

larity between the reactions catalyzed by these different

enzymes suggested to us that the weak BLAST hits might be

the result of a distant evolutionary relationship between

SMaseD and the GDPDs. In support of this hypothesis, a

Pfam HMM search with Loxosceles SMaseD revealed

statistically significant local similarity (EZ0.00011) to the

GDPD domain profile in the C-terminal region and weaker

similarity to the global profile (EZ9.0). SMaseDs (282 and

279 residues) were also similar in overall size to the GDPD

domain (average length 235 residues). Moreover, sub-

mission of a multiple alignment of known SMaseDs (Fig. 2)

to the fold recognition program 3D-PSSM yielded the only

known structure of a GDPD family member (1olz; protein

from the bacterium Thermotoga maritima) as the single best

match with an E-valueZ0.231. The Thermotoga maritima

protein has a TIM barrel structure, a fold commonly found

for enzymes. Together, the above findings strongly support

that Loxosceles SMaseD is a single domain TIM barrel

protein and a derived member of the broadly conserved

GDPD protein domain family.

Earlier studies have noted similarity between N-terminal

amino acid sequences from Loxosceles SMaseD and the N-

termini of a group of toxic bacterial phospholipase D

(SMaseD) enzymes (McNamara et al., 1995; Tambourgi

et al., 1998). Comparison of full-length spider and bacterial

SMaseD sequences here and in other recent work (Van

Meeteren et al., 2004) provide no evidence to support the

conclusion that these proteins are related to each other.

Bacterial SMaseDs do not show up as significant hits in

BLAST searches with full length Loxosceles SMaseD.

Global pairwise alignments between Loxosceles SMaseD

and bacterial SMaseDs yield sequence identities of 21–24%

(Table 2) and alignment scores ranging from 95–132, values

that do not represent significant evidence for homology.

Moreover, although Loxosceles SMaseD is shown above to

be a diverged member of the GDPD family, bacterial

SMaseDs are not recognized as GDPD family members by

Pfam searches, or by fold recognition analysis using the

3D-PSSM server. Thus, the bacterial and spider proteins

cannot be shown to be homologous indirectly through a

shared relationship to the GDPD family. However, there is

also no evidence to rule out the possibility that Loxosceles

SMaseD and the bacterial SMaseDs are both derived GDPD

family enzymes and share a more recent common ancestor

with each other than either does with the broadly conserved

members of this family. Although SMaseD shows signifi-

cant similarity to the GDPD domain profile, its divergence

from this group of proteins is extreme. Overall sequence

identities from global alignments with various eukaryotic



Fig. 3. (a) Genomic structure of exons with homology to SMaseD cDNA. Individual genomic fragments are numbered (1–3). (b). Summary of

sequence identity between cDNA and segments of genomic DNA inserts with homology to the cDNA. Numbers in parentheses correspond to

the length of overlap between the exons and available cDNAs. (c). Percent nucleotide identity of exon 5 and flanking intron regions of

increasing distance up and downstream of the exon between two independent genomic library inserts (2 and 3) on which this exon was present.
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members of this family are quite low (14–21%, Table 1b)

and alignment scores are also quite poor (K111 to 50).

Sequence identities and global alignment scores between

SMaseD and bacterial SMaseDs, while also low, are

actually slightly higher than this, leaving open the

possibility that the common function of these enzymes

derives from the same ancient divergence from the GDPD

family.

3.2. Gene structure

Genomic library screens identified three genomic

fragments (Fragment 1 AF512954 4652 bp, 2 AF512955

4080 bp, and 3 AF512956 4686 bp) containing portions of

SMaseD homologous genes (Fig 3). Pairwise comparisons

of cDNA sequences and the genomic fragments identified 5

exons with a sixth region of the cDNA that did not match

any of the genomic DNA (‘exon 2’). Attempts to PCR

amplify ‘exon 2’ from genomic DNA using primers
generated from exons 1 and 3 were unsuccessful as were

attempts to amplify using primer pairs from exons 1 and 2,

and exons 2 and 3. Similarity between the cDNA sequences

and exons (genomic DNA) is summarized in Fig. 3b.

Genomic fragments 2 and 3 share a common exon (exon 5,

94% sequence identity) but introns are increasingly

divergent with distance from the exon (Fig. 3c) and thus

represent two paralogs from the SMaseD gene family

(Fig. 3a). Using overlap between these paralogs (exon 5 and

surrounding sequence) and assuming conservation of intron/

exon structure within the family, we estimate that members

of this gene family minimally span 6500 base pairs and

contain at least 6 exons and five introns (Fig. 3a).

Genomic fragment 1 includes the N-terminus and

upstream sequence of the SMaseD gene. Putative regulatory

elements (Fig. 4) include a capsite that plays a role in

initiation of transcription and is found in many arthropod

genes (Cherbas and Cherbas, 1993). The 3 0 untranslated

region includes the polyadenylation signal, AATAAA,



Fig. 4. Upstream sequence of 5 0 end of SMaseD from genomic DNA. Underlines indicate, in order: putative capsite consensus (Cherbas and

Cherbas, 1993), CAAT box, TATATA box, initiating methionine, and the beginning of exon 1. The arrow indicates the putative cleavage site

for the signal peptide (DyrlØv Bendtsen et al., 2004).
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13 bp upstream of the polyA tail. The 5 0 region upstream of

the mature protein shows a signal peptide and a recognizable

propeptide sequence consistent with expression of SMaseD

as a zymogen, which is typical of eukaryotic digestive

enzymes. Zymogens are expressed as inactive precursors

and require trypsin cleavage of a signal peptide for

activation. This may provide a mechanism of control of

the timing and circumstance of activation of potentially

tissue-destructive activity. Analyses of all SMaseD cDNAs

with the SignalP 3.0 signal peptide recognition algorithm

(DyrlØv Bendtsen et al., 2004) estimate two different

cleavage sites between the signal and the propeptides

(Fig. 2) resulting in 5 or 8 amino acid propeptides.

Kalapothakis et al. (2002) estimated a cleavage site for

L. intermedia LiD1 that results in a 10 amino acid

propeptide. The difference is likely due to the use of

different algorighms for estimation. All proposed propep-

tides are consistent with sizes of propeptides found in other

spider venom toxins (Santos et al., 1992; Diniz et al., 1993;

Kalapothakis et al., 1998, 2002).

In congruence with reports that glycosylation is

necessary for activity of Loxosceles venom components

(Viega et al., 1999) the L. arizonica cDNAs each have one

potential glycosylation site (NESA) that is conserved among

paralogs in this species and shared with confirmed SMaseD

active L. intermedia P2 (Figs. 1b and 2). Residues 257–260

of L laeta 3 (NASI) also constitute a potential glycosylation

site. Interestingly, L. laeta 1 and L. intermedia P1, both with

confirmed SMaseD activity (Fernandes Pedrosa et al., 2002;

Tambourgi et al., 2004, respectively), do not have potential

N-glycosylation sites.

3.3. Molecular evolution

3.3.1. Diversification of the SMaseD gene family

The presence of three paralogs of SMaseD in

L. arizonica venom gland cDNA adds to mounting evidence

that multiple members of this gene family are expressed in

Loxosceles venoms. In fact, the number of expressed
paralogs in venoms is independently converging on three

by different research groups. Three paralogous sequences

were recently determined from L. laeta (Fernandes Pedrosa

et al., 2002) and L. intermedia venom gland cDNA

(Kalapothakis et al., 2002; Tambourgi et al., 2004).

Furthermore, separation of proteins in crude Loxosceles

venoms have identified multiple active forms of SMaseD

within venoms of single Loxosceles species and expressed

proteins with homology to SMaseD but without SMaseD

activity (Kurpiewski et al., 1981; Tambourgi et al., 1998;

Fig. 1a). It is likely that both expression of multiple

paralogous SMaseD-related genes and post-translational

modification contribute to differences in composition of

venoms within this lineage.

One hundred percent nucleotide sequence identity

between exon 1 on genomic fragment 1 and cDNA 2 is

strong evidence that fragment 1 contains the gene coding for

the mRNA for cDNA 2. No other exons are perfect matches

between genomic and cDNA sequences. This raises the

possibility that the L. arizonica SMaseD gene family

contains more paralogs than the three we isolated from

venom gland expression products. In fact, genomic

fragment 2 has percent nucleotide identities with cDNAs

as low as 87.7% and reaching only as high as 94.5%

(Fig. 3b). Unless they are undergoing some rare circum-

stance like RNA editing, these new sequences suggest that

the gene family contains at least 4 or 5 members. It also

suggests that some of these members are not expressed in

the venom gland. While we cannot rule out the possibility

that other paralogs are expressed in the venom glands, we

have some confidence that there are only three because we

have done sufficient RT-PCR from venom gland mRNA to

obtain the same paralogs multiple times.

Phylogenetic analyses of all available SMaseD cDNAs

provide strong support that paralogs within all Loxosceles

species included in this analysis are more closely related to

other paralogs in the same species than they are to

homologous sequences from any other species (Fig. 5).

This could be explained by either duplication events that



Fig. 5. Unrooted tree topology resulting from all analyses of nucleotide and amino acid sequences of SMaseD. Numbers on branches are

parsimony bootstrap values (amino acid) (1000 reps)/maximum likelihood bootstrap values (nucleotide) (1000 reps)/Bayesian posterior

probabilities (amino acid) (10,000,000 generations and 4 chains).
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have occurred independently since the most recent common

ancestors of each taxon pair, or by concerted evolution

homogenizing the paralogs within species. Since researchers

have independently found three paralogs in all species

studied, concerted evolution is the more likely mechanism as

it is unlikely that duplication events would have indepen-

dently converged on three copies in each lineage. Concerted

evolution would result in patterns of molecular similarity in

which antibodies raised against particular species would

likely be most effective against closely related species.

Furthermore, it would increase the probability that a

monoclonal antibody would be effective against all paralogs

within an individuals’ venom.
4. Mechanism of evolutionary origin of Loxosceles

SMaseD

High levels of divergence between SMaseD and all other

sequences in GenBank, and the lack of sequence infor-

mation from other chelicerate taxa, make deciphering the

evolutionary origins of SMaseD in Loxosceles challenging.

However, characteristics of the gene structure (introns,

signal elements), and evidence that SMaseD is a member of

a gene family make it clear that this unique toxic enzyme
has been evolving within a eukaryotic genome for a long

time. This rules out the hypothesis of SMaseD having

originated in Loxosceles via recent horizontal transfer of

bacterial SMaseDs. Further, remote homology between

Loxosceles SMaseD and the ubiquitous GDPD family

suggests that it could have arisen by duplication and

divergence of a housekeeping gene with similar cleavage

activity.

However, the sequence data presented here neither

support nor rule out origin of SMaseD by an ancient

horizontal transfer event. Loxosceles SMaseD shows only

marginally greater global sequence identity with bacterial

SMaseD exotoxins than with eukaryotic GDPD family

members (Table 2). These levels of identity lie in a region of

similarity in which identification of homology among amino

acid sequences is tenuous (Brenner et al., 1998). The only

strongly supported conclusion of evolutionary significance

from the cDNA sequence comparisons is that spider

SMaseDs are divergent GDPDs. Bacterial SMaseDs show

no significant relationships with anything in current

databases. The slightly higher similarity between bacterial

and spider SMaseDs than either of these shares with any

GDPD (Table 1b) could be explained from limited sequence

convergence due to evolution of a similar biological

function. Thus, the present data cannot unequivocally
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distinguish between competing hypotheses of a single

evolutionary origin of SMaseD activity followed by ancient

horizontal transfer, or independent origins of SMaseD

activity and a small amount of sequence convergence due

to functional constraints. Phylogenetic analyses including

spider and bacterial SMaseDs and GDPDs that would

ideally help to identify occurrences of horizontal gene

transfer are not possible because the degree of divergence

between these sequences make alignments evolutionarily

meaningless.

While the fingerprint of an ancient horizontal transfer

of an SMaseD gene may be rendered difficult to uncover

by the long evolutionary time span and sparse taxon

coverage of related genes in current databases, there are

some general aspects of the spider and bacterial lineages

that are relevant to the issue. Comparative enzyme

analyses support a single origin of SMaseD activity in

venoms in the most recent common ancestor of

Loxosceles and their sister genus Sicarius (Binford and

Wells, 2003). The age of this lineage is unknown but

their biogeographic distribution suggests it could be as
Fig. 6. Unrooted tree topology that resulted from all analyses of nucleotide

values (1000 reps)/maximum likelihood bootstrap values (1000 reps)/ Bay
old as 150–250 million years. An ancient event of

horizontal transfer would mean the ancestral SMaseD of

bacterial origin would have had to acquire its current

eukaryotic properties (accumulated introns, acquired

classic eukaryotic regulatory elements, and undergone

duplication events) in this amount of time. Mounting

evidence indicates that rates of evolutionary gains and

losses of introns vary greatly among lineages of genes

with some being quite high (Robertson, 1998; Tarrio et

al., 1998; Boudet et al., 2001; Kiontke et al., 2004).

Thus, it is not out of the question that introns could have

been acquired in the suspected time frame after lateral

transfer from bacteria.

General aspects of Corynebacteria are relevant to

understanding the likelihood of a horizontal transfer

event involving these bacteria. Corynebacteria are free-

living and easily isolated from the soil and, thus, an

ancient association between the ancestral Loxosceles/Si-

carius and ancestral Corynebacteria is not unrealistic.

Furthermore, it is clear that horizontal gene transfer is

rampant among prokaryotes (see, for example, Gogarten
sequences of exon 5. Numbers on branches are parsimony bootstrap

esian posterior probabilities (10,000,000 generations and 4 chains).
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et al., 2002) with pathogenicity-related genes being more

readily transferred than others (Nakamura, 2004). The

Corynebacterium lineage, however, has atypically high

conservation of gene order, perhaps resulting from lack

of recombinatorial repair genes (Nakamura et al., 2003)

which would not likely be true of genomes with a

propensity toward rampant horizontal gene transfer.

Ultimately, the data required to confidently reject the

hypothesis of ancient horizontal gene transfer in favor

of independent de novo origin of SMaseD activity lie in

the distribution and properties of homologs of SMaseD in

Loxosceles and close relatives without SMaseD activity.

SMaseD has not been detected in venoms or tissues

outside of close relatives of the Loxosceles/Sicarius

lineage (Binford and Wells, 2003). Furthermore, prelimi-

nary genomic Southerns have not uncovered related

sequences in the genomes of close relatives of Lox-

osceles/Sicarius (unpublished data). Unfortunately both of

these pieces of evidence are enigmatic negative results.

The identification of a SMaseD paralog expressed in L.

intermedia venom that does not have SMaseD activity

(Tambourgi et al., 1998) is provocative, but ultimately

does not help clarify the issue without knowing if the

present function of that paralog is ancestral or derived

with respect to SMaseD. The same argument applies to

L. arizonica genomic fragments that are SMaseD

paralogs that may not be expressed in the venom glands.

Phylogenetic analyses of exon 5 consistently reconstruct

genomic fragment 3 to be ancestral to the three venom-

expressed paralogs (Fig. 6). If this gene codes for a

protein that is not a functional SMaseD, this would

constitute strong evidence that this toxic activity emerged

from within the genome of the ancestors of Loxosceles.

Efforts are underway to isolate and obtain the complete

cDNA sequence for this paralog.

A manuscript published while this work was in review by

Ramos-Cerillo et al. (2004) (Toxicon 44:507–614) reports

new sequences homologous to SMaseD from two North

American species, Loxosceles boneti and Loxosceles

reclusa. One of the paralogs from Loxosceles boneti, boneti

3, shows considerable divergence from all other SMaseD

homologs from North American species and does not

exhibit SMaseD activity. This and the divergent L. laeta

sequence H10 suggest that venom-expressed members of

this gene family that have a different enzyme activity are not

being homogenized with their SMaseD active paralogs by

concerted evolution.
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