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Venomous snakes and their prey are engaged in an “arms race” in which resistance to venom proteins must be
countered by the adaptation of the proteins to overcome that resistance. The toxicity of venoms is contributed to
by phospholipase A,, the genes of which are under extreme positive selection pressure. In contrast to most other
gene families, intraspecies and interspecies comparisons of venom phospholipase A, genes reveal Jow conservation
of exons and high conservation of introns. FORS-D analysis (folding of randomized sequence difference analysis)
implies that the sequences of introns of venom phospholipase A, genes have been under pressure to accept mutations
which conserve the potential to form single-strand stem loops, whereas exon sequences have evaded this pressure.
These results are consistent with the hypothesis that stem-loop-based recombination evolved in the early “RNA
world,” and the potential to generate stem loops became widely dispersed throughout genomes. The subsequent
conflict between stem-loop potential and protein-encoding potential was resolved by use of synonymous codons,
acceptance of conservative amino acid changes to widen the range of codon choice, and encoding proteins in
dispersed segments interrupted by regions of high stem-loop potential (introns). In genes under strong Darwinian
selection, the pressure on genes to diversify in order to prevent unwanted recombination events is largely accom-
modated by exons. This leaves introns, which normally predominate in this role, free to accommodate to pressure

for stem-loop formation.

Introduction

In a previous paper (Forsdyke 19954), I suggested
that, if efficient recombination is evolutionarily advan-
tageous, then it is possible that it would have evolved in
the early “RNA world,” prior to the emergence of pro-
tein-encoding genes (Joyce and Orgel 1993). If this were
so, and if stem loops were involved in this primitive
recombination process (Romanova et al. 1986; Kleckner
et al. 1991; Kleckner and Weiner 1993), then protein-
encoding genes would have been imposed on sequences
which had already been adapted for stem-loop forma-
tion. There could then have been a conflict, since a se-
quence might not be capable of locally optimizing both
its base order-determined stem-loop potential and its
base order-determined protein-encoding potential. The
conflict could have been accommodated in three ways:
the use of those synonymous codons which best facilitate
stem-loop formation; the use of conservative amino acids
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to widen the range of codon choice; the encoding of
proteins in sections (exons), interspersed with regions of
high stem-loop potential (introns).

The latter “introns early” theory states that the early
introns would have been regions of high base order—
determined stem-loop potential, and it predicts that
traces of this primitive arrangement should be detectable
in some modern genes. To examine this, FORS-D anal-
ysis was applied to various gene sequences. A tendency
for base order-determined stem-loop potential to localize
to introns was apparent, but in several cases the potential
was equally apparent in exons and introns (Forsdyke
19954). What was needed was a gene that had been under
such extreme selection pressure for function that ac-
commodation of the potential in exons would have been
unlikely.

The snake venom phospholipase A, (PLA;) genes
appear ideal for this purpose. Snakes are engaged in an
intense “arms race” with their préy (or predators), which
can acquire venom resistance (Harding and Welch
1980). Recently, the genomic sequences of PLA, genes
have become available from habu snakes (Nakashima
etal. 1993) and rattlesnakes (John et al. 1994). In keeping
with an intense positive selection pressure for change;
substitution rates obtained by comparing homologous
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exons are high, whereas introns sequences are remark-
ably conserved. In exons, nonsynonymous substitutions
exceed synonymous substitutions.

The present paper describes the application of
FORS-D analysis to these sequences. Contrary to the
assertion that for venom PLA, genes “the regions cor-
responding to introns of precursor RNAs involved no
significant secondary structure” (Nakashima et al. 1993,
p. 5966), FORS-D analysis indicates an evolutionary
pressure to conserve intron sequences in order to main-
tain the potential for secondary structure, and hence the
potential to undergo recombination.

Methods
FORS-D Analysis

This evaluates base order-determined stem-loop
potential, which closely corresponds to the “statistically
significant” stem-loop potential of Le and Maizel (1989).
The theory and application of the method were described
previously (Forsdyke 1995a).

Determination of Substitution Density

Sequences of different PLA, genes were aligned with
the program GENALIGN using the “regions” method,
a matching weight of 1.0, and a deletion weight (gap
penalty) of —0.5 (Martinez 1988). The program was ac-
cessed through the Bionet on-line computing service
(IntelliGenetics Inc., Mountain View, California). Base
substitutions and “indels” (insertions or deletions) were
counted in successive 200-nt windows, each of which
overlapped the preceding window by 150 nt. Substitu-
tions dominated the alignments, and changes in deletion
weight over a range from —0.25 to —1.0 caused few in-
terchanges between substitutions and indels. Thus, the
general patterns of substitution and indel densities were
independent of deletion weight. No corrections were
made for the possibility of multiple substitutions.

Results
High Substitution Density in Exons

Many species have multiple PLA, genes, which
usually consist of four exons (Davidson and Dennis
1990). In snakes a subset of these genes encodes proteins
which contribute to the toxicity of venom. Intraspecies
comparisons of base substitutions in snake venom phos-
pholipase genes show high substitution densities in exons
and low substitution densities in introns.- This applies
to the habu snake (Nakashima et al. 1993) and to the
rattlesnake (John et al. 1994). Figure 14 demonstrates
this, both within species and between species. Substi-
tutions are scored for successive 200-nt windows which
overlap by 150 nt. Relative to the rattlesnake PLA,; acidic
subunit gene (GenBank designation U01026), the rat-

tlesnake PLA, basic subunit gene (GenBank designation
U01027) and two habu snake PLA; genes (GenBank
designations TFLPA2P1 and TFLPA2P2) show many
substitutions in all but the first exon, most of which does
not code for protein. In the fourth exon, substitution
density is greatest in the protein-encoding region. Be-
cause some of the 200-nt windows, centered in introns,
overlap exons, sharp demarcations between the low sub-
stitution density introns and high substitution density
exons are not apparent. However, the relatively low in-
tron substitution density is not uniform in the second
intron; here the density increases in the 3’ half of the
intron. Essentially similar density patterns are obtained
when different venom PLA, genes are taken as a basis
for comparison (e.g., TFLPA2P2 compared with
U01026, U01027 and TFLPA2PI1; data not shown).
Thus, although the particular bases substituted tend to
be characteristic of a particular pair of genes, the overall
substitution patterns are unlikely to be random.

Figure 1B shows similar data for base insertions
and deletions. Indels are in both coding and noncoding
regions. Major peaks occur at the 3’ end of the second
intron in the cases of the U01026/U1027 and U1026/
TFLPA2P2 comparisons. In the former case the peak is
associated with a 38-nt CG-rich sequence in U01026,
which is also present in the habu snake genes but not in
U01027. In the latter case the peak is associated with a
microsatellite repeat (CA), in TFLPA2P2, which is not
so evident in the other snake venom PLA,; genes. The
indel density patterns shown in figure 1B are essentially
similar to those obtained when different venom PLA,
genes are taken as a basis for comparison (data not
shown). Thus, although the actual bases inserted or de-
leted tend to be characteristic of a particular pair of genes,
the overall patterns are unlikely to be random.

Reciprocal Relationship between Substitution Density
and FORS-D

The 200-nt windows used to characterize substi-
tution and indel densities (fig. 1) were subjected to the
program FOLD (Zuker 1989) to determine the energet-
ically most favorable folded structures. In figures 2B
(rattlesnake gene U01026) and 3B (rattlesnake gene
U01027), the minimum free energies associated with
each structure (FONS values) are shown together with
the mean values for 10 randomized versions of the same
sequence windows (FORS-M values). In keeping with
previous observations on a variety of genes (Forsdyke
19954a), FONS values tend to be more negative than
FORS-M values (indicating greater stability of the sec-
ondary structure of the natural sequence). This is par-
ticularly apparent in the 5’ noncoding part of exon 1, in
the first part of intron 2, and in intron 3. The differences
(FORS-M less FONS) are expressed in figures 24 and
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FIG. 1.—Distribution of (4) substitutions and (B) indels in rattlesnake PLA, acidic subunit gene U01026, relative to rattlesnake PLA,
basic subunit gene U01027 (circles), habu snake PLA, gene TFLPA2P1 (squares), and habu snake PLA, gene TFLPA2P?2 (triangles). Substitutions
and indels are counted in successive 200-nt windows, each of which overlaps the preceding window by 150 nt. Data points at 50-nt intervals
each correspond to the center of a window. The positions of the four exons are shown as boxes in B. Vertical dashed lines indicate exon borders,
the beginning of the protein-coding part of exon 1 and the end of the protein-coding part of exon 4.

34 as the FORS-D (folding of randomized sequence dif-
ference) values. Positive FORS-D values reflect a con-
tribution of base order (primary sequence), rather than
of base composition, to the stability of the optimum
structure. The previously noted tendency for protein-
encoding parts of exons to have zero or negative FORS-
D values and for introns to have positive FORS-D values
(Fordyke 1995a) is generally apparent. In the case of
U01026 the first intron has low values, but this is not
seen in the case of U01027. In the case of U01027 the
coding part of the fourth exon corresponds to a relative
decline in FORS-D value but remains positive. It should
be noted that high FORS-D values, reflecting local ad-
aptation of base order for the generation of secondary
structure, are not necessarily correlated with high FONS
values (e.g., high FORS-D values occur in the 3’ half of
the second intron and in the 3’ noncoding part of the
fourth exon).

Figures 2C, 2D, 3C, and 3D show FONS, FORS-
M, and FORS-D values for U01026 and U01027 (rat-
tlesnake) cDNAs. Fine vertical lines indicate sites of in-
tron removal. FORS-D values are low in the regions
corresponding to the middle two exons but increase in
the 5' and 3’ exons, which contain extensive noncoding
regions.

Figures 24 and 34 also show substitution and
indel densities taken from figure 1. There is an ap-
proximately reciprocal relationship between FORS-D
values and substitution density. Where FORS-D val-
ues are low (coding parts of exons), substitution den-
sities are high. Where FORS-D values are high (in-
trons; 5’ and 3’ noncoding regions), substitution
densities are low. However, the 3’ end of the second
intron, where indel density is highest, is characterized
by relatively high values both for FORS-D and sub-
stitution density. Similar results were obtained when
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F1G. 2.—Comparison of distribution of values for (B) FONS (solid circles), FORS-M (open triangles), and (A) FORS-D (solid triangles),
with distribution of base substitutions (open circles) and indels (open squares), for the rattlesnake PLA, acidic subunit gene U01026. Values are
for the same 200-nt windows as shown in fig. 1. Substitutions and indels are relative to the rattlesnake PLA, basic subunit gene U01027. Boxes
in B indicate the location of the four exons, with four fine vertical lines showing the beginning of exon 1, the beginning of the protein-coding
part of exon 1, the end of the protein-coding part of exon 4, and the end of exon 4. On the right are shown (D) FONS, FORS-M, and (C)
FORS-D values for the cDNA. Vertical lines indicate splice sites (exon-intron junctions).

the other venom PLA; genes under study were com-
pared in this manner.

More objective evidence for a relationship between
secondary structure and substitution density was pro-
vided by plotting individual window values for FONS,
FORS-M, and FORS-D against the corresponding sub-
stitution’ densities. For each pair of genes three linear
regression plots were obtained. Figure 4 shows results
for three gene pairs (U01026/U01027, U01027/U01026,
U01026/TFLPA2P2). In general, plots for FORS-M are
horizontal, plots for FONS slope down slightly, and plots
for FORS-D slope down more steeply. Within each figure
are listed values for the slope (s), correlation coeflicient
(r), and the probability (P) that the slope is not signifi-
cantly different from zero. The latter two values are most
significant (e.g., high values for r and low values for P)
in the case of plots of FORS-D against substitution den-
sity and least significant in the case of plots of FORS-
M against substitution density. The results of similar
plots for other gene combinations are shown in table 1.
Although values for some gene combinations have rel-
atively low r values and high P values (e.g., fig. 4G, 4H,
4]), direct inspection of the corresponding plots of values

as a function of sequence position (e.g. fig. 34) tends to
support the generalization that, in most parts of a gene,
there is a reciprocal relationship between substitution
density and FORS-D value.

Discussion

Although unusual, high conservation of noncoding
sequences in cDNAs, to an extent exceeding that of
neighboring coding sequences, has been observed both
within species (Blum et al. 1990) and between species
(Duret et al. 1993). Ogawa and co-workers (1992) com-
pared PLA, cDNAs of the habu snake (7rimeresurus
Aavoviridis), which were found to have extremely high
conservation of 5’ and 3’ noncoding sequences (98% and
89% identities, respectively). They correlated this with
high stem-loop potential and suggested an important
functional role at the translation level. They also noted
high conservation of the nucleotide sequence corre-
sponding to the 16 amino acid signal peptide. However,
the remaining protein-encoding sequence showed low
conservation (67% identity), mainly due to nucleotide
substitutions. An unusually high proportion of these
were nonsynonymous, thus changing the protein se-
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FIG. 3.—Comparison of distribution of values for FONS, FORS-M, and FORS-D, with distribution of base substitutions and indels, for
the rattlesnake PLA, basic subunit gene U01027. Substitutions and indels are relative to the rattlesnake PLA; acidic subunit gene U01026.

Symbols and other details are as in fig. 2.

quence. These observations were consistent with strong
selection pressures both to conserve the signal peptide
function and to change the function of the mature pro-
tein (122 amino acids). The change would be required
to counter adaptations to resistance of the prey. The
signal peptide would, of course, be discarded and would
not interact with the prey. PLA, generates a cytotoxic
product (Takeda et al. 1982) and reacts with broad spec-
ificity binding proteins (Lambeau et al. 1994), which
might adapt to generate resistance.

A similar evolutionary process (positive selec-
tion) appears to operate in the cases of (1) serine pro-
teinase inhibitor genes, the products of which may
need to counter adaptations to resistance of parasite
proteases (Hill and Hastie 1987); (2) major histo-
compatibility genes, the products of which may need
to counter changes in peptide sequences in the pro-
teins of parasites (Hughes and Nei 1989; Forsdyke
1991, 1994); and (3) retroviral genes, which may
need to counter host immune defenses (Scpaer and
Mullins 1993).

When habu snake PLA, genomic sequences became
available, Nakashima and co-workers (1993) found that
intron sequences were as highly conserved as the 5’ and
3’ noncoding regions. This made explanations of func-
tional effects at the translation level unlikely and raised

the possibility of effects of nucleic acid secondary struc-
ture at the genomic level, or at the level of RNA pro-
cessing. However, Nakashima and co-workers found no
secondary structure when the sequences were analyzed
by the method which had been used to show secondary
structure in 5 and 3’ noncoding regions (Zuker and
Steigler 1981; Ogawa et al. 1992).

The observations on habu snake venom PLA, genes
were also found to apply to the venom PLA, genes of
the Mojave rattlesnake (Crotalus scutulatus scutulatus).
John and co-workers (1994) pointed out that “the greater
intron identity appears to violate evolutionary dogma,
which predicts greater divergence in the non-coding re-
gions” (p. 231). They suggested a critical role of introns
in pre-mRNA stabilization or processing.

The present work began by demonstrating similar
patterns of conservation, whether comparisons were
made within species or between species (fig. 1). The
patterns were similar for different gene pairs, but the
actual changes tended to be characteristic of a partic-
ular gene pair. Thus, although gene duplication gen-
erating multiple-venom PLA, genes may have oc-
curred in an ancestor prior to the divergence of the
habu snake and rattlesnake lineages (Davidson and
Dennis 1990), most sequence differentiation is likely
to have occurred within species, after the divergence.
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rattlesnake PLA; basic subunit gene U01027, and substitutions relative to rattlesnake PLA, acidic subunit gene U01026). Parameters of the
least-squares line shown in each figure are slope (s), the correlation coefficient (r), and the probability that the slope of the line is not significantly

different from zero (P).

Similarity of patterns of different species indicates
similar selective constraints.

Direct observations of the folding into stem-loop
structures of sections of the sequences (FONS values)
indicated some increased secondary structure potential
in introns, relative to exons (figs. 2B, 3B). This was par-
ticularly apparent in the third intron. The failure of oth-
ers to note this may reflect the use in the present work
of an improved folding algorithm (Zuker 1989) and bet-
ter energy values for base stacking and loop destabili-
zation (Turner et al. 1988). However, FONS values re-
flect the contribution of both base order and base
composition. Base composition probably serves genome-
wide or genome-sector specific functions rather than
gene-specific functions, as discussed elsewhere (Forsdyke
19954, 1995b). Evolutionary effects on the base order be-
came apparent when the negative FONS values (greater

negativity reflecting more stable structures) were sub-
tracted from the negative FORS-M values (which reflect
the contribution of base composition alone). This pro-
duced FORS-D values. Positive FORS-D values, indi-
cating the acceptance of mutations which contribute to
the stability of secondary structure by changing base or-
der, were generally present both in introns and in 5’ and
3’ noncoding regions. Thus, the structures in these re-
gions are likely to be functionally relevant, although they
may not necessarily be correlated with high FONS val-
ues. Zero and negative FORS-D values, reflecting no
acceptance of such mutations, were generally present in
the exons encoding the mature PLA; protein (figs. 24,
34). Thus, the conservation of intron sequences could
reflect a functional constraint for which base order—de-
termined stem-loop potential is required. The direct re-
lationship between base order-determined stem-loop
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Summary for Venom Phospholipase A, Genes of Linear Regression Analyses of FONS, FORS-M, and FORS-D Values as a

Function of Substitution Density

RATTLESNAKE HABU SNAKE
U01026 uo01027 TFLPA2P1 TFLPA2P2
SNAKE GENBANK NAME s r P r P K r P K r P
Rattlesnake:
uo1026 ........... FONS 0.22  0.30 0.047 0.32 024 0.112 043 0.31 0.039
FORS-M 0.05 0.09 0.540 0.01 0.01 0.946 0.05 0.05 0.744
FORS-D —0.17 041 0006 —0.31 042 0004 -038 049 0.001
uo1027 ........... FONS 0.09 0.10 0.490 0.13 0.17 0.244 0.02 0.02 0.920
FORS-M 0.03 0.04 0.790 0.11 0.18 0.222 -0.09 0.10 0.504
FORS-D —-0.06 0.15 0.340 —-0.02 0.06 0.692 -0.10 0.19 0.216
Habu snake:
TFLPA2P1 ........ FONS 0.28 0.22 0.140 0.02 0.06 0.693 0.26 023 0.132
FORS-M —-0.03 0.03 0.817 0.01 0.02 0.908 0.04 0.05 0.757
FORS-D —-0.32 047 0.001 -0.02 0.09 0.550 -0.22 035 0.017
TFLPA2P2 ........ FONS 0.10 0.06 0.703 0.01 0.01 0.940 0.21 0.15 0.336
FORS-M 0.02 0.01 0932 -0.02 0.02 0.88 0.08 0.08 0.618
FORS-D -0.08 0.11 0478 -0.03 006 0.705 -0.13 0.20 0.182

NOTE.—Linear regression analyses, examples of which are shown in fig. 4, were performed for various pairs of snake venom PLA, genes. FONS, FORS-M,
and FORS-D values were obtained for the vertically listed genes. Substitution densities were relative to the horizontally listed genes. For a particular gene pair and
either the FONS, FORS-M, or FORS-D value, the set of three numbers (s/r/P) refers to the slope of the linear regression plot (s), the correlation coefficient (r), and

the probability that the slope is not significantly different from zero (P).

potential and sequence conservation (i.e., inverse rela-
tionship to substitution density) was shown by linear
regression analysis (fig. 4; table 1). Similar observations
have been made on retroviral (HIV-1) sequences (Le et
al. 1988, 1989; and unpublished data).

The functional constraint for which base order-
determined stem-loop potential is required could reflect
some role at the pre-mRNA level. However, as set out
previously (Forsdyke 1995a), a role of stem loops in re-
combination is the preferred explanation. In most genes
some compromise between the encoding of base order-
determined stem-loop potential and protein potential is
achieved; base order-determined stem-loop potential,
while often greater in introns, is also found in exons,
particularly large exons. Indeed, exons may be large be-
cause they have been able to achieve a satisfactory com-
promise. Otherwise they would be small. The intense
externally driven selection pressure for change acting on
exons encoding the mature PLA, protein would have
been accompanied by an equally intense internally
driven selection pressure for conservation of base order—
determined stem-loop potential, acting on introns. Genes
which mutate to decrease base order-determined stem-
loop potential would be less able to undergo recombi-
nation and hence would be less able to repair DNA
damage (Bernstein and Bernstein 1991).

If conservation of base order-determined stem-loop
potential is so important, why do introns in general not

show better conservation (Forsdyke 19954)? One expla-
nation is that in some genes exon sequences can com-
promise and retain some base order-determined stem-
loop potential, thus placing less demand on introns in
this respect. However, just as exons may be under intense
selection pressure either to remain constant (e.g., venom
PLA, signal peptide-encoding exons) or to change (e.g.,
mature venom PLA,-encoding exons), so introns may
be subject to similar divergent pressures. Introns “want”
to conserve their unique pattern of stem-loop potential
in order to facilitate intraspecies recombination, but they
also “want” to change their unique pattern in order to
avoid interspecies recombination (a basis of speciation,
as discussed elsewhere; Forsdyke 19954, 19955b). This
would be particularly important in the case of genes with
highly conserved exons.

Indels probably play an important role in in-
terfering with the initial alignment (register) of stem
loops in potentially recombining homologous strands
(Tomizawa 1993). Although within a genome the in-
trons for different venom PLA, genes may show great
conservation (tending to provoke recombination), in-
dels would make it more likely that recombination
would occur only between identical genes. The differ-
ences in exon sequences would also ensure that, even
if the initial “kissing” interaction between the loops
of stem loops were stable (Kleckner and Weiner 1993;
Tomizawa 1993), subsequent consummation of the
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union would be unlikely (Rayssiguier et al. 1989;
Radman and Wagner 1993).

The results presented here are consistent with the
new ““introns-early” hypothesis (Forsdyke 1995a). It is
becoming increasingly evident that introns interrupt
nucleic acid information in general, not just protein-
encoding information. Thus, introns are often found in
5" and 3’ noncoding regions (Hawkins 1988). Genes en-
coding “mRNASs” which have no protein product have
been identified; the gene sequences are interrupted by
introns just like normal protein-encoding genes (Bran-
nan et al. 1990; Brockdorff et al. 1992). The latter ob-
servation, and those presented in this paper, reinforce
the viewpoint that there is generally no significant as-
sociation between intron locations and features of pro-
tein structure (Stoltzfus et al. 1994).

The results presented here also suggest that it would
be of considerable interest to extend the analysis to other
genes under positive selection pressure (Hill and Hastie
1987; Hughes and Nei 1989), as has been done in the
case of retroviral genomes (unpublished data). Indeed,
recent studies show that regions encoding peptide-bind-
ing sites in MHC genes have negative FORS-D values
(unpublished data). It has been noted that troponin-C
genes are under positive Darwinian selection (Ohta 1994)
and that certain exons show very marked negative
FORS-D values (Forsdyke 1995a). It would also be of
interest to compare venom PLA, genes with other PLA,
genes which would not be under such pressure.
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