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Abstract—Most snakes and lizards produce eggs with flexible shells that
interact with the environment to maintain water balance. Geckos produce rigid
eggshells that are independent of an external source of water and can be
oviposited in more open, dryer locations. In this study, we analyzed and
compared the amino acid composition of 24 lizard species, six snake species,
and four outgroups (including avian and reptilian elastin and chicken
eggshell). Rigid Gecko eggshells had significantly lower levels of seven of
the 17 amino acids evaluated. Multivariate analysis showed that proline was
the most important amino acid in distinguishing between these two groups of
eggshells, occurring at significantly higher levels in flexible eggshells. High
levels of proline have also been observed in the eggshells of other species.
Proline and other amino acids are associated with the alleviation of water and
salt stress in plants.
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INTRODUCTION

Most species of squamate reptiles (lizards and snakes) are oviparous (Pianka
and Vitt, 2003). Packard et al. (1982) have demonstrated that there are two
types of squamate eggshells: flexible and rigid. Females of oviparous species
with flexible eggshells deposit the eggs in nests in the soil or in organic debris,
which serves as a source of the water necessary for successful development
(Tracy, 1980; Packard et al., 1982). The passage of water from the surrounding
medium through the eggshell and into the interior of the egg can be
bidirectional, depending upon hydric dynamics (Sexton et al., 1979; Andrews
and Sexton, 1981). In contrast, the eggs of those species with rigid eggshells are
independent of an external source of water and can be oviposited in relatively
open, dry locations (Sexton and Turner, 1970; Pianka and Vitt, 2003).

Krampitz et al. (1972) determined the amino acid composition of eggshells
of some reptiles and birds and proposed that analyses of the amino acid
composition of those eggshells represented “a basis for heterogeneously
structured proteins which might be class-dependent if not even species-
specific.” Later, Kriesten (1975) determined that the flexible eggshells of the
lizard Iguana iguana contained high levels of the amino acid proline. His
finding was confirmed by Cox et al. (1982, 1984).

In this work, we will expand the scope of these earlier studies by surveying
the relative abundance of the amino acids in the eggshells of a variety of
oviparous squamate reptiles to determine what role they, and in particular
proline, might play in the dynamics of water transfer between soil and egg from
oviposition to hatching. We will demonstrate that there is a distinct difference
between the amino acid composition of flexible vs. rigid eggshells. We will also
briefly review the literature about the relationship between amino acid content
and the hydric environment of other disparate taxa.

METHODS AND MATERIALS

Sample Collections. We examined the eggshells of 24 species of lizards of
seven families and of six species of snakes in three families (Table 1). We
obtained eggs collected in nature or from eggs oviposited by captive females.
The geographic range of the species are: the United States of America, the
Republic of Panama, Australia, northern Africa, southern Asia, Pacific atolls,
the Galapagos Islands, and Caribbean Islands.

Procedure. Eggshell samples for amino acid samples were obtained by
cutting 5-mm sections from each whole, air-dried shell. Samples were weighed,
washed in distilled water, and hydrolyzed in constant boiling HCL at 105°C
for 24 hr. We then dried the samples using a Speed Vac concentrator. We
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determined the amino acid composition of each sample using a Beckman 119C
analyzer with a program optimized for resolving elastin crosslinking amino
acids (Mecham and Lange, 1982). We performed triplicate analyses on each
sample. We selected the extracellular, fibrous proline-rich proteins, reptilian
elastin and keratin (Sage and Gray, 1979), and avian elastin (Foster et al., 1975)
as controls as well as chicken eggshell (Leach et al., 1981), because of the
proteinacious, fibrous nature of reptile eggshells (Sexton et al., 1979; Cox et al.,
1982; Packard et al., 1982; De—Salle et al., 1984; Heulin, 1990).

Statistical Analysis. We used Nei’s index of genetic similarity (Nei, 1972)
to compare pairs of samples. We employed #-tests to evaluate individual amino
acids and multivariate tests to examine sets of amino acids. Discriminant
function analysis was used to identify which set of amino acids best separated
the various squamate taxa. Factor analysis was used to examine the relation-
ships among amino acids to identify a smaller set of composite variables
(factors), which were then used to examine differences among the squamate
groups. In all cases, overall test alphas were maintained at P = 0.05; all tests
were two-tailed. When several individual analyses (e.g., #-tests on each amino
acid) were performed, the individual test alphas were divided by the number of
comparisons (the Bonferroni adjustment) to conserve an overall alpha of 0.05.
The statistical tests chosen assume that the character traits of taxa are
independent. Because of phylogenetic relationships, this is likely not to be
true, and so type 1 errors are likely to be inflated (Garland et al., 1993). The
impact of phylogenetic relationship is addressed in the discussion.

RESULTS

Proline was the most abundant amino acid of the 17 amino acids examined
for 29 of the 30 species of squamate eggshells although there was considerable
variation among taxa (Table 1). Such variation could result from genetic or
environmental factors. To determine if differences in eggshell composition have
a genetic component, we compared the overall similarity of pairs of congeneric
species with pairs of more distantly related species with the expectation that
more closely related species would be more similar than more distantly related
ones. In addition, if eggshell composition is largely genetically determined, then
sets of species with similar diets should not be different from sets of com-
parisons of species with different diets. For this analysis, we used all species
within the same family that differed at a relatively gross level of diet similarity,
comparing within and between herbivorous and carnivorous species.

From the available data, there were five possible comparisons we could
make between pairs of species within the same genus (three species of
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Anolis providing three comparisons, and two species each of Eumeces and
Cnemidophorus, each providing a single paired comparison). We then randomly
chose five pairwise comparisons of species from different genera within the same
family. Pairs of congeneric species were significantly more similar to each other
than were pairs of other confamilial species (Nei’s I = 0.995 vs. 0.976; ¢ = 3.06,
df =8, P =0.016), providing evidence that variation in eggshell composition has a
significant genetic component.

Within the iguanid lizards, three species, I iguana, Amblyrhynchus
cristatus, and Conolophus pallidus, are primarily vegetarian, providing three
pairwise comparisons. The remaining six species of iguanids largely eat an
animal diet. To maintain the same level of taxonomic relationship, we used only
one species of Anolis (A. stratulus), which provided a total of four iguanid
species for six pairwise comparisons. Vegetarian species had eggshell amino

TABLE 2. MEANS + SE FOR EACH AMINO ACID AND THE FIRST FIVE PRINCIPLE
COMPONENTS FOR LIZARDS WITH FLEXIBLE SHELLS AND GEKKONID LIZARDS WITH
HARD SHELLS

Lizards with flexible shells Lizards with hard shells  #Test for equality of means

Shell
Variable N=18 N=6 t df P (two-tailed)
PRO 363.8 + 8.01 140.8 £ 7.82 1513 22 <0.001
TYR 52.3 £3.89 21.7 £ 3.83 427 22 <0.001
ASP 45.6 + 1.82 84.3 + 10.51 -587 22 <0.001
THR 32.4 +2.50 81.6 + 2.85 —-10.54 22 <0.001
SER 46.3 +2.11 100.5 £ 8.21 -9.26 22 <0.001
GLU 51.9 + 2.88 93.7 + 7.38 —6.43 22 <0.001
LEU 39.3+2.08 60.9 = 7.25 -399 22 <0.001
LYS 18.3 £1.43 26.1 £4.08 -232 22 0.030
GLY 78.1 + 4.05 94.1 +6.77 -1.99 22 0.059
ALA 69.1 +2.87 77.7+9.24 -120 22 0.242
CYS 22.1 £533 37.1 +2.37 —-1.59 22 0.127
VAL 42.7 £2.57 39.5 £2.06 0.69 22 0.496
MET 4.9 +0.90 3.9 +0.54 0.65 22 0.520
ILE 224 +£2.01 25.8 £ 1.65 -092 22 0.370
PHE 15.0 + 1.28 16.7 + 1.23 -0.72 22 0.479
HIS 552 +£4.41 56.4 £ 6.73 -0.14 22 0.888
ARG 37.9 + 3.56 38.3+8.17 -0.05 22 0.962
Factor 1 0.12 + 0.092 —-1.32 £ 0.162 -7.83 22 <0.001
Factor 2 0.58 + 0.079 —1.22 + 0.081 —-12.29 22 <0.001
Factor 3 —0.37 £ 0.254 0.50 £ 0.326 1.81 22 0.084
Factor 4 0.14 +0.171 0.73 £ .228 1.81 22 0.085
Factor 5 0.04 £ 0.092 —0.23 £ 0.320 —-1.14 22 0.265

Values in bold significantly differ between the two groups of lizards.
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acid compositions more similar to each other than did carnivorous species. The
nine paired comparisons of species with similar diets were not significantly
different from the 12 paired comparisons of species with different diets (¢ =
0.835; df = 19; P =0.41), suggesting that diet is not a significant determinant of
differences in eggshell composition.

The key question is whether eggshell composition differs between
squamates with flexible vs. hard-shelled eggs. Relative concentrations of seven
of the 17 amino acids differed significantly between geckos and the other
squamates when individually compared (Table 2). Factor analysis reduced thel7
amino acids to five principal components (Factors), which accounted for 80.8%
of the original variation. Both of the first two factors, which together accounted
for 53.2% of the variation, differed significantly between geckos and the other
lizard taxa (Table 2). Graphing Factor 1 against Factor 2 shows how each
separates the two groups of lizards (Figure 1). Snakes are interspersed with the
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FIG. 1. Clustering of samples by factor analysis. The variables that load highest in
Factor 1 are aspartic acid, serine, threonine, and glutamic acid, all of which are positively
associated with Factor 1. The variable that loads highest in Factor 2 is proline and it is
negatively associated with Factor 2. Variables that are more weakly correlated are
included (but not in bold), and whether they are positively or negatively associated is
indicated by their placement on the axis. Both factors clearly separate the flexible shelled
lizards and snakes from the Geckos, although Factor 2 shows the better separation.
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flexible-shelled lizards and, interestingly, the chicken eggshell nests with the
hard-shelled geckos. The variables that load highest in Factor 1 are threonine,
glutamic acid, aspartic acid, and serine (loading values: 0.85, 0.83, 0.81, and
0.78, respectively). Rigid eggshells are associated with high levels, flexible
eggshells with lower values. The variable that loads highest in Factor 2 is
proline (loading value, —0.91). High values of factor 2 are associated with
flexible eggshells, lower values with rigid eggshells.

Stepwise discriminant function was used to determine which set of amino
acids can best be used to separate the geckos from the flexible egg-shelled
lizards. Proline, by itself, accounted for 90.8% of the differences between these
two groups. Threonine, isoleucine, and phenylalanine significantly contributed
to discrimination between the two groups, but together added less than 5% to
the model. The best discriminant function (—4.193 + 0.028*Pro + 0.092*Ile —
0.098 Thr — 0.143*Phe) effectively separates members of these two groups.
When the discriminant function is applied to the snakes, it places them all in the
flexible-shelled lizards. When the equation is applied to the outgroups, it places
the two elastin samples (reptile and avian) with the lizards and the chicken
eggshell and reptilian keratin with the hard-shelled geckos.

DISCUSSION

We have clearly demonstrated that the amino acid composition of the
eggshells of 24 species of flexible shelled squamate reptiles from nine different
families differs from that of the six species of rigid-shelled geckos (Figure 1).
Eggshell composition was shown to have a significant genetic composition, and,
thus, it is possible that the differences observed are due to genetic relatedness
and not to environmental adaptation. Recent phylogenetic analysis of the
squamate reptiles places the Gekkoniidae and the Eublepharidae in a clade
distinct from other squamates (Townsend et al., 2004). The eggshells of the two
species of Eublepharidae in this study cluster with the other flexible shelled
squamates and not with the more closely related Gekkoniidae. In addition, the
clustering of the chicken eggshell with the rigid-shelled Geckos argues further
that the differences observed in eggshell composition is an adaptation and not
an artifact of common ancestry. The placement of snakes, all with flexible
eggshells, within the flexible shelled lizards is consistent with both an adaptive
explanation (all have flexible eggshells) and a phylogenetic one (see Townsend
et al., 2004).

The eggs of some squamate species with flexible eggshells (e.g.,
Sceloporus scalaris and S. virgatus) can gain two to four times their mass
through the influx of water from the surrounding medium (Andrews, 1997).
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Proline, the predominant amino acid of pliable eggshells, is hydrophobic, and
proline-rich sequences generally form extended structures and flexible regions
that are hard to crystallize (Williams, 1994). During early external development
of the egg, the inner surface of the eggshell first becomes covered by the yolk
sac and later by the chorio-allantoic membrane (Andrews, 2004; Ackerman and
Lott, 2004). Andrews (1997) has demonstrated that in S. scalaris and S. virgatus
(members of the flexible eggshell group of squamates) much of the water influx
during the incubation period occurs through the chorio-allantoic membrane.
Hence, the eggshell serves as a porous, flexible barrier between the environment
and the embryo with its associated embryonic membranes.

The presence of high levels of proline is not restricted to squamate egg-
shells. High levels have been reported from egg capsules of the skate, Raja
erinacea (Cox et al., 1987), and from the eggshell of Drosophila melanogaster
(Gigliotti et al., 1989; Waring et al., 1990). Proline also serves a conspicuous
role in the alleviation of water and salt stress in plants (Larcher, 2003; di Toppi
and Pawlik-Skowronska, 2003). Many species of plants, faced with drought or
an excess of salt in the external environment, induce the synthesis of proline in
the root system, and this serves as a protectant against negative hydric changes
in the external environment (Kuznetsov and Shevyakova, 1999; de Ronde et al.,
2000; Ramanjulu and Sudhakar, 2000).

Although the rigid eggshells of geckos contain lesser amounts of proline
than flexible eggshells, they do contain higher levels of four other amino acids
(Table 2). Of these four, aspartic acid/asparagine (ASX) and glutamic acid/
glutamine (GLX) have been observed to accumulate in some plant species as
nonspecific reactions to salt stress (Larcher, 2003). The high levels of these two
amino acids in gecko eggshells may play an analogous role and may have
indirectly played a role in accounting for the wide distribution of some species
of geckos in the islands of the South Seas (Pianka and Vitt, 2003). The thesis is
that gecko eggs, deposited on trees that were later blown into the sea, could
have been transported by wind and wave to islands lacking that particular
species, thus establishing a new colony.

These findings have further implications for: (1) the study of eggshell mor-
phology of a variety of animals, (2) biochemical dynamics involved in hydric
relationships between a wide variety of organisms and their environment, and
(3) evolutionary relationships of various taxa.
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