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ABSTRACT Phylogenetic analyses of asymmetry varia-
tion offer a powerful tool for exploring the interplay between
ontogeny and evolution because (i) conspicuous asymmetries
exist in many higher metazoans with widely varying modes of
development, (ii) patterns of bilateral variation within species
may identify genetically and environmentally triggered asym-
metries, and (iii) asymmetries arising at different times
during development may be more sensitive to internal cyto-
plasmic inhomogeneities compared to external environmental
stimuli. Using four broadly comparable asymmetry states
(symmetry, antisymmetry, dextral, and sinistral), and two
stages at which asymmetry appears developmentally (larval
and postlarval), I evaluated relations between ontogenetic and
phylogenetic patterns of asymmetry variation. Among 140
inferred phylogenetic transitions between asymmetry states,
recorded from 11 classes in five phyla, directional asymmetry
(dextral or sinistral) evolved directly from symmetrical an-
cestors proportionally more frequently among larval asym-
metries. In contrast, antisymmetry, either as an end state or
as a transitional stage preceding directional asymmetry, was
confined primarily to postlarval asymmetries. The ontoge-
netic origin of asymmetry thus significantly influences its
subsequent evolution. Furthermore, because antisymmetry
typically signals an environmentally triggered asymmetry, the
phylogenetic transition from antisymmetry to directional
asymmetry suggests that many cases of laterally fixed asym-
metries evolved via genetic assimilation.

Introduction

Patterns of Asymmetry Variation. Among higher metazoans,
bilateral symmetry appears to have evolved only once (1). Be-
cause of this solitary origin, and because it happened so long ago,
the evolution of bilateral symmetry is difficult to study. Fortu-
nately, asymmetrical forms evolved many times among higher
Metazoa (2, 3). These multiple independent origins permit
hypotheses to be tested about developmental mechanisms or
environmental conditions that promote the phylogenetic “break-
ing” of bilateral symmetry.

Conspicuously asymmetrical forms in animals generally fall
into one of two broad categories: within a single species, “hand-
edness” is either fixed [most individuals asymmetrical towards the
same side, directional asymmetry (DA)] or it is random [“right-
handed” and “left-handed” individuals equally frequent, anti-
symmetry (5)]. Wolpert emphasized a crucial difference between
these categories nearly two decades ago: “There is no problem in
making the two sides different; the problem is to define consis-
tently a left side as opposed to a right side. For, unlike the
antero-posterior axis and the dorsal-ventral axis, left-right asym-
metry is a quite different property” (6). Because these categories
imply fundamentally different developmental triggers, the evo-
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lution of lateral bias (DA) must be recognized as distinct from the
evolution of sometimes large but nonetheless random differences
between sides [antisymmetry (AS)] (7).

Genetic and Developmental Aspects. For a trait to evolve,
phenotypic variation must be heritable. However, herein lies
a great puzzle (8). Unlike variation in virtually all other
traits, deviations from bilateral symmetry in a particular
direction have not responded to artificial selection. In con-
trast, the size of the difference between sides in traits
exhibiting AS has responded to artificial selection. There-
fore, although heritable variation does exist in mechanisms
allowing opposite sides to diverge ontogenetically, bias
toward a particular side appears quite refractory to selection.
So how do fixed (directional) asymmetries evolve?

Whether the larger side in an individual is “genetically” versus
“environmentally” determined is more vexatious than such a
simple dichotomy might suggest (9). Nonetheless, intraspecific
patterns of asymmetry variation do imply different developmen-
tal mechanisms (unpublished work). AS typically signals that a
random, external environmental trigger induced one side to
develop differently. DA, however, implies that internal, preexist-
ing positional information influences the initial trigger, except
where an external stimulus preferentially effects one side (see
below).

Because the ontogenetic causes of bilateral differences are
unknown for most groups, a substitute criterion is needed to
assess the relative impact of genetic versus environmental
factors on the evolution of asymmetry. The time during
development at which bilateral differences first appear seems
like a useful one because (i) it may be readily scored, and (i)
associations between ontogenetic and phylogenetic patterns
may be identified without assumptions about underlying cause.

In addition, differences in developmental timing do imply
different ontogenetic triggers (Table 1). Asymmetries de-
termined early (larval) imply a greater impact of internal
cytogenetic factors, whereas those determined late (postlar-
val) may be influenced more by external environmental
factors. For example, spindle orientation relative to the
plane of first cleavage determines the direction of shell
coiling in gastropod molluscs (11), and thus represents a
clear example of larval asymmetry. It also has a simple
cytogenetic basis (12). In contrast, claw asymmetry in lob-
sters does not appear until after the fourth postlarval stage
(13), and is thus a postlarval asymmetry. Significantly, the
side that becomes larger is determined entirely by differen-
tial use (13). Therefore, although the distinction between
developmental stages is sometimes arbitrary given the con-
tinuous nature of development, the dichotomy between
larval and postlarval appearance of asymmetry allows a
preliminary analysis of the impact of ontogenetic timing on
phylogenetic patterns.

Abbreviations: SYM, symmetry; AS, antisymmetry; DA, directional
asymmetry.
*e-mail: Rich.Palmer@UAlberta.CA.
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Table 1. Relations between observed ontogenetic origin and predicted phylogenetic pattern of conspicuous

bilateral asymmetries

Ontogenetic origin of asymmetry

Presumed initial stimulus in

Predicted phylogenetic pattern

Persistence of AS

Timing™* asymmetrical ancestor’ Temporal sequence through cladogenesis
Larval Internal, largely cytogenetict SYM — DA Absent or rare
Postlarval External environment$ SYM — AS — DA Common

SYM, symmetry; AS, antisymmetry; DA, directional asymmetry.

*Asymmetry first appears before or after birth, hatching, or metamorphosis.

fPrimary stimulus inducing differential gene expression on one side of the plane of symmetry. Earlier appearance during
development implies a greater cytogenetic influence, whereas later appearance implies a greater impact of external
environmental stimuli.

¥Factors that affect the susceptibility of one side to differential gene expression, including: (i) cytoplasmic (invariant
asymmetries present in the cytoplasm due to maternal effects from oogenesis or to molecular asymmetries in cytoskeletal
elements), or (if) genetic (a specific gene product in which mutations alter differential bilateral susceptibility).

$Random environmental stimuli arising entirely outside the organism and independent of preexisting internal asymmetries.

Predicted Phylogenetic Pattens. Different ontogenetic
origins of asymmetry imply different patterns of phyloge-
netic precedence (Table 1). If early-developing (larval)
asymmetry signals a predominantly internal cytogenetic
trigger of the larger side, then fixed (DA) asymmetry may
evolve more readily from a symmetrical progenitor because
an underlying lateral biasing system already exists and
selection may act on mutations affecting it. Alternatively, if
late-developing (postlarval) AS signals a predominantly
external environmental trigger, then the ancestor of an
asymmetrical clade should exhibit AS because, although one
side may inhibit the development of the other (7), the
underlying bilateral biasing system upon which selection
might act is weak or absent. Within these clades, fixed
asymmetry (DA), if it evolves at all, should arise from an
antisymmetrical ancestor.

Although not dealt with here, if the side that becomes larger
is environmentally triggered, AS should persist more readily
through speciation events than if it were determined genetically
(Table 1). Therefore, where asymmetry is late-developing (post-
larval), clades of exclusively AS species should be proportionally
more common. Similarly, if the evolution of lateral biasing
mechanisms represents a major hurdle (14), AS should be
widespread either at present or at the time when fixed asymmetry
(DA) first evolved.

Methods

To avoid Kinsbourne’s despair that “one might tally up hundreds
more instances for right and for left before losing heart about the
enterprise altogether (as this contributor did)” (15), I restricted
my survey in two ways: (i) to reasonably well-known and generally
conspicuous asymmetries, and (i) to external or skeletal asym-
metries. Unfortunately, this meant excluding an extensive litera-
ture on (7) subtle deviations from bilateral symmetry [fluctuating
asymmetry and its relation to developmental stability (8, 16)], (ii)
conspicuous asymmetries in internal organs, including the fasci-
nating phenomenon of situs inversus (17), and (iii) cerebral
asymmetries (18). A focus on animals also eliminated some
marvelous work on asymmetry in protozoans (19) and plants
(e.g., ref. 20).

I identified from the literature (see Appendix) as many taxa
as possible exhibiting one of four broadly comparable asym-
metry states (symmetrical, antisymmetrical, dextral/right, and
sinistral/left). Because “right” and “left” are arbitrary conven-
tions for some traits, they were pooled as DA in most analyses.

For each taxon, one of four methods was used to infer the
putative transition: (i) cladistic analysis of morphological
characters, (ii) molecular phylogeny, (iif) traditional classifi-
cation or keys, and (iv) patterns in the fossil record. Each taxon
could therefore be assigned to one cell of a matrix of ancestor-
descendent combinations. Cases where phylogenetic transi-
tions could not be inferred with confidence are noted by “?”

in the Appendix, and separate analyses were conducted in
which weakly supported transitions were included or excluded.
Where traditional classifications were used, and hence precise
phylogenetic information unavailable, I followed others (21)
by assuming conspicuously asymmetrical taxa did not exhibit
reversals to symmetry, except in the Gastropoda where asym-
metry is so pervasive.

From published accounts (citations in next section), I also
estimated the stage at which asymmetry appeared ontogenet-
ically, and assigned each taxon to one of the two categories
defined in Table 1. The distinction was clear in taxa exhibiting
identifiable birth, hatching, or metamorphosis. It was some-
what arbitrary in taxa exhibiting gradual or direct development
(22), but I used the midpoint between fertilization and matu-
rity as a rough guide. Uncertain cases are noted by “?”” in the
Appendix and Tables 2 and 3.

Statistical analyses were conducted with STATVIEW 1I (ver-
sion 1.03, Abacus Concepts, Berkeley, CA).

Phylogenetic Patterns in Particular Taxa

Evidence for the following patterns is presented fully in the
Appendix; only notable examples are discussed here (SYM,
symmetry; AS, antisymmetry; DA, directional asymmetry).

Vertebrata. Curiously, the evolutionary origin of symmetry
in vertebrates remains controversial because of the bizarre
asymmetrical development in larval cephalochordates (23),
the presumed sister group to the vertebrates (1). Asymmetrical
numbers of gill slits also persist in the most primitive living
vertebrate [hagfish (24)]. Unfortunately, the true phylogenetic
origin of the unusual asymmetrical development in lower
chordates is unclear because of uncertainties over the inferred
ancestral form of the Chordata (1).

In fishes, the tabulated asymmetries all arise late in devel-
opment, and at least two clades exhibit the expected phyloge-
netic sequence SYM — AS — DA. This pattern is particularly
striking for the priapium of male phallostethid fishes (Fig. 1).
Females are also asymmetrical, and right-sided males mate
more easily with left-sided females. Because right-sided males
would have a higher fitness in populations where left-sided
females predominated (or vice versa), this polymorphism is
unstable and should rapidly evolve to fixation. Yet, AS clearly
persisted through multiple cladogenic events before fixed right
or left forms evolved.

Flatfish also exhibit the phylogenetic pattern SYM — AS —
DA. The most primitive living flatfish (Psettodes) exhibit AS
(24) and, although some uncertainty remains over the exact
phylogenetic patterns (27), both right and left clades appear to
have evolved from AS. In addition, at least one left-sided clade
(Cynoglossidae) has clearly evolved from right-sided ancestors,
and species polymorphic for sidedness have also evolved from
right ancestors in a few cases.
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Scale-eating cichlid fishes (Perissodus) exhibit a unique
example of the phylogenetic transition SYM — AS. The
mouth and jaws in an individual deform either to the right
or left to improve feeding efficiency (28). Unlike all other
cases of AS, where equal frequency of right and left signals
an environmental trigger, frequency-dependent selection
appears to maintain different forms at roughly equal fre-
quencies, because individuals of the rarer morph have higher
feeding success.

Among birds, although most owls have symmetrical ears,
Norberg (29) argues forcefully that ear asymmetries have
evolved independently in at least five clades. In each, these
presumably early-developing asymmetries exhibit a directional
bias, and all appear to be SYM — DA transitions. In contrast,
postlarvally developing bills in crossbills and honeycreepers
both exhibit a SYM — AS transition.

The asymmetries noted in mammals all appear to develop
before birth. The skull asymmetry of many cetaceans and tooth
asymmetry in narwhal appear to be SYM — DA transitions
(30), whereas the odd tooth asymmetry in the fruit-eating bat
Mpyonycteris represents a SYM — AS transition.

Arthropoda: Crustacea. Ontogenetically, lateral plate AS in
the peculiar verrucomorph barnacles arises after metamor-
phosis (31). It clearly reflects a SYM — AS transition.

Conspicuous claw asymmetry, which is so widespread among
the Decapoda, also arises after larval settlement in Nephropi-
dae (13), Xanthidae (32), Belliidae (33), Ocypodidae (34), and
Paguroidea (35). As expected, claws in non-brachyuran deca-
pods exhibit a SYM — AS transition in five clades. Signifi-
cantly, in two of the three apparent SYM — DA transitions
(Paguroidea and Coenobitoidea), asymmetry is associated
with life in asymmetrical gastropod shells.

Distinctly asymmetrical claws have also evolved many times
among brachyuran crabs. Primitively, claws were most likely
symmetrical, as in living members of the Raninoidea (36), the
sister group to the remaining Brachyura (37). Furthermore, the
inferred ancestor of the higher Brachyura (Oxystomata + Can-
cridea + Brachyrhyncha) was most likely also symmetrical since
many extant taxa still exhibit symmetrical claws.

The route by which DA evolved in Brachyuran crabs was only
clear in some cases. Right-sidedness evolved at least three times
via SYM — DA transitions, and three times via SYM — AS —
DA transitions. Curiously, left-sidedness evolved only twice, and
both times via SYM — AS — DA. Rathbun (ref. 38, pp. 14-15)
made the intriguing observation that “in many species [of Xan-
thidae + Portunidae + Potamidae + Atelecyclidae] the right
chela is always larger than the left” whereas “in no species [of
Pinnotheridae + Palicidae + Grapsidae + Cecarcinidae +
Ocypode] (Cymopoliidae = Palicidae excepted) is the right chela
always larger than the left.” Although two exceptions exist (the
Indopacific ocypodid Thalassuca and the grapsid Platycheirograp-
sus), her observation suggests claw asymmetry evolves differently
in two clades of the Brachyrhyncha.

Arthropoda: Insecta. Abdominal rotation has evolved inde-
pendently many times in the Diptera (39, 40). Typically, species
twist in only one direction, although exceptions are known
[e.g., Clunio (3)]. Because it develops in the pupae of these
holometabolous insects, the widespread SYM — DA transi-
tion would be expected. However, abdominal rotation also
appears to have evolved via the SYM — DA transition in the
hemimetabolous Phasmatodea. More work is required before
drawing too strong a conclusion about how abdominal rotation
evolved in insects. In addition, except for thrips (Thysan-
optera), where the universally left-sided mandibular asymme-
try arises early in development (41), I have not attempted to
assess the incidence of widespread but often subtle mandibular
asymmetry in other insects [e.g., grasshoppers (42) and beetles
(43)].

Gwynne (44) makes a convincing case that DA evolved
independently at least twice in the tegmina (wing-covers) of
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FiG. 1. Phylogenetic variation in the side of the asymmetrical
priapium in male phallostethid fishes (from refs. 25 and 26), illustrat-
ing the evolutionary changes in asymmetry state expected for a
postlarval developing trait. The priapium is a bizarre clasping struc-
ture, unknown outside the family Phallostethidae (Atherinomorpha),
that evolved from highly modified pelvic bones and is used during
mating. Numbers in boxes indicate state changes defining each branch.

= # state changes

ensiferan Orthoptera. In crickets (Gryllidae and relatives), the
late-developing tegminal “file” used in stridulation appears to
have evolved via a SYM — DA transition. In katydids (Tet-
tigoniidae), on the other hand, it appears to have evolved via
aSYM — AS — DA sequence, because a quasi-AS state occurs
in the sister group (Haglidae), in which files occur on both
wings, but only one may be used for stridulation at a given time.

Annelida and Brachiopoda. Although asymmetries exist in
other polychaete families [e.g., side of operculum in some
Serpulidae (3)], I only examined the late-developing coiling
asymmetry in the calcareous tubes of spirorbid worms in detail.
Coiling direction appears to have evolved via the SYM — AS
— DA sequence, because the most primitive living spirorbid
(Neomicrorbis) still exhibits AS (45). The widespread sinistral
coiling of most genera arose once from a dextral ancestor that
itself was derived from AS progenitors. At least three reversals
from sinistral to dextral also occurred.

Because the paired valves of brachiopods are dorsal and
ventral (1), differences between them are not examples of
bilateral asymmetry. However, several Mesozoic rhynchonellid
clades evolved “obligately” asymmetrical commissures where
one side was consistently higher than the other, but the higher
side varied at random (46). This kind of shell AS would not
develop until well after larval settlement, and hence the SYM
— AS transition would be expected.

Mollusca. Conspicuously asymmetrical taxa occur in all three
major molluscan classes (Gastropoda, Bivalvia, and Cepha-
lopoda). Although widespread in gastropods, the evolutionary
origin of conispiral coiling remains an enigma (47). Gastropods
appear to have arisen from a monoplacophoran (Bellerophonta-
cean?) ancestor, but whether the earliest true gastropods exhib-
ited dextral and sinistral shells equally frequently, either within or
among species, remains uncertain. In addition, weakly asymmetri-
cally coiled putative monoplacophorans from the early Cambrian
are commonly sinistral (e.g., Archaeospira ornata), but some are
dextral and others exhibit AS (e.g., the nearly mirror-image
Bernella simplex/Hubeispira pair, and Latouchella) (47). Thus,
ancestral gastropods might have arisen from a nonplanispiral
ancestor. For this reason, conclusions about whether shell coiling
exhibited AS or DA in the earliest gastropods must await better
fossil data.

Among cemented bivalves, the transition SYM — DA has
occurred twice, and the transition SYM — AS — DA at least
three times. The fossil record suggests that conispiral coiling
in cephalopods evolved via SYM — DA at least five times, but
right and left forms arose about the same number of times.
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Table 2. Frequencies of asymmetry-state transitions inferred from phylogenetic analyses of asymmetry variation in the higher Metazoa

No. of independent clades exhibiting derived state

Inferred Symmetrical Antisymmetrical Right/dextral Left/sinistral
ancestral state L L? pP? P L L? P? P L L? P? P L L? pP? P
Reliable transitions only*

Symmetrical — — — — 1 1 25 2 7 2 4 5 2
Antisymmetrical — — — — 1 8 7
Right/dextral 4 5 1 — — — — 22 3
Left/sinistral 5 — — — —
All transitions
Symmetrical — — — — 3 1 29 2 2 6 10 3 4 5 3
Antisymmetrical — — — — 1 1 12 14
Right/dextral 4 5 5 — — — — 22 3
Left/sinistral 5 — — — —

L, larval; P, postlarval; L?, probably larval or arises well before maturity; P?, probably postlarval or arises near maturity; —, transition not relevant.

*Includes only inferred state changes without “?”” in Appendix.

TIncludes all inferred state changes from Appendix, regardless of strength of inference.

Coiling direction has reversed many times phylogenetically in
the gastropods, and probably the cephalopods as well.
Molluscs are also one of the few groups where symmetrical
forms can reliably be inferred to have evolved from asymmetrical
ancestors. Derived, noncemented chamacean bivalves are more
symmetrical than ancestral cemented forms [Arcinella (48)], and
secondary symmetry has evolved independently from dextral
ancestors at least four times among opisthobranch gastropods.

Overall Phylogenetic Patterns

Several broad patterns emerged when all phylogenetically inde-
pendent transitions were examined as a group (Tables 2 and 3).
Most importantly, the SYM — DA transition occurred more
frequently than AS — DA among taxa exhibiting early- (8 of 8
cases) versus late- (20 of 36 cases) developing asymmetries (Table
3). This difference was significant regardless of whether all, or
only reliable, transitions were used (Table 4, row 1), and it
remained significant even if the numerous SYM — AS transitions
of crustacean claws were counted only once (Table 4, row 5).
This analysis is somewhat misleading, however, because for
each developmental type the number of potential AS — DA
transitions depends in part on the number of SYM — AS
transitions. For example, if no SYM — AS transitions occurred
in clades exhibiting early-developing asymmetry, then no
subsequent AS — DA transitions could occur. In fact, SYM —
AS transitions were more common than SYM — DA transi-
tions among taxa exhibiting late- (26 of 46 cases) rather than
early- (1 of 9 cases) developing asymmetries (Table 3). This
result also obtained whether all transitions of crustacean claws
were included (Table 4, row 2) or they were counted only once
(Table 4, row 6). SYM — AS and AS — DA transitions
occurred in similar proportions among taxa exhibiting early-
and late-developing asymmetries (Tables 3 and 4, rows 3 and
7), but early-developing cases were too few for this to be a
robust test. Regardless of how the tests were done, SYM — DA

Table 3.

transitions were proportionally more common among early-
developing asymmetries.

When all data were included, and SYM — DA and AS —
DA transitions were pooled, phylogenetic transitions between
forms of DA (right <> left) were more common among taxa
exhibiting early- (22 of 30 cases) versus late- (8 of 44 cases)
developing asymmetries (Tables 3 and 4, row 4). This pattern,
however, was due to the widespread asymmetry reversal
observed in gastropods, because when they were counted only
once the pattern disappeared (Table 4, row 8).

DA — AS transitions were too infrequent to be analysed
statistically (Tables 2 and 3). However, they are noteworthy
because in all cases—coiling direction in gastropods and
sidedness in flatfish (see Appendix)—the traits did not exhibit
ideal AS (roughly equal frequencies of dextral and sinistral
forms) as expected for an asymmetry triggered by random
external environmental stimuli. In gastropods, the frequency
of coiling morphs depends on the allele frequencies at one (or
two) loci (12). Significantly, sidedness in the AS flatfish species
derived from directionally asymmetrical ancestors has at least
a partial genetic basis, and the frequencies of eye-side morphs
often departs from 50:50 (49). In contrast, right/left frequen-
cies do not depart from random in the most primitive living
flatfish [Psettodes (24)]. Phylogenetic reversion to ideal AS
thus appears rare indeed, if it occurs at all, regardless of
whether the asymmetry is early or late developing.

Finally, reversions to symmetry from any form of asymmetrical
ancestor were also rare (Tables 2 and 3). However, this is in part
an artifact of the way in which asymmetry transitions were
counted (see Methods). Too few fully resolved phylogenies were
available to determine with confidence how often reversions to
symmetry actually occurred. Conclusions about reversions to
symmetry are thus premature.

Interplay Between Ontogeny and Phylogeny

As Raff notes so pointedly “the mechanisms by which animals
change form in evolution [reflect a] tension between the demands

Frequencies of asymmetry-state transitions pooled from Table 2

No. of independent clades exhibiting derived state*

Symmetrical Antisymmetrical Directional (D+S) Totals
Ancestral state L+L? P+P? L+L? P+P? L+L? P+P? L+L? P+P?
Symmetrical — — 1(3) 26 (30) 8 (11) 20 (24) 9 (14) 46 (54)
Antisymmetrical 0(0) 0(0) — — 0(1) 16 (27) 0(1) 16 (27)
Directional (D+S) 4(4) 0(0) 5(5) 1(5) 22 (22) 8(8) 31(31) 9(13)

Abbreviations are as in Table 2.

*Right/dextral (D) pooled with Left/sinistral (S) as Directional;

L pooled with L? and P pooled with P?. Numbers outside

parentheses are from the “Reliable transitions” section of Table 2; numbers inside parentheses are from the “All transitions”
section of Table 2. Entries under Directional — Directional indicate Right — Left pooled with Left — Right transitions.
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Table 4. Results from statistical tests of independence between ontogenetic origin of asymmetry (larval versus
postlarval) and various phylogenetic transitions between asymmetry states

Reliable transitions only

All transitions

Comparison N X2 P N X2 P
All taxa included
AS — DA vs. SYM — DA 44 3.83 0.050 63 6.13 0.013
SYM — AS vs. SYM — DA 55 4.53 0.033 68 391 0.048
SYM — AS vs. AS — DA 43 0.07 0.79 61 0.12 0.73
SYM or AS — DA vs. right <> left 74 20.3 <0.001 92 24.8 <0.001
Selected taxa compressed
AS — DA vs. SYM — DA* 36 3.98 0.046 48 7.16 0.007
SYM — AS vs. SYM — DA* 43 4.08 0.044 49 3.79 0.052
SYM — AS vs. AS — DA* 33 0.05 0.83 45 0.23 0.63
SYM or AS — DA vs. right < leftt 53 <0.01 0.98 70 <0.01 0.98

N, total transitions; x2, chi-square values from a contingency table analysis (corrected for continuity) of data in Table 3
(degrees of freedom = 1 for all tests); P, probability; SYM, symmetry; AS, antisymmetry; DA, directional asymmetry; SYM

— AS etc. (SYM ancestor yields AS descendent).
*Crustacean claws counted only once in each category.
TGastropoda counted only once in each category.

of natural selection and the internal rules that govern the expres-
sion of genes and the development of embryos” (ref. 50, p. 294).
To this one might also add the external milieux, since even
internal “rules” may vary depending on external environmental
conditions. Bilateral asymmetry offers an unusually powerful tool
for exploring the effects of genes and environment on the
interplay between ontogeny and evolution because (i) both
genetically and environmentally triggered asymmetries may be
enumerated, and (if) asymmetries may be readily identified across
the diverse landscape of higher Metazoa.

Three examples, each from different phyla, illustrate nicely
how early-developing and late-developing asymmetries evolve
differently. First, flatfish, in addition to being externally asym-
metrical, also exhibit visceral asymmetries like all other ver-
tebrates. Unlike differentiation of the eyed side, which begins
at metamorphosis, visceral asymmetries arise early in devel-
opment. Significantly, with rare exceptions, visceral asymme-
tries retain the same orientation regardless of whether fish are
right- or left-sided, even in species that are polymorphic for
sidedness (24). Thus the lateral bias of early-developing vis-
ceral asymmetries persist, whereas late-developing sidedness,
as outlined above, is rather labile evolutionarily.

Second, the contrast between the causes of early- and late-
developing asymmetries may help explain a great mystery of
animal asymmetry, or what Galloway called “a secret treason in
the Universe” (ref. 51, p. 204). Why are gastropod molluscs so
overwhelmingly dextral? This is puzzling for three reasons. First,
functional advantages to dextrality are hard to imagine. Second,
dextral and sinistral shell asymmetries have evolved roughly
equally frequently in fossil cephalopods and in living and fossil
bivalves (refs. 52-54 and above). Third, sinistral shells were not
only more common among early monoplacophorans and gastro-
pods (47), but among living taxa they have also evolved repeatedly
from dextral ancestors (ref. 54 and Appendix). So phylogenetic
bias or inertia cannot be the entire answer.

Differences in the ontogenetic timing of molluscan asym-
metry offer a clue. As noted first by Crampton (55), and
confirmed by others (12, 56), spindle bundles orient differently
relative to the plane of first cleavage in embryos of sinistral and
dextral gastropods. This orientation determines the sense of
spiral cleavage, which in turn influences the coiling direction
of the shell. In contrast, meroblastic cleavage in the large yolky
eggs of living cephalopods (57) bears no resemblance to the
spiral cleavage so widespread in the Mollusca (11), and shell
asymmetries appear late in development (52). Unfortunately,
because conispirally coiled cephalopods went extinct, the
association between adult coiling direction and early cleavage
asymmetry can no longer be tested. Finally, although bivalves
undergo typical spiral cleavage (11), their pediveliger larvae

are symmetrical (1), and they do not attach to the substratum
until the postlarval dissoconch stage or later (58).

Shell asymmetry is therefore intimately tied to early cleavage
phenomena in conispirally coiled gastropods, whereas it arises
much later in cephalopod and bivalve development. As a conse-
quence, invariant cytoplasmic asymmetries arising from many
possible sources (14) may create a persistent bias to molecular
interactions affecting cleavage orientation (12).

Finally, two examples from crustacea illustrate how a non-
random environmental trigger may bias late-developing asym-
metries. The postlarval prediction of Table 1 presumes that the
environmental induction of asymmetry is random with respect
to side. Where it is not random, the phylogenetic pattern of
asymmetry variation should mimic that of the larval predic-
tion. Two clades of gastropod-shell-inhabiting hermit crabs
exhibit different claw asymmetries. Left is usually larger in the
Coenobitoidea, whereas right is larger in paguroid crabs (21).
In addition, most calappid crabs (Oxystomata) have a large,
distinctive tooth on their right claw that they use to peel the
shells of gastropod prey (59). None of these clades appears to
have passed through an AS stage, as expected for a late-
developing asymmetry. The “secret treason” of gastropod shell
dextrality seems to have affected other phyla.

The above patterns allow a central question in evolutionary
biology to be addressed: how important is environment-driven
versus mutation-driven variation in the evolution of novel
forms, in this case, DA? As argued elsewhere (unpublished
work), phylogenetic transitions from ideal AS — DA imply
replacement of an external environmental trigger by a genetic
one (genetic assimilation), whereas SYM — DA transitions
depend only upon the origin and fixation of new mutations
(conventional evolution). The disproportionate occurrence of
the SYM — AS — DA sequence among late-developing
asymmetries (Tables 2 and 3) suggests that genetic assimilation
may have contributed significantly to the evolution of DA. If
anything, these counts underestimate the prevalence of genetic
assimilation, because AS is a transitional state that may not
persist among living descendents.

Unfortunately, nagging questions still remain about how any
asymmetries ultimately become fixed towards one side. Al-
though the cascade of differential gene expression influencing
early-developing asymmetries has been partially unravelled in
both vertebrates (e.g., see ref. 60) and invertebrates [Coenorh-
abditis (61)], the positional cues by which genes “recognize”
which side of the midline they are on remains elusive. As others
have before (6, 14), I find it difficult to escape the conclusion
that inhomogeneities in either the external or the cytoplasmic
environment provide initial symmetry-breaking information
during development.
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Appendix

Number of phylogenetic transitions between asymmetry states in animals exhibiting conspicuous external or skeletal asymmetry
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Inferred ancestral state, taxon (trait)

No. of independent clades exhibiting derived state

Symmetrical Antisymmetric Right/dextral Left/sinistral Phylo. Onto.

Symmetrical
Chordata
Vertebrata, Pisces
Pleuronectiformes (eyed side)!

Phallostethidae (priapium side)?

Anablepinae (side of gonopodium bend)?

Cichlidae (side of mouth deflection)*

Vertebrata, Aves

Carduelinae, Drepanidae (side of tip of upper mandible)®

Strigiformes [larger (skin) or higher ear opening]®

Haeamatopodidae (more robust side of skull)?

Charadriidae (direction of bill twist)®

Vertebrata, Mammalia

Cetacea (deviation of dorsal skull midline)

Monodontidae (side of tusk in male)

Chiroptera (side of missing lower internal incisor)!!
Arthropoda

Crustacea, Cirripedia, Verrucomorpha (side of lost lateral plates)!?

Crustacea, Decapoda (side of larger first claw in all groups)

Astacidea'?, Caridea (Alpheoidea)'4

Thalassinidea

Axioidae!S, Callianassoidea!®
Anomura: Aeglidae, Porcellanidae, Paguroidea, Coenobitoidea!’
Brachyura

Oxystomata, Dorippidae, Calappidae'$

Cancrideal®
Brachyrhyncha

Xanthoidea?

Grapsidae?!

Gecarcinidae?

Ocypodoidea

Insecta

Orthoptera (side of tegmen with file)®

Phasmatodea (abdomen twisting direction, male)?®

Thysanoptera (side of mandibular stylet)?’

Diptera (abdomen twisting direction, male)?®
Annelida, Polychaeta, Spirorbidae (coiling direction of tube)®
Mollusca

Gastropoda (coiling direction of conispiral shell)3

Bivalvia (shells of cemented clades only)

Anomiacea, Pectinacea (attached/smaller side)3!

Pandoracea (bottom/larger side)3?

Ostreacea, Chamacea, Hippuritacea (attached/larger side)®

Unionacea (attached/larger side)**

Cephalopoda (side of hectocotylus or spadix in male)?

Ammonoidea®, Nautiloidea®’ (shell coiling direction)
Brachiopoda

Orthida®, Rhynchonelloidaf (more dorsal side of commissure)
Antisymmetrical (AS)

Chordata, Vertebrata, Pisces
Pleuronectiformes (eyed side)
Phallostethidae (priapium side)

Arthropoda

Crustacea, Decapoda

Thalassinidea (side of larger first claw)

Brachyura, Cancridea®

Brachyura, Brachyrhyncha

Xanthoidea (side of larger claw)*¢
Grapsidae (side of larger claw)*’
Ocypodidae (side of larger claw)

Insecta, Orthoptera (side of tegmen with file)>
Annelida, Polychaeta, Spirorbidae (coiling direction of tube)’!
Mollusca

Gastropoda (coiling direction of conispiral shell)>

Bivalvia

Ostreacea, Chamacea, Hippuritacea (attached/larger side)®?

Cephalopoda (side of hectocotylus)’*

Right/dextral

Chordata, Vertebrata

Pisces, Pleuronectiformes (eyed side)

Aves, Strigiformes (larger ear opening, skin only)>’
Annelida, Polychaeta, Spirorbidae (coiling direction of tube)
Mollusca, Gastropoda

Prosobranchia (coiling direction of conispiral shell)

Pulmonata (coiling direction of conispiral shell)

Opisthobranchia (coiling direction of body)®?

Left/sinistral

Arthropoda, Crustacea, Anomura, Diogenidae (side of larger claw)®

Annelida, Polychaeta, Spirorbidae (coiling direction of tube)®S
Mollusca, Cephalopoda, Ammonoidea (shell coiling direction)®
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Tabulated values are the number of independent evolutionary changes either within the clade or inferred to have taken place along the lineage leading to the base of the
clade (i.e., the end state is found in all members of the group, but not in the sister group; ? inferred state changes somewhat ambiguous because of an unresolved phylogeny
or classification). Phylo., method for inferring phylogenetic transition (I, cladistic analysis of morphological traits; II, molecular phylogeny; III, classification/keys; IV, pattern
in the fossil record); Onto., presumed ontogenetic stage at which asymmetry is first expressed (L, larval; P, postlarval; L?, probably larval or arises well before maturity; P?,
probably postlarval or arises near maturity; see Methods for more details); *, not ideal AS since, although left and right forms are discrete phenotypes, their frequencies depart
significantly from equal; ¥, extinct; —, not relevant. In the footnotes, literature sources are identified as: D, asymmetry data; T, phylogenetic tree; or C, classification, and the
entry for each taxon should be preceded by “inferred ancestor of” to indicate the point at which the putative transition occurred.

'Entire Pleuronectiformes; D (24), T (27); as in Psettodes, sister group to all remaining taxa.

2Entire Phallostethidae; D and T (26).

3Entire Anablepinae; D (3, 62), C (62).

4Perissodus; D and C (63).

3(i) Loxia (crossbill) [D (3, 64); T (65)], (ii) Loxops coccineus (honey creeper) [D and C (66)).

Five owl clades: (i) Tyto (L skin aperture higher), (if) Phodilus (L skin aperture higher), (iii) Bubo + Ciccaba + Strix (R skin aperture larger), (iv) Rhinoptynx + Asio +
Pseudoscops (L skull aperture higher), and (v) Aegolius (R skull aperture higher); D and C (29).

"Haematopus (oystercatcher, Haematopodidae); D (67), C (64).

8Anarhyncus frontalis (Charadriiformes); D (3, 68), C (68).

“Two clades: (i) Delphinoidea + Iniidae + Ziphioidea, (ii) Physteroidea; D and T (30, 69); may only be one event since facial precedes skull asymmetry.

19Monodon; D (70), T (30).

UMyonycteris brachycephala (fruit bat); D and C (71); all other bats have symmetrical dental formulae.

2Entire Verrucomorpha; D (31, 72), T (figure 10 of ref. 73).

I3Entire Nephropidae; D (74, 75), C (76).

14 Asymmetrical alpheids: Alpheus, Synalpheus, some Beteus; D (77), C (76); assumes ancestor was symmetrical like sister family (Hyppolytidae) and symmetrical species
of Beteus (Alpheidae).

15Conspicuously asymmetrical clades; D (78), T and C (79).

16 Antisymmetrical subclade (Callianideidae + Thomassiniidae + Ctenochelidae + Callianassidae); D (80, 81), T and C (79).

"Four clades: (i) Aeglidae (L-sided), (if) Porcellanidae (AS), (iii) Paguroidea (R-sided), (iv) Coenobitoidea (L-sided except for a few R-sided Diogenidae); D (21),
T (cladistic re-analysis of information in refs. 21, 76, and 82 by A.R.P.).

18Two clades: (i) Ethusa micropthalma + E. lam clade (Dorippidae), (ii) peeling-toothed Calappidae; D (36), C (76); assumes ancestral Dorripoidea and Leucosioidea
were symmetrical [for (i), other Ethusa and remaining Dorippidae are symmetrical; for (i) sister family (Leucosiidae) and two calappid genera (Hepatus, Hepatella)
are symmetrical and lack peeling teeth].

9Three clades: (i and ii) AS (Acanthocyclus, one spp. of Trachycarcinus), (iii) R-sided (Peltarion + Trichopeltarion); D (83), C (76); assumes ancestral cancroid was
symmetrical [claw asymmetry is weak in sister family (Cancridae), some atelecyclid genera are nearly symmetrical (Erimacrus, Thelmessus, Trachycarcinus one spp.)].

20Two asymmetrical groups: (i) AS (Chlorodopsis, one spp of Eriphea, Xantho), (ii) R-sided (most genera); D (refs. 59 and 84; G. J. Vermeij, unpublished data), C (76);
pronounced R-sidedness occurs in most xanthid genera (e.g., Baptozius, Carpilius, Eriphea four spp, Epixanthus, Glabropilumnus, Heteropanope, Lophopanopeus, Lydia,
Menippe, Mymenippe, Neopanope, Ozius, Pilumnus, Sphaerozius), ancestral state of Xanthoidea (known from lower Cretaceous) unclear.

2 Three asymmetrical groups: (i) AS (Glyptograpsus, Goniopsis), (i) R-sided (Platychirograpsus), (iii) L-sided (Geograpsus, Leptograpsus, Sarmatium); D (38), C (76);
assumes ancestral grapsid was like symmetrical genera (Cyrtograpsus, Metopaulias, Percnon, Planes), phylogenetic relations among asymmetrical genera unclear.
22A8 groups; D (38), C (76); assumes ancestral gecarcinid was like symmetrical G. lagostoma, most taxa exhibit AS (American Cardisoma, other species of Gecarcinus).

2B0cypode + Uca clade; D (85, 86), T (87); assumes ancestral ocypodoid was like symmetrical palicidid, an old family from lower Cretaceous (see footnote 24).

24 Asymmetrical Cymopolia; D and C (38); assumes ancestral palicidid was like symmetrical Cymopolia spp. (8 = symmetrical, 2 = subsymmetrical, 7 = strongly R-sided).

25Two clades: (i) Haglidae + Tettigoniidae (katydids), (i) Gryllidae (crickets) + Gryllotalpidae; D (44, 88), T (44); haglids, files on both wings and can “switch sing”
(a behavioral AS); tettigoniids, L file only; most grylloids, R file only.

26 ower Permian Embiidae (twisting sense viewed from head); D (89), T (90).

2TEntire Thysanoptera (thrips); D (41), T (90).

28Three asymmetrical groups (twisting sense viewed from head): (i) AS [e.g., Clunio marinus (Chironomidae) and possibly Culex + Aedes (Culicidae)], (ii) dextral [e.g.,
Bombylius discolor (Bombyliidae), Chrysotaxum cautum (hover fly)], (iif) sinistral [e.g., Volucella pellucens, Calliphora (Calliphoridae), some Dolichopididae and many
other Cyclorhapha]; D (3, 91), C (91).

PNeomicrorbis; D (45), T (unpublished cladistic analysis by A.R.P.); most primitive genus in family (seven thoracic setigers and broods in tube, similar to Serpulidae);
assumes serpulid sister group to ancestral spirorbid was not regularly coiled.

30Entire Gastropoda; D and C (47); see text for discussion of this problematical issue.

31(7) jingle shells, (ii) scallops; D (living species only; ref. 92), C (93).

ZEpibenthic pandorid; D (92), C (93).

3Early fossils in three clades: (i) oysters, (ii) jewel box shells (Eocene C. calcarata exhibits AS), (iii) rudists; D (fossil observations, ref. 48), C (93).

34Cemented aetheriid; D (92), C (93).

35(j) Spadix-bearing Nautiloidea, (ii) hetctocotylus bearing Octopoda; D and C (57, 94); assumes ancestral Nautiloidea lacked a spadix, and ancestral Octopoda were
like primitive vampyromorphs and cirroteuthids, which lack a hectocotylus.

36Two sinistrally coiled clades: (i) some Heterceratidae, (ii) nearly all Turrilitidae; D and T (52).

37Five clades: (i and ii) dextral (Brevicoceratidae, Lechritrochoceratidae), (iii-v) sinistral (Trochoceras, Larieroceras, Sphyradoceras); D and T (53).

3Clades exhibiting “obligate” commissural AS: (i) Streptis [Orthida (one of five spp.)], (ii-v) Rhynchonelloida: Stolomorhynchia (one of three spp), “Rhynchonella” (two
of five spp), Torquirhynchia (five of five species); D and C (46); assumes ancestral forms were like symmetrical species in each genus.

Three dextral clades: (i) Lepidoblepharon, and possibly (ii) Brachypleura and (jii) Pleuronectidae + Samaridae + Achiridae + Soleidae + Cynoglossidae; D (62), T
(27); total number of transitions requires better resolution of polyotomies.

“OFive sinistral clades: (i) Citharoides, and possibly (if) Eucitharus, (iii) Scopthalmidae, (iv) Paralichthyidae, (v) (Achiropsettidae + Bothidae); D (62), T (27); total number
of transitions requires better resolution of polyotomies.

41Two clades: (i) Phenacostethus posthon, (ii) Mirophallus bikolanus; D (25), T (25, 26).

“Phenacostethus trewavasae; D and T (25).

#R-sided Ctenocheles; D, C. balssi (95) and other Calliannasoidea (80, 81), T (79).

4L sided Axiopsis; D [other Axiidae (78), A. princeps (95)], T (79).

$SPeltarion + Trichopeltarion clade in Atelecyclidae (see footnote 19).

“R-sided genera (see footnote 20).

4TTwo asymmetrical groups: (i) R-sided (Platychirograpsus), (ii) L-sided (Geograpsus, Leptograpsus, Sarmatium) genera (see footnote 21).

“Thallasuca clade; D (86), T (87).

“L-sided Ocypode; D (96, 97), C (76); O. gaudichaudii are predominantly L-sided, whereas other Ocypode are AS.

S0Entire Tettigoniidae; D (44, 88), T (42) (see footnote 25).

Sl4nomalorbis; D (45), T (unpublished cladistic analysis by A.R.P.); second most primitive genus (4 complete thoracic setigers; broods in tube).

52Dextral gastropods (see footnote 30).

SFive clades: (i) R-attached and (ii) L-attached Chamidae [fixed-sidedness has evolved multiple times, unclear if all evolved from AS ancestors; D and C (48)], (iii)
living Ostreidae [assumes ancestral oyster AS (see footnote 33); D (92), C (93)], (iv) R-attached and (v) L-attached fossil rudistids [D and C (ref. 48, p. 407)].

S4L-sided Loligo (e.g., L. pealei; Decapoda); D (98), ancestral AS implied by sister taxa (Nautiloidea and Octopoda; see footnote 35).

SSAS species in five taxa: (i) Platichthyes, [and possibly (i) Hippoglossina, (iii) Paralichthyes, (iv) Tephrinectes, (v) Xystreurys]; D (24), T (27); total number of transitions
requires better resolution of polyotomies.

S6Cynoglossidae; D (62), T (27).

S7Strix rufipes; D and C (29); only species with larger L ear among owls.

38Clade containing all genera except Neomicrorbis, Anomalorbis, Paradexiospira, Prodexiospira & Circeis; D (45), T (unpublished cladistic analysis by A.R.P.).

Species exhibiting coil polymorphism: Campeloma rufum and C. crassula (Viviparidae); D (99, 100), C (54); assumes dextrality ancestral.

%0Sinistral species/subclades in: Trochidae (Calliostoma incerta), Triphoridae, Cyclophoridae (Diplommatina), Buccinidae (in each of Volutopsius and Neptunea),
Melongenidae (Busycon), Turridae (Antiplanes); D and C from ref. 54; assumes dextrality ancestral in all families.

61Species exhibiting coil polymorphism: (i) Lymnaea peregra (Lymnaeidae) (12, 101), (ii) Partula (Partulidae) (102), (iii) Liguus poeyanus (Bulimulidae) (3), (iv) Lacinaria
biplicata (103); C (54); assumes dextrality ancestral in all genera.

©2Sinistral species/subclades in: Ancylidae (Ancylus rivularis), Physidae, Planorbidae, Achatinellidae, Partulidae (Partula), Vertiginidae (Vertigo), Chondrinidae
(Gastrocopta), Pupillidae (Pupilla), Enidae (Jaminia), Clausiliidae, Camaenidae (each of Camaena, Syndromus, Eulota, Amphidromus); D and C (3, 54); assumes
dextrality was ancestral in each family.

9Subclades in each of four orders: (i and ii) symmetrically shelled (Cephalispidea, Sacoglossa), (iii and iv) secondarily symmetrical unshelled (Nudibranchia,
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Gymnosomata); D and C (10); assumes ancestral forms resembled the living dextrally coiled taxa within each order.
%4R-sided Diogenidae (see footnote 17).
%Dextral subclade in three genera: (i) Protolaeospira (Dextralia), (ii) Spirorbis (Spirorbella), and (iii) Janua (Janua, Dexiospira, and Pillaiospira); D and C (45); assumes

ancestors of each genus exhibited sinistral pattern of most spirorbids.
%Nostoceratidae; D and T (52); arose from the largely sinistral Turrilitidae.

A survey of such magnitude is never complete, and this one is no
exception. I welcome information about traits or taxa I have
overlooked. Many people provided generous assistance or reprints,
including G. E. Ball, B. Crespi, D. T. Gwynne, B. S. Heming, J. S.
Levinton, W. A. Newman, K. Sakai, J. R. Spence, and G. J. Vermeij.
I also thank my graduate students for patiently tolerating my limited
availability during the ontogeny of this paper, and L. Rimmer at the
Bamfield Marine Station library for last-minute reprints. I partic-
ularly thank E. Henley for his invitation to participate, and for
organizing and conducting such a delightful colloquium. This study
was supported by Natural Sciences and Engineering Research
Council Operating Grant A7245 and a self-funded leave of absence
without pay.
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